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PREFACE

This Drug Discovery Handbook represents a unique attempt to survey the 
different approaches to discovering potential new therapeutic moieties. Such
moieties are the backbone of both the pharmaceutical industry and the prime
axis for the advancement of medical science.

The volume is unique in that it seeks to cover possible approaches to drug
discovery as broadly as possible while not just doing so in a superficial manner.
The 29 chapters cover all the major approaches to the problem of identifying
potential drugs and were written by leading representatives from each of these
approaches.

I hope that this banquet is satisfying and useful to my colleagues in the field.

Select figures of this title are available in full color at ftp://ftp.wiley.com/
public/sci_tech_med/drug_discovery/.

S.C. Gad

xix





INTRODUCTION: DRUG
DISCOVERY IN THE 21st CENTURY

Shayne Cox Gad

I.1 INTRODUCTION

The discovery, development, and registration of a pharmaceutical is an
immensely expensive operation and represents a rather unique challenge. For
every 9000 to 10,000 compounds specifically synthesized or isolated as poten-
tial therapeutics, one (on average) will actually reach the market. This process
is illustrated diagrammatically in Figure 1. Each successive stage in the process
is more expensive, making it of great interest to identify as early as possible
those agents that are likely not to go the entire distance, allowing a concen-
tration of effort on the compounds that have the highest probability of reach-
ing the market. Compounds “drop out” of the process primarily for three
reasons:

1. Toxicity or (lack of) tolerance
2. (Lack of) efficacy
3. (Lack of) bioavailability of the active moiety in humans

Early identification of poor or noncompetitive candidates in each of these
three categories is thus extremely important [1], forming the basis for the use
of screening in pharmaceutical discovery and development. How much and
which resources to invest in screening and each successive step in support of
the development of a potential drug are matters of strategy and phasing that
are detailed later in this Introduction. In vitro methods are increasingly 

1

Drug Discovery Handbook, by Shayne Cox Gad
Copyright © 2005 by John Wiley & Sons, Inc.



providing new tools for use in both early screening and the understanding of
mechanisms of observed toxicity in preclinical and clinical studies [2, 3], par-
ticularly with the growing capabilities and influence of genomic and proteomic
technologies. This is increasingly important as the societal concern over drug
prices has grown [4]. Additionally, the marketplace for new drugs is exceed-
ingly competitive. The rewards for being either early (first or second) into the
marketplace or achieving a significant therapeutic advantage are enormous in
terms of eventual market share. Additionally, the first drug approved sets
agency expectations for those drugs that follow. In mid-2004, there were 263
pharmaceutical products awaiting approval (93 of these biotech products)—
the “oldest” having been in review 10 years) and some 2300 additional agents
in the IND stage. Not all of these (particularly the oldest) will be economi-
cally successful).

The usual way in which transition (or “flow”) of new molecules between
the different phases is handled in drug discovery/development is to use a tiered
screening or testing approach. Each tier generates more specific data (and
costs more to do so) and draws on the information generated in earlier tiers
to refine the design of new studies. Different tiers are keyed to the support of
successive decision points (go/no-go points) in the development process, with
the intent of reducing risks (as to efficacy bioavailability and safety) as early
as possible.

The first real critical decisions concerning the potential advancement of a
compound to evaluation in clinical trials are the most difficult. They require
an understanding of how well particular in vitro or in vivo work in predicting

2 INTRODUCTION: DRUG DISCOVERY IN THE 21ST CENTURY
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adverse effects in humans (usually very well, but there are notable lapses; for
example, giving false positives and false negatives) and an understanding of
what initial clinical trials are intended to do. Though an “approved” IND
grants one entry into limited evaluations of drug effects in humans, flexibility
in the execution and analysis of these studies offers a significant opportunity
to also investigate efficacy [5].

Once past the discovery and initial lead or candidate selection stages, each
aspect of development becomes more tightly connected with the other aspects
of the development of a compound, particularly the potential clinical aspects.
These interconnections are coordinated by project management systems.
Many times during the early years of the development process, biological 
evaluation of efficacy and safety constitutes the rate-limiting step—it is, in the
language of project management, on the critical path.

Another way in which pharmaceutical development varies from toxicology
as practiced in other industries is that it is a much more multidisciplinary and
integrated process. This particularly stands out in the incorporation of the 
evaluation of ADME (absorption, distribution, metabolism, and excretion)
aspects in the safety evaluation process. These pharmacokinetic/metabolism
(PKM) aspects are evaluated for each of the animal model species utilized to
predict the safety of a potential drug prior to evaluation in humans. Fre-
quently, in vitro characterizations of metabolism for model (or potential
model) species and humans are performed to allow optimal model selection
and understanding of findings. This allows for an early appreciation of both
the potential bioavailability of active drug moieties and the relative predictive
values of the various biological models. Such data early on are also very useful
(in fact, sometimes essential) in setting does levels for later animal studies and
in projecting safe dose levels for clinical use. Unlike the case in most other
realms of development of biologically active molecules, one is not limited to
extrapolating the relationships between administered dose and systemic
effects. Rather, one has significant information on systemic levels of the ther-
apeutic moiety—typically, total area under the curve (AUC), peak plasma
levels (Cmax), and plasma half-lives, at a minimum.

I.2 SCREENS: THEIR USE AND INTERPRETATION IN 
DRUG DISCOVERY

Much (perhaps even most) of what is performed in safety assessment can be
considered screening—trying to determine if some effect is or is not (to an
acceptable level of confidence) present [6]. The general concepts of such
screens are familiar to toxicologists in the pharmaceutical industry because
the approach is a major part of the activities of the pharmacologists involved
in the discovery of new compounds. But the principles underlying screening
are not generally well recognized or understood. And such understanding is
essential to the proper use, design, and analysis of screens [7, 8]. Screens are
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the biological equivalent of exploratory data analysis, or EDA [9]. Each 
test or assay has an associated activity criterion, that is, a level above which
the activity of interest is judged to be present. If the result for a particular 
test compound meets this criterion, the compound may pass to the next 
stage. This criterion could be based on statistical significance (e.g., all 
compounds with observed activities significantly greater than the control at
the 5 percent level could be tagged). However, for early screens, such a formal
criterion may be too strict, resulting in few compounds begin identified as
“active.”

A useful indicator of the efficacy of an assay series is the frequency of dis-
covery of truly active compounds. The frequency is related to the probability
of discovery and to the degree of risk (hazard to health) associated with an
active compound passing a screen undetected. These two factors in turn
depend on the distribution of activities in the series of compounds being tested
and the chances of rejecting or accepting compounds with given activities at
each stage.

Statistical modeling of the assay system may lead to the improvement of
the design of the system by reducing the interval between discoveries of active
compounds. The objectives behind a screen and considerations of (1) costs for
producing compounds and testing and (2) the degree of uncertainly about test
performance will determine desired performance characteristics of specific
cases. In the most common case of early toxicity screens performed to remove
possible problem compounds, preliminary results suggest that it may be 
beneficial to increase the number of compounds tested, decrease the 
numbers of animals per group, and increase the range and number of doses.
The result will be less information on more structure, but there will be 
an overall increase in the frequency of discovery of active compounds 
(assuming that truly active compounds are entering the system at a steady
rate).

The methods described here are well suited to analyzing screening data
when the interest is truly in detecting the absence of an effect with little chance
of false negatives. There are many forms of graphical analysis methods avail-
able, including some newer forms that are particularly well suited to multi-
variate data (the types that are common in more complicated screening test
designs). It is intended that these aspects of analysis will be focused on in a
later publication.

The design of each assay and the choice of the activity criterion should,
therefore, be adjusted, bearing in mind the relative costs of retaining false 
positives and rejecting false negatives. Decreasing the group sizes in the early
assays reduces the chance of obtaining significance at any particular level (such
as 5 percent), so that the activity criterion must be relaxed, in a statistical sense,
to allow more compounds through. At some stage, however, it becomes too
expensive to continue screening many false positives, and the criteria must be
tightened accordingly. Where the criteria are set depends on what acceptable
noise levels are in a screening system.
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Characteristics of Screens

An excellent introduction to the characteristics of screens in Redman’s [10]
interesting approach, which identifies four characteristics of an assay. Redman
assumes that a compound is either active or inactive and that the proportion
of activities in a compound can be estimated from past experience. After
testing, a compound will be classified as positive or negative (i.e., possessing
or lacking activity). It is then possible to design the assay so as to optimize the
following characteristics:

1. Sensitivity: the ratio of true positives to total activities
2. Specificity: the ratio of true negatives to total inactives
3. Positive accuracy: the ratio of true to observed positives
4. Negative accuracy: the ratio of true to observed negatives
5. Capacity: the number of compounds that can be evaluated
6. Reproducibility: the probability that a screen will produce the same

result at another time (and, perhaps, in some other lab)

An advantage of testing many compounds is that it gives the opportunity
to average activity evidence over structural classes or to study quantitative
structure–activity relationships (QSARs). Quantitative structure–activity 
relationships can be used to predict the activity of new compounds and 
thus reduce the chance of in vivo testing on negative compounds. The use 
of QSARs can increase the proportion of truly active compounds passing
through the system.

To simplify this presentation, data sets drawn only from neuromuscular
screening activity were used. However, the evaluation and approaches should
be valid for all similar screening data sets, regardless of source. The methods
are not sensitive to the biases introduced by the degree of interdependence
found in many screening batteries that use multiple measures (such as the 
neurobehavioral screen).

1. Screens almost always focus on detecting a single end point of 
effect (such as mutagenicity, lethality, neurotoxicity, or development
toxicity) and have a particular set of operating characteristics in
common.

2. A large number of compounds are evaluated, so ease and speed of per-
formance (which may also be considered efficiency) are very desirable
characteristics.

3. The screen must be very sensitive in its detection of potential effective
agents. An absolute minimum of active agents should escape detection;
that is, there should be very few false negatives (in other words, the type
II error rate or b level should be low). Stated yet another way, the signal
gain should be way up.
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4. It is desirable that the number of false positives be small (i.e., there
should be a low type I error rate of a level).

5. Items 2 to 4, which are all to some degree contradictory, require the
involved researchers to agree on a set of compromises, starting with 
the acceptance of a relatively high a level (0.10 or more), that is, an
increased noise level.

6. In an effort to better serve item 2, safety assessment screens are fre-
quently performed in batteries so that multiple end points are mea-
sured in the same operation. Additionally, such measurements may be
repeated over a period of time in each model as a means of supporting
item 3.

7. This screen should use small amounts of compound to make item 1 pos-
sible and should allow evaluation of materials that have limited avail-
ability (such as novel compounds) early on in development.

8. Any screening system should be validate initially using a set of blind
(positive and negative) controls. These blind controls should also be
evaluated in the screening system on a regular basis to ensure continu-
ing proper operation of the screen. As such, the analysis techniques
used here can then be used to ensure the quality or modify the perfor-
mance of a screening system.

9. The more that is known about the activity of interest, the more specific
the form of screen that can be employed. As specificity increases, so
should sensitivity.

10. Sample (group) sizes are generally small.
11. The data tend to be imprecisely gathered (often because researchers

are unsure of what they are looking for) and therefore possess extreme
within-group variability. Control and historical data are not used to
adjust for variability or modify test performance.

12. Proper dose selection is essential for effective and efficient screen
design and conduct. If insufficient data are available, a suitably broad
range of doses must be evaluated (however, this technique is undesir-
able on multiple grounds, as has already been pointed out).

It should be kept in mind that there are a number of common mistakes (in
both the design and conduct of studies and in how information from studies
is used) that have led to unfortunate results, ranging from losses in time and
money to the discarding of perfectly good potential drugs. Such outcomes are
indeed the great disasters in drug discovery—especially since many of them
are avoidable if attention is paid to a few basic principles.

It is quite possible to design a study for failure. Common shortfalls include:

1. Using the wrong animal model.
2. Using the wrong route or dosing regimen.
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3. Using the wrong vehicle or formulation of test material.
4. Using the wrong dose level. In studies where several dose levels are

studied, the worst outcome is to have an effect at the lowest dose level
tested (i.e., the safe dosage in animals remains unknown). The next worst
outcome is to have no effect at the highest dose tested (generally
meaning that the signs of toxicity remain unknown, invalidating the
study in the eyes of many regulatory agencies).

5. Making leaps of faith. An example is to set dosage levels based on 
others’ data and to then dose all test animals. At the end of the day, all
animals in all dose levels are dead. The study is over; the problem
remains.

6. Using the wrong concentration of test materials in a screen. Many effects
are very concentration dependent.

The design and conduct of discovery screens and programs also require an
understanding of some basic concepts:

1. The studies are performed to establish or deny a specific activity of a
compound, rather than to characterize the toxicity of a compound.

2. Because pharmaceuticals are intended to affect the functioning of bio-
logical systems and safety assessment characterizes the effects of higher-
than-therapeutic doses of compounds, it is essential that one be able 
to differentiate between hyperpharmacology and true (undesirable)
adverse effects.

3. Focus of the development process for a new pharmaceutical is an 
essential aspect of success but is also difficult to maintain. Clinical
research units generally desire to pursue as many or as broad claims 
as possible for a new agent and frequently also apply pressure for 
the development of multiple forms for administration by different
routes.

This volume will present a wide variety of approaches to the discovery 
and identification of potential new drugs. In assembling this volume, these
approaches were derived thinking of four large categories. This approach is a
traditional one, focusing on using some accepted (at least to the researcher)
screens for a specific therapeutic activity to identify active or promising 
structures.

Therapeutic Area Approach: Diseases Seeking Drugs

This approach is perhaps the most traditional one, focusing on using some
accepted (at least to the researcher) screen for a specific therapeutic activity
to identify active or promising structure. Most drug discovery in the past
started with such mass screening of selected molecules.
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Mechanism Approach: Drugs Seeking Diseases

This approach is still currently popular. One or more compounds possessing
a mechanism of activity are evaluated for activity in a specific disease. Or
several: The challenge is the plausibility of suitable therapeutic activity and
the degree of validility of one by hypothesis for a disease process.

Medicinal Chemistry Approach

This is also a traditional approach starting with molecular structures of known
properties and seeking to modify structure to improve and optimize desirable
features. The medicinal chemist utilizes knowledge of what past structural
modifications have meant in terms of functional differences.

Technique-Based Approaches

Since the early 1990s, the most popular approaches have utilized new tech-
nologies based on expanded knowledge of how to characterize genetic and
molecular level processes in humans and other species. Regrettably, as of late
2004, these methods have not yet borne the expected fruit. But perhaps the
necessary period of learning how to use such tools is almost over.

Genomics The field of genomics, particularly high-throughput sequencing
and characterization of expressed human genes, has created new opportuni-
ties for drug discovery. Knowledge of all the human genes and their functions
may allow effective preventive measures and change drug research strategy
and drug discovery development processes. Pharmacogenomics (dating back
to the 1970s) is the application of genomic technologies such as gene sequenc-
ing, statistical genetics, and gene expression analysis to drugs in clinical devel-
opment and on the market. It applies the large-scale systematic approaches of
genomics to speed the discovery of drug response markers, whether they act
at the level of the drug target, drug metabolism, or disease pathways. The
potential implication of genomics and pharmacogenomics in drug discovery
and development is that treatments for diseases could be identified according
to genetic and specific individual markers, selecting medications and dosages
that are optimized for individual patients.

Combinatorial Chemistry By reacting a set of starting chemicals in every
possible combination, combinatorial chemistry gives life scientists the abil-
ity to create molecules in huge numbers and to test them for sought-after 
properties. Those abilities have attracted the attention of pharmaceutical 
companies. In recent years, virtually every large drug company has set up a
combinatorial chemistry group.

The groups have revolutionized drug search programs. Before the mid-
1990s, a single chemist could make perhaps 5 compounds per week. Now, he
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or she can create up to 100 new compounds in the same period of time. The
work helps to find leads for potential drugs and significantly speeds up opti-
mization of those leads.

Proteomics Information can be used to identify proteins associated with a
disease, which computer software can then use as targets for new drugs. For
example, if a certain protein is implicated in a disease, the three-dimensional
structure of that protein provides the information a computer program needs
to design drugs to interfere with the action of the protein. A molecule that fits
the active site of an enzyme but cannot be released by the enzyme will inac-
tivate the enzyme. This is the basis of new drug discovery tools, which aim to
find new drugs to inactivate proteins involved in disease. As genetic differ-
ences among individuals are found, researchers will use these same techniques
to develop personalized drugs that are more effective for the individual.
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1.1 INTRODUCTION

By definition, the word natural is an adjective referring to something that is
present in or produced by nature and not artificial or man-made. When the
word natural is used in verbiage or written, many times it is assumed that the
definition is something good or pure. However, many effective poisons are
natural products [145]. The term natural products today is quite commonly
understood to refer to herbs, herbal concoctions, dietary supplements, tradi-
tional Chinese medicine, or alternative medicine [72]. That will not be the case
in this chapter. The information presented here will be restricted to the dis-
covery and development of modern drugs that have been isolated or derived
from natural sources. While in some cases, such discovery and development
may have been based on herbs, folklore, or traditional or alternative medicine,
the research and discovery of, along with the development of, herbal remedies
or dietary supplements typically present different challenges with different
goals [93, 152]. So while the stories of herbs and drugs are very much inter-
twined, it needs to be fully appreciated that the use of herbs as natural product
therapy is different than the use of herbs as a platform for drug discovery and
further development.

1.2 HISTORY AND BACKGROUND OF THE USE OF NATURAL
PRODUCTS AS THERAPEUTIC AGENTS

Natural products are generally either of prebiotic origin or originate from
microbes, plants, or animal sources [115, 116]. As chemicals, natural products
include such classes of compounds as terpenoids, polyketides, amino acids,
peptides, proteins, carbohydrates, lipids, nucleic acid bases, ribonucleic acid
(RNA), deoxyribonucleic acid (DNA), and so forth. Natural products are not
just accidents or products of convenience of nature. More than likely they are
a natural expression of the increase in complexity of organisms [76]. Interest
in natural sources to provide treatments for pain, palliatives, or curatives for
a variety of maladies or recreational use reaches back to the earliest points of
history.

Nature has provided many things for humankind over the years, including
the tools for the first attempts at therapeutic intervention [115, 116]. Nean-
derthal remains have been found to contain the remnants of medicinal herbs
[72]. The Nei Ching is one of the earliest health science anthologies ever pro-
duced and dates back to the thirtieth century bc [115, 116]. Some of the first
records on the use of natural products in medicine were written in cuneiform
in Mesopotamia on clay tablets and date to approximately 2600 bc [29, 30, 115,
116]. Indeed, many of these agents continue to exist in one form or another
to this day as treatments for inflammation, influenza, coughing, and parasitic
infestation. Chinese herb guides document the use of herbaceous plants as far
back in time as 2000 bc [72]. In fact, The Chinese Materia Medica has been
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repeatedly documented over centuries starting at about 1100 bc [29, 30]. Egyp-
tians have been found to have documented uses of various herbs in 1500 bc
[29, 30, 72]. The best known of these documents is the Ebers Papyrus, which
documents nearly 1000 different substances and formulations, most of which
are plant-based medicines [115, 116]. Asclepius (in 1500 bc) was a physician
in ancient Greece who achieved fame in part because of his use of plants in
medicine [72]. A collection of Ayurvedic hymns in India from 1000 bc and
earlier describes the uses of over 1000 different herbs. This work served as the
basis for Tibetan Medicine translated from Sanskrit during the eighth century
[29, 30]. Theophrastus, a philosopher and natural scientist in approximately
300 bc, wrote a History of Plants in which he addressed the medicinal quali-
ties of herbs and the ability to cultivate them. The Greek botanist Pedanious
Dioscorides in approximately ad 100 produced a work entitled De Materia
Medica, which today is still a very well-known European document on the use
of herbs in medicine. Galen (ad 130–200), practiced and taught pharmacy and
medicine in Rome and published over two dozen books on his areas of inter-
est. Galen was well-known for his complex formulations containing numerous
and multiple ingredients. Monks in monasteries in the Middle Ages (fifth to
the twelfth centuries) copied manuscripts about herbs and their uses [29, 30,
72]. However, it should not go unrecognized that it was the Arabs who were
responsible for maintaining the documentation of much of the Greek and
Roman knowledge of herbs and natural products and expanding that infor-
mation with their own knowledge of Chinese and Indian herbal medicine [29,
30]. The Persian philosopher and physician Avicenna produced a work enti-
tled Canon Medicinae, which is considered to be the definitive summarization
of Greek and Roman medicine. Li Shih-Chen produced a Chinese drug ency-
clopedia during the Ming Dynasty entitled Pen-ts’as kang mu in ad 1596, which
records 1898 herbal drugs and 8160 prescriptions [115, 116]. John Wesley, the
founder of Methodism, had a profoundly negative view on the status of physi-
cians within society and in 1747 wrote a book entitled Primitive Physic, which
was a popular reference book of the time detailing numerous natural cures
[72]. When the colonists originally came to America, they lacked trained physi-
cians and so turned to the Native Americans for advice in healing practices.
Such a lack of conventional medicine and physicians in early America spawned
the production of various types of almanacs and other publications that con-
tained various natural product-based recipes and assorted tidbits of medical
information. Indeed, in an effort to curry favor with commoners, physicians
themselves turned to the production of self-treatment guides for the general
public. Various types of societies and botanical clubs held meetings and pub-
lished different types of communiqués to educate the public with regard to
the availability of natural products and how they could be helpful to an indi-
vidual’s health. Samuel Thompson’s Thompson’s New Guide to Health was one
very popular publication. For a variety of different reasons, the interest in
natural products continues to this very day [6, 8, 17, 39, 72, 81, 88, 90, 104]. The
first commercial pure natural product introduced for therapeutic use is gen-
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erally considered to be the narcotic morphine, marketed by Merck in 1826
[118]. The first semisynthetic pure drug based on a natural product, aspirin,
was introduced by Bayer in 1899.

1.3 NATURAL PRODUCT RESEARCH AND 
DEVELOPMENT—AN UPDATE

The World Health Organization estimates that approximately 80 percent of
the world’s population relies primarily on traditional medicines as sources for
their primary health care [44]. Over 100 chemical substances that are consid-
ered to be important drugs that are either currently in use or have been widely
used in one or more countries in the world have been derived from a little
under 100 different plants. Approximately 75 percent of these substances were
discovered as a direct result of chemical studies focused on the isolation of
active substances from plants used in traditional medicine [29, 30]. The number
of medicinal herbs used in China in 1979 has been estimated to be numbered
at 5267 [115, 116]. More current statistics based on prescription data from 1993
in the United States show that over 50 percent of the most prescribed drugs
had a natural product either as the drug or as the starting point in the syn-
thesis or design of the actual end chemical substance [118]. Thirty-nine percent
of the 520 new drugs approved during the period 1983 through 1994 were
either natural products or derivatives of natural products [65]. Indeed, if one
looks at new drugs from an indication perspective over the same period of
time, over 60 percent of antibacterials and antineoplastics were again either
natural products themselves or based on structures of natural products. Of the
20 top-selling drugs on the market in the year 2000 that are not proteins, 7 of
these were either derived from natural products or developed from leads gen-
erated from natural products. This select group of drugs generates over 20
billion U.S. dollars of revenue on an annual basis [60, 65].

Drug development over the years has relied only on a small number of mol-
ecular prototypes to produce new medicines [65]. Indeed, only approximately
250 discrete chemical structure prototypes have been used up to 1995, but most
of these chemical platforms have been derived from natural sources.

While recombinant proteins and peptides are gaining market share, low-
molecular-weight compounds still remain the predominant pharmacologic
choice for therapeutic intervention [60]. Just a small sampling of the many
available examples of the commercialization of modern drugs from natural
products along with their year of introduction, indication, and company are:
Orlistat, 1999, obesity, Roche; Miglitol, 1996, antidiabetic (Type II), Bayer;
Topotecan, 1996, antineoplastic, SmithKline Beecham; Docetaxel, 1995, anti-
neoplastic, Rhône-Poulenc Rorer; Tacrolimus, 1993, immunosuppressant,
Fujisawa; Paclitaxel, 1993, antineoplastic, Bristol-Myers Squibb.

The overwhelming concern today in the pharmaceutical industry is to
improve the ability to find new drugs and to accelerate the speed with which
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new drugs are discovered and developed. This will only be successfully accom-
plished if the procedures for drug target elucidation and lead compound iden-
tification and optimization are themselves optimized. Analysis of the human
genome will provide access to a myriad number of potential targets that will
need to be evaluated [60, 65]. The process of high-throughput screening
enables the testing of increased numbers of targets and samples to the extent
that approximately 100,000 assay points per day are able to be generated.
However, the ability to accelerate the identification of pertinent lead com-
pounds will only be achieved with the implementation of new ideas to gener-
ate varieties of structurally diverse test samples [60, 65, 66]. Experience has
persistently and repeatedly demonstrated that nature has evolved over thou-
sands of years a diverse chemical library of compounds that are not accessi-
ble by commonly recognized and frequently used synthetic approaches.
Natural products have revealed the ways to new therapeutic approaches,
contributed to the understanding of numerous biochemical pathways and 
have established their worth as valuable tools in biological chemistry and 
molecular and cellular biology. Just a few examples of some natural products
that are currently being evaluated as potential drugs are (natural product,
source, target, indication, status): manoalide, marine sponge, phospholipage-
A2 Ca2+-release, anti-inflammatory, clincial trials; dolastatin 10, sea hare,
microtubules, antineoplastic, nonclinical; staurosporine, streptomyces, protein
kinase C, antineoplastic, clinical trials; epothilone, myxobacterium, micro-
tubules, antineoplastic, research; calanolide A, B, tree, DNA polymerase 
action on reverse transcriptase, acquired immunodeficiency syndrome
(AIDS), clinical trials; huperzine A, moss, cholinesterase, alzheimer’s disease,
clinical trials [60].

The costs of drug discovery and drug development continue to increase at
astronomical rates, yet despite these expenditures, there is a decrease in the
number of new medicines introduced into the world market. Despite the suc-
cesses that have been achieved over the years with natural products, the inter-
est in natural products as a platform for drug discovery has waxed and waned
in popularity with various pharmaceutical companies. Natural products today
are most likely going to continue to exist and grow to become even more valu-
able as sources of new drug leads. This is because the degree of chemical diver-
sity found in natural products is broader than that from any other source, and
the degree of novelty of molecular structure found in natural products is
greater than that determined from any other source [31, 65, 142].

Where are these opportunities? Well, research into the use of plant-derived
natural products alone in just the field of medicine covers a broad spectrum
of activities [35, 67, 166, 168, 169]. Examples of such biological activity profiles
would include, but are not limited to, nootropics, psychoactive agents, depen-
dence attenuators, anticonvulsants, sedatives, analgesics, anti-inflammatory
agents, antipyretics, neurotransmission modulators, autonomic activity 
modulators, autacoid activity modulators, anticoagulants, hyoplipidemics,
antihypertensive agents, cardioprotectants, positive ionotropes, antitussives,
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antiasthmatics, pulmonary function enhancers, antiallergens, hypoglycemic
agents, antifertility agents, fertility-enhancing agents, wound healing agents,
dermal healing agents, bone healing agents, compounds useful in the preven-
tion of urinary calculi as well as their dissolution, gastrointestinal motility
modulators, gastric ulcer protectants, immunomodulators, hepato-protective
agents, myelo-protective agents, pancreato-protective agents, oculo-protective
agents, membrane stabilizers, hemato-protective agents, antioxidants, agents
protective against oxidative stress, antineoplastics, antimicrobials, antifungal
agents, antiprotozoal agents, antihelminthics, and nutraceuticals [35]. Many
frontiers remain within the field of natural products that can provide oppor-
tunities to improve our quality of life.

Fungal disease has historically been a difficult clinical entity with which to
effectively deal. Fungal diseases can include more than just a mycosis and can
also include allergic reactions to fungal proteins and toxic reactions to fungal
toxins. Mycoses as a group include diseases that are significantly more serious
and life-threatening than nail infestations, athletes foot, or “jock-itch.” Indeed,
increasing numbers of overtly healthy individuals are becoming victims of the
complications of fungal infestation. The reasons for this are that increasing
numbers of people are receiving immunomodulatory treatment for an organ
transplant or some underlying chronic systemic pathology, antineoplastic
chemotherapy for cancer, or have been the recipients of proper or improper
use of powerful antibiotics. Additionally there are a number of individuals
within society that are infected with the human immunodeficiency virus
(HIV). The available drugs to treat mycoses have been limited [5]. Further-
more, in this armamentarium, there are problems with dose-limiting nephro-
toxicity, the rapid development of resistance, drug–drug interactions of
concern, and a fungistatic mechanism of action. Thus there is an urgent need
for the development of more efficacious antifungal agents with fewer limita-
tions and less side effects. Ideally such compounds should possess good dis-
tribution characteristics, a novel mechanism of action, and a broad-spectrum
cidal antifungal activity. The discovery and isolation of an echinocandin-type
lipopeptide (FR901379) and lipopeptidolactone (FR901469) from microbes
has been a significant achievement. These compounds are water soluble and
inhibit the synthesis of 1,3-b-glycan, a key component of the fungal cell wall.
Furthermore, since the cell wall is a feature particular to fungi and is not
present in eukaryotic cells, such inhibitors certainly have the potential to
demonstrate selective toxicity against the fungi and not against the animal or
human host. The ultimate modifications of the lipopeptide and lipopepti-
dolactone referenced above led to the discovery of micafungin (FK463), which
is currently in phase III clinical trials. This work along with the relatively recent
approval of caspofungin (Merck) as a therapeutic agent for the treatment of
disseminated aspergillosis are significant achievements in that they demon-
strate that a melding of the proper research to identify and develop appro-
priate targets with the chemical and biological diversity found in natural
products can be very rewarding.
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Much ado has been made over recent years about endocrine disruptors and
their effects on humans [33]. It needs to be recognized that endocrine disrup-
tors are not just synthetic chemicals but can also be natural products. The use
of natural product endocrine disruptors may provide significant insight into
our understanding of the mechanisms by which the evolution of the genome
can protect transactivation of the sex hormone receptors and aid in the devel-
opment of drugs, which can protect the embryo during its development from
hormone disruptive effects.

Diabetes is a multisystemic affliction, having impact on nearly every body
organ. As a disease, it kills more individuals on a per annum basis than AIDS
and breast cancer combined [148]. The impact on the quality of life of an indi-
vidual suffering with diabetes is profound. A number of natural products cur-
rently exist that demonstrate hypoglycemic activity. Indeed, depending upon
the source that one might use, there are approximately 800 to 1200 plants that
exhibit hypoglycemic activity. While research and development efforts in this
particular area thus far are largely restricted to traditional medicine uses,
future research may well identify a potent antidiabetic agent.

The incidences of neuropsychiatric disorders are steadily increasing as our
population increases in size and age. Such disorders include, but are not
limited to, seizure disorders, schizophrenia, dementia, mania, aggression,
memory loss, psychoses, age-related cognitive decline, depression, anxiety
states, mood disorders, substance abuse, and substance dependence. There is
a large body of data available that suggests the use of many natural products
as potential treatments for these conditions and other neuropsychiatric disor-
ders [18, 91, 92]. Indeed, a number of plant extracts have been associated with
the treatment of various categories of mental symptoms and various types of
receptor selectivity [18]. A very controversial potential psychotherapeutic
agent is Gingko biloba [52]. A lack of understanding of mechanism of action,
misidentification of materials, contamination of materials, intrinsic toxicity, and
absence of standardization all contribute to this controversy. Further frac-
tionation, isolation, and characterization of active components of these and
other plants will undoubtedly lead to the discovery of novel neuropsychiatric
agents as well as the debunking of other alleged therapies.

There are numerous blood-based diseases that afflict humans. These would
include, but are not limited to, anemia, blood group incompatibility, blood
protein disorders, bone marrow diseases, hemoglobinopathies, hemorrhagic
diatheses, leukemia, disorders of leukocyte dysfunction, platelet disorders, and
erythrocyte aggregation disorders. A number of natural products have been
reported in the literature to be of value in the treatment of Epstein-Barr virus
infection, leukemia, thrombosis and coagulopathy, malaria, anemia, and bone
marrow diseases [113]. Extracts from the fungus Trichothecium roseum, the
sea cucumber Cucumaria japonica, the legume Amorpha fruitcosa, the tree
Magnolia officinalis, and others may be useful in the therapeutic management
of Epstein-Barr virus infection. Extracts from the basidiomycetes Mycena
pura and Nidula candida may be useful in the treatment of leukemia. Com-
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pounds isolated from Streptomyces platensis may be useful in the treatment of
thrombocytopenia. Compounds obtained from the marine sponge Aplysina
archeri have been reported to inhibit the growth of the feline leukemia virus.
Scalarane-type bishomo-sesterterpenes isolated from the marine sponge Phyl-
lospongia foliascens have been reported to exhibit cytotoxic, antithrombocytic,
and vasodilation activities. It should be noted that a number of natural prod-
ucts are based on the coumarin nucleus and as such may exhibit antithrom-
botic and antiplatelet activities. A number of blood-sucking animals have
small, low-molecular-weight proteins in their salivas that interfere with the
clotting of blood and therefore might be of value as potential anticoagulants.
Streptomyces hygroscopicus ascomyceticus manufactures a macrolide that has
been reported to have immunosuppressant activity and may prove to be ben-
eficial in preventing transplant rejection in humans. It is entirely possible that
these compounds and others offer sufficient structural diversity, range of bio-
logical activities, and differing mechanisms of action that new, safer, and more
efficacious drugs to treat blood-based disorders could well burgeon from this
library.

A wide variety of natural products are claimed to possess immunosup-
pressant activity, but it is often difficult to dissect this activity away from asso-
ciated cytotoxicity [101]. Since the first heart transplant in the late 1960s,
medicine has progressed to the point where most organ transplants have
become relatively routine procedures. The survival of individuals with trans-
plants is owed in large part to the discovery of the fungal metabolite
cyclosporine A in 1970 and its widespread use starting in 1978. Indeed,
cyclosporine A has achieved such success that it is currently being evaluated
for value in the treatment of Crohn’s disease, systemic lupus erythematosus,
and rheumatoid arthritis. Research efforts abound in the area of natural prod-
ucts and immunosuppression. A methyl analog of oligomycin F isolated from
Streptomyces ostreogriseus has been reported to quite effectively suppress B-
cell activation and T-cell activation in the presence of mitogens at concentra-
tions comparable to that of cyclosporine A. Concanamycin F first isolated from
Streptomyces diastatochromogenes in 1992 has been found to possess a wide
array of biological activities including immunosuppressive and antiviral activ-
ities. The experimental immunosuppressant (+)-discodermolide isolated from
the marine sponge Discodermia dissoluta exhibits relatively nonspecific
immunosuppression, causing the cell cycle to arrest during G2 and M phases.
This compound’s current primary interest is as a potential antineoplastic agent
since it stabilizes microtubules and prevents depolymerization, effectively
causing cell cyclic arrest during the metaphase to anaphase transition. This
same mode of activity is shared with Taxol (Paclitaxel), the epothilones,
eleutherobin, and the sarcodictyins. The didemnins, cyclic peptides, were first
isolated from the marine tunicate Trididemnum solidum and exhibit immuno-
suppressive activity through a generalized cytotoxicity mediated by inhibition
of progression through the G1 phase of the cell cycle by an unknown mecha-
nism. The trichopolyns I to V from the fungus Trichoderma polysporum are
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lipopeptides that suppress the proliferation of lymphocytes in the murine allo-
geneic mixed lymphocyte response assay. Triptolide from the plant Triptery-
gium winfordii demonstrates immunosuppressant activity through the
inhibition of IL-2 receptor expression and signal transduction. The novel het-
eroaromatic compound lymphostin, obtained from Streptomyces KY11783 has
demonstrated immunosuppressant activity through its potent inhibition of the
lymphocyte kinase p56lck. Over the last decade, research activities on immuno-
suppressants of natural product origin have focused on the mechanisms of
inhibition of T-cell activation and proliferation. This approach has been fruit-
ful, leading to the generation of significant information about signaling path-
ways between T cells, greater detail about the roles of T cells in immune
function, and the discovery of Tacrolimus (Prograf) from the soil fungus Strep-
tomyces tsukubaensis. As immunological research progresses, increasingly
more potential targets will be elucidated for immunomodulatory therapeutic
intervention. Natural products will undoubtedly provide a sound platform for
the delivery of natural-product-based therapeutic agent candidates.

Natural-products-based anticancer drug discovery continues to be an active
area of research throughout the world [34, 102, 112, 147]. While cancer inci-
dences and the frequencies of types of cancer may vary from country to
country, the most common sites for the development of neoplasia are gener-
ally considered to be the breast, colon/rectum, prostate, cervix/uterus, esoph-
agus/stomach, pancreas, liver, lung, urinary bladder, kidney, ovary, oral cavity,
and blood (leukemia and non-Hodgkin lymphoma) [147]. Currently, the
chemotherapeutic management of these tumors involves a variety of different
plant-based chemicals that are either currently in use or in clinical trials and
include such drug classes as the vinca alkaloids, lignans, taxanes, stilbenes,
flavones, cephalotaxanes, camptothecins, and taxanes. Despite the wide range
of organ structure, type, and function, great similarities exist between the
organs with regard to the pathogenesis of cancer. As more and more details
of the molecular biology of cancer are revealed, more targets will present
themselves for possible therapeutic chemical intervention in the growth and
development of neoplasms. A somewhat new approach is that of cancer
chemoprevention, where chemoprevention is defined as the prevention, delay,
or reversal of carcinogenesis [112]. A few of the more promising cancer
chemopreventive agents are (compound, plant source, target): brusatol,
Brucea javanica, differentiation; zapotin, Casimiroa edulis, differentiation and
apoptosis; apigenin, Mezoneuron cacullatum, antimutagenesis; deguelin,
Mundelea sericea, inhibitor of ornithine decarboxylase; brassinin, Brassica
spp., inducer of quinine reductase; and resveratrol, Cassia quinquangulata,
cyclooxygenase inhibitor. A final note with regard to this approach is that it
is important to appreciate that the distinction between chemopreventive agent
and chemotherapeutic agent can become quite blurred.

A recurrent theme in neoplasia is the alteration of cell cycle control. One
therapeutic approach to the treatment of neoplasia is the development of a
treatment that would return to normal the altered cell cycle [143]. Cyclin-
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dependent kinases (CDKs) control the progression of a cell through its growth
cycle. CDKs are regulated through a series of site-specific complex mecha-
nisms, and the components of such mechanisms include activating cyclins and
endogenous CDK inhibitors. Processes of such mechanisms involve regulatory
phosphorylation. There are natural products such as butyrolactone and stau-
rosporine that are currently known to be able to provide such activity. These
compounds and others generated from their platform are adenosine 5¢-
triphosphate (ATP) site-directed inhibitors and directly antagonize the activ-
ity of CDKs. Further research should more fully elucidate the most efficacious
endpoint of CDK inhibition and lead to the control of neoplastic growth and
possibly even bring about cytostasis or apoptosis.

The introduction of active agents derived from natural sources into the anti-
cancer weaponry has already significantly changed the futures of many indi-
viduals afflicted with cancer of many different types. Continued research into
natural sources will continue to deliver newer and more promising chemicals
and chemical classes of anticancer agents with novel mechanisms of action that
will improve survival rates to even higher degrees.

Human immunodeficiency virus infection is a devastating, globally wide-
spread disease that consumes significant health-care dollars in the due course
of management of patients [79]. Most of the currently useful anti-HIV agents
are nucleosides and are limited in use due to severe toxicity and emerging drug
resistance. Natural products, with their broad chemical structural diversity,
provide an excellent opportunity to deliver significant therapeutic advances in
the treatment of HIV [167]. Many natural products with novel structures have
been identified as having anti-HIV activities [79, 167]. Betulinic acid, a triter-
penoid isolated from Syzigium claviflorum, has been found to contain anti-
HIV activity in lymphocytes. The quassinoside glycoside isolated from
Allanthus altissima has been found to inhibit HIV replication. Artemisinin,
isolated from Artemisia anuua, is a sesquiterpene lactone that is of special
interest because of its novel structure, potent antimalarial activity, and activ-
ity against Pneumocystis carinii. A novel phorbol ester isolated from
Excoecaria agallocba has been reported to be a potent inhibitor of HIV-1
reverse transcriptase. Indeed, most of the natural product chemicals that are
attracting interest in this area of research are secondary metabolites such as
terpenes, phenolics, peptides, alkaloids, and carbohydrates and are also
inhibitors of HIV reverse transcriptase. Other target opportunities in the life
cycle of the human immunodeficiency virus available for exploitation are: (1)
attachment of virus to cell surface, (2) penetration and fusion of the virus with
the cell membrane, (3) reverse transcription via reverse transcriptase, (4) inte-
gration into the host genome, (5) synthesis of viral proteins including zinc
fingers, and (6) processing of viral polypeptide with HIV protease and assem-
bly of viral proteins and DNA into a viral particle, maturation, and extrusion
of the mature virus [167].

Infectious viral diseases remain a worldwide problem. Viruses have been
resistant to therapy or treatment longer than most other forms of life because
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their nature is to depend on the cells that they infect for their multiplication
and survival [41]. Such a characteristic has made the development of effective
antiviral chemotherapeutic agents difficult. Today there are few effective
antivirals available for use. In order to confidently wage the war against
viruses, research efforts are now turning to the molecular diversity available
from natural products. For the period 1983 to 1994, seven out of 10 synthetic
agents approved by the Food and Drug Administration (FDA) for use as
antivirals were based on a natural product. These drugs are famciclovir, stavu-
dine, zidovudine, zalcitabine, ganciclovir, sorivudine, and didanosine. The viral
genome can be composed of either RNA or DNA and HIV, which was dis-
cussed earlier is an RNA containing virus. The general potential targets of
antiviral chemotherapy are: (1) attachment of virus to host cell, (2) penetra-
tion of the host cell by the virus, (3) viral particle uncoating, release, and trans-
port of viral nucleic acid and transport proteins, (4) nucleic acid polymerase
release/activation, (5) translation of mRNA (messenger RNA) to polypeptides
(early proteins), (6) transcription of mRNA, (7) replication of nucleic acids,
(8) protein synthesis (late proteins), (9) viral polypeptide cleavage into
polypeptides necessary for maturation, (10) assembly of viral capsids and pre-
cursors, (11) encapsidation of nucleic acid, (12) envelopment, and (13) release.
Early antiviral research focused on compounds that inhibited viral DNA syn-
thesis, purine, and pyrimidine nucleoside analogs. Today most current antivi-
ral agents target RNA-based viruses and the inhibition of reverse transcriptase
in order to block the transcription of the RNA genome to DNA. Such inhibi-
tion would prevent the synthesis of viral mRNA and proteins. Protease
inhibitors affect the synthesis of late viral proteins and viral packaging activ-
ity. There are no currently available drugs that target early viral protein 
synthesis. Antiviral compound research has included alkaloids, carbohydrates,
chromones, coumarins, flavonoids, lignans, phenolics, quinines, xanthones,
phenylpropanoids, tannins, terpenes, steroids, iridoids, thiopenes, poly-
acetylenes, lactones, butenolides, phospholipids, proteins, peptides, and lectins.
While plants have been a common hunting ground, many other sources are
now starting to be explored, especially the marine environment. The use of
natural products in the field of antiviral research appears to be limited only
by the imagination of the researcher.

This review has demonstrated that natural products are indeed viable
sources and resources for drug discovery and development [3]. Indeed,
without natural products, medicine would be lacking in therapeutic tools in
several important clinical areas such as neurodegenerative disease, cardiovas-
cular disease, solid tumors treatment, and immunoinflammatory disease [4, 64,
122]. Furthermore, the continual emergence of new natural product chemical
structure skeletons, with interesting biological activities along with the poten-
tial for chemical modification and synthesis bode well for the utility of natural
products. Finally, the uses of natural products need to be by no means
restricted to pharmaceuticals but can also be expanded to agrochemicals. For
example, the use of pyrethrins obtained from Chrysanthemum spp. as insecti-
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cides has been very popular over the years and persists today. Research con-
tinues into the use of natural products as pesticides. While the success stories
have not been as numerous or spectacular for herbicides as they have been
for drugs and pesticides, there have been victories along the way and the future
holds strong potential for this field also [40, 99].

1.4 DISCOVERY OF NATURAL PRODUCTS

Literature Sources

Natural products can come from anywhere. People most commonly think of
plants first when talking about natural products, but trees and shrubs can also
provide excellent sources of material that could provide the basis of a new
therapeutic agent. Animals too, whether highly developed or poorly devel-
oped, whether they live on land, sea, or in the air can be excellent sources of
natural products. Bacteria, smuts, rusts, yeasts, molds, fungi, and many other
forms of what we consider to be primitive life can provide compounds or leads
to compounds that can potentially be very useful therapeutic agents. Suffice
it to say that natural products can come from any point or level on the phy-
logenetic tree. When searching for natural products, one should never feel that
a form of life is too low, simple, or grotesque to provide a compound of inter-
est. However, before one goes marching out into the woods, sailing out into
the sea, climbing the highest mountains, or descending into the deepest caves,
it is appropriate to perform a little bit of research, and hence a visit to the
library becomes the first step in any search for a natural product. Remember
that the use of a natural product as a therapeutic agent requires that one match
some particular characteristic of the compound with a disease or condition.
This matching process involves a two-tiered process. The first tier can be com-
prised of a thorough evaluation of the pathophysiologic condition of interest
including any pertinent history, etiology, clinical manifestations, biochemistry,
clinical chemistry, hematology, physiology, pathology, and therapeutics. With
the therapeutic target in mind and a complete understanding of the patho-
physiology of the condition, one can then begin a search for a natural product
that has some particular characteristic that might suggest that it has utility as
a potential therapeutic agent. Alternatively, one could take the approach of
observing or finding a particular characteristic of a natural product and then
searching for a useful disease or condition to treat with the material. The
choice of which path to follow is a personal one, with either selection being
equally useful. Admittedly, in the past and not infrequently the search for and
investigation of a natural product arose out of serendipity.

There has been an explosion of information in the biomedical sciences over
the last 25 years, and attempting to find information about natural products
can be a challenging task [39]. Ideally, it is important to know the history, folk-
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lore, origin of use, source, chemical structure, availability, method of prepara-
tion, pharmacology, toxicology, and therapeutics of any natural product.
However, the reality is that many times even for compounds or preparations
that have been used for centuries, there are significant gaps in this portfolio
of desired information. Nonetheless, a trip to the library can be very useful. It
is amazing what research projects individuals have become engaged in over
the years. Excellent sources of information on natural products can be readily
found on the Internet. Some of these sites available on the Internet are shown
in Table 1.1. Information retrieval services or search engines are also quite
useful tools. These, however, can be expensive and require the aid of someone
skilled in their use. Some of the more common sources are shown in Table 1.2.
A number of helpful books have been published on natural products over the
years, but the preponderance of them dwells on the topic of plants. The more
common of these references are shown in Table 1.3. Finally, periodicals prob-
ably represent the most current and timely sources of research and informa-
tion on natural products. Some of the better and more prominent journals are
shown in Table 1.4.

Environmental Sources

Myriad opportunities abound throughout nature that can provide natural
products with significant therapeutic potential [20, 29, 30, 61, 77, 83]. These
opportunities can present themselves from almost any niche of nature and
most likely some that have not even yet been discovered.
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TABLE 1.1 Internet Sites

American Botanical Council American Herbalists Guild
http://www.herbalgram.org http://www.americanherbalistsguild.

com/top.htm
Complementary & Alternative Methods Dr. Duke’s Phytochemical and 

http://www.cancer.org/eprise/main/ Ethnobotanical Databases
docroot/eto/eto_5?sitearea=eto http://www.ars-grin.gov/duke

Herb Research Foundation Herbal Education Services
http://www.herbs.org http://www.botanicalmedicine.org

Herbal Medicine: Internet Resources: HerbMed
Alternative Medicine http://www.herbmed.org/
http://www.pitt.edu/~cbw/herb.html

International Herb Association MEDLINEplus: Alternative Medicine
http://www.iherb.org http://www.nlm.nih.gov/medlineplus/

alternativemedicine.html
National Center for Complementary World Health Organization 

and Alternative Medicine Publications
http://nccam.nih.gov/ http://www.who.int/dsa/cat98/trad8.htm

Adapted from DerMarderosian and Beutler [39].



Microbes The observation of the effects of microbial secondary metabolites
on pathogenic fungi and bacteria spawned the antibiotic era [29, 30, 38]. Since
its inception, humankind has grown to take for granted the wonders of antibi-
otics. Indeed, results of antibiotic use were so impressive that compounds of
this general type were for the most part the only chemicals used against path-
ogenic microorganisms. Due to escalating research and development costs, the
difficulties in identifying novel structures and the problems in finding new
mechanisms of action, the golden era of antibiotics appeared to be meeting its
own demise. Many individuals even professed that the use of antibiotics might
even be passé, with modern medicine choosing more modern techniques for
treatment. However, this same library of antibiotics had, over the same time,
also been found to exhibit other biological properties that might be beneficial
to humankind. Accordingly, research into the complete biological activity pro-
files of antibiotics began with the intent of identifying the utility of these com-
pounds for various pharmacological or agrochemical applications. This shift in
focus expanded the search for new natural products from microbes, where
microbial metabolites might be used to treat diseases other than those caused
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TABLE 1.2 Information Retrieval Services

BIOSIS Chemical Abstracts Service
http://www.biosis.org http://www.cas.org/

Current Contents and Science Excerpta Botanica. Section A, Taxonomica 
Citation Index et Chorologica, International Association 
http://www.isinet.com/isi for Plant Taxonomy, G. Fischer, Stuttgart,

New York.
The Herb Research Foundation IPA (International Pharmaceutical Abstracts),
http://www.herbs.org/ http://info.cas.org/ONLINE/DBSS/ipass.html.

Database contains international coverage of
pharmacy and health-related literature.

Lynn Index, Massachusetts Medicinal and Aromatic Plants Abstracts,
College of Pharmacy Publications and Information Directorate,

Council of Scientific and Industrial Research
(CSIR), New Delhi, India.

MEDLINE, MEDLARS NAPRALERT (NAtural PRoducts ALERT)
http://www.nlm.nih.gov/ http://www.aq.uiuc.edu/~ffh/napra.html

NAPRONET Poisindex System
http://ccl.net/chemistry/ infor@mdx.com or
resources/ tips/list/ http://www.micromedex.com/products/
NAPRONET/index.shtml poisindex

Toxicology Information  TOXLINE
Response Center (TIRC) http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?
http://www.ornl.gov/ TOXLINE
TechResources/tirc/hmepg.html

Adapted from DerMarderosian and Beutler [39].
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TABLE 1.3 Books

L. Aikman. Nature’s Healing Arts: H. Baslow. Marine Pharmacology: A Study 
From Folk Medicine to Modern Drugs. of Toxins and Other Biologically Active 
Washington, DC: National Substances of Marine Origin. Baltimore:
Geographic Society, 1977. Williams & Wilkins, 1969.

J. L. Beal and E. Reinhard, eds. Natural W. H. Blackwell. Poisonous and Medicinal.
Products as Medicinal Agents: Plants Englewood Cliffs, NJ: Prentice Hall,
Plenary Lectures of the International 1990.
Research Congress on Medicinal Plant
Research, Strasbourg, July 1980.
Stuttgart: Hippokrates, c1981.

M. Blumenthal, ed. Herbal Medicine: M. Blumenthal, ed. The Complete German
Expanded Commission E Monographs. Commission E Monographs: Therapeutic 
Austin, TX: American Botanical Guide to Herbal Medicines. Austin, TX:
Council, 2000. American Botanical Council, 1998.

M. Bricklin. The Practical British Herbal Pharmacopoeia. Great 
Encyclopedia of Natural Healing, new Britain: British Herbal Medicine 
rev. ed. Emmaus, PA: Rodale Press, Association, 1996.
1983.

W. Bucherl, E. E. Buckley, and V. M. Castleman. The Healing Herbs: The 
Deulofeu, eds. Venomous Animals and Ultimate Guide to the Curative Power of 
Their Venoms, 3 vols. New York: Nature’s Medicines. Emmaus, PA: Rodale 
Academic Press, 1968–71. Press, 1991.

F. Densmore, How Indians Use Wild A. H. Der Marderosian and L. E. Liberti.
Plants for Food, Medicine, and Crafts. Natural Products Medicine: A Scientific 
Washington, DC: Government Printing Guide to Foods, Drugs, Cosmetics.
Office, 1928. Reprint, New York: Philadelphia: G.F. Stickley, 1988.
Dover, 1974.

J. A. Duke. CRC Handbook of W. C. Evans, Trease and Evans’ 
Medicinal Herbs. Boca Raton, FL: Pharmacognosy, 14th ed. London: WB 
CRC Press, 1985. Saunders, 1996.

C. Facciola. Cornucopia: A Source Foster S. Tyler’s Honest Herbal: A Sensible 
Book of Edible Plants. Vista, CA: Guide to the Use of Herbs and Related 
Kampong Publications, 1990. Remedies. 4th ed. New York: Haworth 

Herbal Press, 1998.

B. W. Halstead. Poisonous and G. Henslow. The Plants of the Bible: Their 
Venomous Marine Animals of the Ancient and Mediaeval History Popularly 
World, 2nd rev. ed. Princeton, NJ: Described. London: Masters, 1906.
Darwin Press, 1988.

D. Hoffman. The Herbal Handbook: D. Hoffman. ed. The Information 
A User’s Guide to Medical Herbalism. Sourcebook of Herbal Medicine. Freedom,
Rochester, VT: Healing Arts Press, CA: Crossing Press, 1994.
1998.
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R. W. Kerr. Herbalism through the J. M. Kingsbury. Deadly Harvest: A Guide 
Ages, 7th ed. San Jose, CA: Supreme to Common Poisonous Plants. New York:
Grand Lodge of AMORC, 1980. Holt, Rinehart and Winston, 1965.

J. M. Kingsbury. Poisonous Plants of P. Krogsgaard-Larsen, S. B. Christensen, H.
the United States and Canada. Kofod, eds. Natural Products and Drug 
Englewood Cliffs, NJ: Prentice-Hall, Development: Proceedings of the Alfred 
1964. Benzon Symposium 20 Held at the 

Premises of the Royal Danish Academy of
Sciences and Letters, Copenhagen, 7–11 
August 1983. Copenhagen: Munksgaard,
1984.

K. F. Lampe and M. A. McCann. A. Y. Leung. Encyclopedia of Common 
AMA Handbook of Poisonous and Natural Ingredients Used in Food, Drugs,
Injurious Plants. Chicago: American and Cosmetics, 2nd ed. New York: Wiley,
Medical Association, 1985. 1996.

W. H. Lewis, and M. P. F. Elvin- I. E. Liener. ed. Toxic Constituents of 
Lewis. Medical Botany: Plants Plant  Foodstuffs, 2nd ed. New York:
Affecting Man’s  Health. New Academic Press, 1980.
York: Wiley, 1977.

D. J. Mabberly. The Plant-Book J. E. Meyer. The Herbalist, rev ed.
2nd ed. Cambridge: Cambridge Glenwood, IL: Meyerbooks, 1986.
University Press, 1997.

J. F. Morton. Atlas of Medicinal J. F. Morton. Major Medicinal Plants:
Plants  of Middle America: Botany, Culture, and Uses. Springfield, IL:
Bahamas to Yucaton. Springfield, Thomas, 1977.
IL: C. C. Thomas, 1981.

P. Ody. The Complete Medicinal A. Osol and R. Pratt, eds. The United 
Herbal. New York: Dorling Kindersley, States Dispensatory, 27th ed. Philadelphia:
1993. Lippincott, 1973.

G. Penso. Inventory of Medicinal T. Robinson. The Organic Constituents of 
Plants Used in the Different Countries. Higher Plants: Their Chemistry and 
Geneva: World Health Organization, Interrelationships, 6th ed. North Amherst,
1980. MA: Cordus Press, 1991.

F. Rosengarten. The Book of Spices. P. Schauenberg. Guide to Medicinal Plants.
Wynnewood, PA: Livingston, 1969. New Canaan, CT: Keats, 1977.

J. E. Simon. Herbs, An Indexed D. G. Spoerke. Herbal Medications. Santa 
Bibliography, 1971–1980: The Scientific Barbara, CA: Woodbridge Press, 1990.
Literature on Selected Herbs, and 
Aromatic and Medicinal Plants of the 
Temperate Zone. Hamden, CT: Shoe 
String Press, 1984.



by bacteria and fungi. Microorganisms have proven to be an excellent source
of novel natural products including polyketide and peptide antibiotics as well
as classes of other biologically active compounds [123]. Today, microbial
metabolites are used as antineoplastic agents (e.g., mitomycin), immunosup-
pressive agents (e.g., rapamycin), hypocholesterolemic agents (e.g., pravas-
tatin), enzyme inhibitors (e.g., desferal), antimigraine agents (e.g., ergot
alkaloids), herbicides (e.g., bialaphos), antiparasitic agents (e.g., salinomycin),
bioinsecticides (e.g., tetranactin), and ruminant growth promoters (e.g., mon-
ensin) [38]. It is noteworthy that some of these compounds when originally
discovered failed in their development for their original uses as either antibi-
otics or as agricultural fungicides. Bacteriocins are ribosomally produced
antibiotic peptides and proteins that can be subdivided into different cate-
gories, lantibiotics, and microcins. Lantibiotics are produced by Gram-positive
bacteria and microcins are produced by Gram-negative bacteria. Both lan-
tibiotics and microcins possess an ability to form pores or punch holes in mem-
branes of susceptible microorganisms. This property is of interest to the food
industry, as bacteriocins are produced by Lactococcus spp., which are used in
the preservation of various foodstuffs [123].

The cyanobacterium Nostoc ellipsosporum has been found to produce a
novel protein (CV-N), which has generated interest because of its viricidal
activity and apparent potential as an anti-HIV therapeutic agent. The an-
tiviral activity of this chemical is reported to be mediated through specific
interactions with the HIV envelope glycoproteins gp120 and possibly gp41.
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R. P. Steiner, ed. Folk Medicine: The T. Swain, ed. Plants in the Development of 
Art and the Science. Washington, DC: Modern Medicine. Cambridge, MA:
American Chemical Society, 1986. Harvard University Press, 1972.

M. Sweet. Common Edible and Useful M. Sweet. Common Edible and Useful 
Plants of the East and Midwest. Plants of the West. Healdsburg, CA:
Healdsburg, CA: Naturegraph Naturegraph Publishers, 1976.
Publishers, 1975.

V. E. Tyler, L. R. Brady, and J. E. World Health Organization. WHO 
Robbers. Pharmacognosy, 9th ed. Monographs on Selected Medicinal Plants,
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Society of North America
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http://www3.interscience.wiley.com/ http://www.wkap.nl/jrnltoc.htm/
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Planta Medica: Natural Products and Toxicon: Official Journal of The 
Medicinal Plant Research International Society on Toxicology
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Research has further revealed that CV-N is a new class of antiviral agent
because of its unique interaction with envelope glycoproteins.

Biologically active proteins produced from fungi should not be ignored. Tri-
choderma viride produces a polypeptide, alamethicin, that has demonstrated
ion-gating activity. Some fungal ribotoxins such as mitogillin have been found
to act as specific ribonucleases. The edible mushroom Rozites caperata has
been found to produce a compound, RC-183, which inhibits herpes simplex
virus (HSV-1 and HSV-2) in a murine animal model.

Various compounds isolated from microbes and fungi have gained favor in
their utility as tools to investigate such activities as nerve growth and mecha-
nisms of microbial infiltration and pathogenesis. The fruiting body of Pleuro-
tus ostreatus has been reported to produce a lectin that demonstrates potent
antitumor activity in mice. Similarly, another lectin from Volvariella volvacea
shows antiproliferative activity against various tumor cell lines via the medi-
ation of a concentration-dependent stimulation of the expression of cyclin
kinase inhibitors resulting in cell cycle arrest in the G2/M phase. Many other
fungal lectins have been isolated, but complete determinations of their bio-
logical activity profiles remain to be completed.

The ingenious application of molecular and cellular biology to detect recep-
tor agonistic and antagonistic activities of compounds has tremendously aided
drug research activity. In addition to the many opportunities that exist for
microbial secondary metabolites with regard to medicine and agrochemicals,
time has also demonstrated the increased need for the development of novel
antibiotics because of the development of resistant strains of pathogens, the
appearance of new diseases, and the inadequacy or toxicity of current drugs
[37]. The diversity of microorganisms is of a staggering quantity, and only an
extremely small proportion of bacteria and fungi have been examined for the
production of potentially useful secondary metabolites.

Plants The higher plants produce a variety of different types of compounds,
including biologically active proteins. Some of these types of compounds are
even shared with other organisms, and they include such chemical families as
lectins, defensins, cyclotides, and ribosome-inactivating proteins [123]. Ribo-
some-inactivating proteins are a group of proteins exhibiting a wide spectrum
of biological activities, including a ribonucleolytic activity for which the group
is named. These compounds can be obtained from Panax ginseng and other
plants and have been reported to demonstrate antifungal and antiviral activ-
ities. Ribosome-inactivating proteins from Phytolacca americana have been
reported to be active against HIV and from Saponaria officinalis to possess
antineoplastic activity. Plant antimicrobial peptides comprise another large
group of biologically active compounds. This group of compounds can be
further subdivided into thionins, defensins, cyclotides, and lectins. Thionins are
small proteins that selectively form disulfide bridges with other proteins or
form ion channels in membranes. This ability to make membranes more per-
meable suggests the potential for antimicrobial activity. Defensins are 
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cysteine-rich peptides that also permeabilize membranes but appear to be very
specific in their activity, targeting fungal cell membranes and not mammalian
or bacterial cell membranes. Cyclotides are a protein family, whose mecha-
nism of action has not yet been elucidated, but have demonstrated inhibitory
activity against HIV-1. Finally, the lectins are proteins that have a noncatalytic
domain that binds reversibly to specific carbohydrates. This activity encom-
passes potentially a wide spectrum of biological activities including antineo-
plastic activity, immunostimulation activity, immunosuppression activity,
antimicrobial activity, and antimicrobial activity.

Higher plants have been over time an extremely popular source of natural
products [23, 95, 123, 127, 130]. Since 1961 approximately nine different com-
pounds derived from plants have been approved in the United States as anti-
neoplastic agents [95]. These drugs include vinblastine, vincristine, vinorelbine,
etoposide, teniposide, paclitaxel, docetaxel, topotecan, and irinotecan. The
mechanisms of action of these compounds ranges from that of tubulin inhibi-
tion to the inhibition of the essential DNA enzymes topoisomerase I and
topoisomerase II or both toposimoerases I and II.

Podophyllum peltatum reportedly has curative properties on the venereal
wart, Condyloma acuminatum, along with other therapeutic benefits [130]. The
active glycoside component of extracts from P. peltatum has been found to
inhibit mitosis in vitro. Furthermore, derivatives of this compound have been
found to be capable of arresting cells in either late S phase or early G2 phase,
without inhibiting microtubule assembly. The latex from the plant Euphorbia
lateriflora has been used both as a purgative and a cure for ringworm [23]. The
Pacific yew tree yielded the antineoplastic, paclitaxel [29, 30]. Newboutonia
vellutina, a Euphorbiaceae, has been reported to have utility both as a para-
siticide as well as a treatment for gastric distension [23]. Compounds isolated
and identified from this source will undoubtedly continue to make strong con-
tributions to modern therapeutics.

Insects Various polypeptides of interest have been isolated from the venoms
of arachnids and arthropods that prey on insects [123]. Indeed a variety of
reviews have been published on ion channel toxins from scorpions and spe-
cific venom proteins and neurotoxins from arthropod venoms and their effects
on the cardiovascular system. The caterpillar Lonomia achelous has been
reported to be the source of a biologically active protein that causes a coagu-
lopathy that is mediated via specific interactions with Factor V in the coagu-
lation cascade. While this discovery requires further work to evaluate its
therapeutic potential, the discovery may open new opportunities in thrombo-
sis research. Insect peptides have been the subject of research into the immune
defense system of insects but have not yet been investigated for effects and
potential benefit in humans. Compounds from this peptide group include such
sources as the termite (Pseudacanthotermes spiniger), the mosquito (Anophe-
les gambiae), the moth (Heliothis viriscens), and the beetle (Oryctes rhinoc-
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eros). Insect-derived natural products offer another strong potential avenue
for the development of future drugs.

Vertebrates Research into a variety of antimicrobial peptides, such as 
magainins, defensins, cathelicidins, and protegrins generated by vertebrates
has over recent time become very popular. Cathelicidin-type peptides are a
broad range of antimicrobial proteins that have been isolated from rabbits,
mice, sheep, and humans. Cathelicidins are composed of two different
domains, the cathelin and antimicrobial domains. The cathelin domain
becomes bactericidal after cleavage from the antimicrobial domain. Purport-
edly, these materials bind to lipopolysaccharide and neutralize its activity. The
pit viper, Bothrops jaracaca, produces a compound that spurred the synthesis
of the angiotensin-converting enzyme (ACE) inhibitors captropril and enal-
pril [29, 30]. The skin of the poisonous frog, Epipedobates tricolor, produces
epibatidine. This substance has ultimately led to the creation of a new class of
analgesics. Other vertebrates produce compounds that have been the subjects
of substantial research, which offer potential opportunities to identify useful
compounds in the areas of cardiovascular function, immune function, and
central nervous system function.

Marine Organisms The marine environment, arguably the original source of
all life, is a rich source of bioactive compounds [14, 45–48, 84, 89, 96, 144, 157].
More than 70 percent of our planet’s surface is covered by the oceans, and
some experts feel that the potentially available biodiversity on the deep
seafloor or coral reefs is greater than that existing in the rainforests [62].

Consider the fact that many marine organisms have soft bodies and lead a
sedentary lifestyle, making a chemical system of defense almost essential for
survival. Marine organisms have evolved the ability to synthesize such toxic
compounds or extract or convert pertinent compounds from other marine
microorganisms. Natural products from marine organisms are released into
the water and therefore are rapidly diluted, accordingly they must be very
potent materials to have the desired end effect. The richly available marine
biodiversity that is available to us has to this point only been explored to an
extremely limited extent. Furthermore, the primary chemical diversity avail-
able from marine organisms is most likely capable of delivering an even
greater abundance of secondary metabolites for research use. For all of these
reasons it is believed that the natural products that are available from the seas
and oceans provide a tremendous opportunity for the discovery of novel 
therapeutic agents [62].

The first discovery of a marine-based biologically active compound of 
therapeutic interest was really quite by accident approximately 10 years after
the end of the World War II [29, 30]. The C-nucleosides isolated from the
Caribbean sponge Cryptotheca crypta were found to possess antiviral activity.
This discovery eventually led to the development of cytosine arabinoside, a
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useful antineoplastic agent. Biologically active marine proteins derived from
the venom of marine snails of the Conus genus have attracted a significant
level of research over the years [123]. These conotoxin peptides interact in a
unique fashion with voltage-gated ion channels to induce a wide spectrum of
pharmacological effects. Such effects include anesthesia, analgesia, and anti-
convulsant activity. The conotoxin ziconotide is currently under review in the
United States for use in the treatment of chronic, opiate-resistant pain.
According to some estimates, there are most likely approximately 1000 dif-
ferent Conus snails. Each snail produces up to approximately 200 different
venoms. The broad spectrum of biological activities manifested by each of
these venom components multiplied by the number of snails and venom com-
ponents available suggests significant opportunity for new drugs from the snail
alone. The mussel Mytilis edulis has been reported to produce antibacterial
peptides and cytotoxic lectins. Horseshoe crabs produce a variety of different
antibacterial peptides and proteins. Indeed, Limulus polyphemus produces an
interesting group of antimicrobial peptides referred to as polyphemusins, and
a synthetic peptide based on the sequence of polyphemusin II has been
reported to strongly inhibit the cytopathic effect of infection with HIV.

It has been reported that the tunicate Styela clava produces a-helical
antimicrobial peptides called clavanins that are homologous to the magainins
produced by certain types of frogs. The marine worm Cerebratulus lacteus pro-
duces neurotoxic polypeptides, which have been found to contain the ability
to make membranes more permeable. Sponges have been found to produce a
wide variety of interesting secondary metabolites. For example, lectins isolated
from Chondrilla nucula have achieved utility in the histochemical labeling of
melanoma and breast and thyroid carcinomas. Another compound, the protein
mapacalcine, produced by Cliona vastifica, has been reported to specifically
block non-L-type calcium channels in murine duodenal myocytes, while at the
same time not exhibiting any affect on T-type calcium flux or potassium or
chloride currents. Various proteins from sponges have been reported to selec-
tively kill human tumor cells. For example, a protein from the sponge Tethya
ingalli lyses ovarian cancer cells; a glycoprotein from Pachymatisma johnstonii
has been discovered to inhibit cell growth at the G0/G1 phase via a unique
mechanism in a non-small-cell-bronchopulmonary carcinoma line. Interest-
ingly, this same chemical has been found to have potential as an antiparasitic
in the treatment of leishmaniasis, by demonstrating cytotoxic activity against
the parasite in the promastigote and amastigote stages of the life cycle. The
protein niphatevirin isolated from the sponge Niphates erecta has been dis-
covered to inhibit HIV-induced cytopathic effects, cell-to-cell fusion, and 
syncytium formation via interacting directly with the CD4 cellular receptor.
Finally, a compound isolated from the sponge Microciona prolifera has been
reported to bind to gp120 and resultantly protect T-lymphoblastoid cells from
infection with HIV.

The so-called mining of the sea for potential drugs did not start in earnest
until the mid-1970s because of a technical inability to effectively gain access
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to the biodiversity that exists within the seas and oceans. Despite this slow
start, the potential for contribution of new drugs is staggering, a vision that
undoubtedly will become reality over the next decade. Examples of such
research activity and fulfillment of this future hope are (chemical, source,
chemical class, chemical target, therapeutic Indication): AM336 (AMRAD),
cone snail, peptide, ion channels, chronic pain; GTS21 (Taiho), nemertine
worm, anabaseine-derivative, ion channels, Alzheimer’s disease and schizo-
phrenia; LAF389 (Novartis), sponge, amino acid derivative, methioninc
aminopeptidase inhibitor, cancer; OAS1000 (OsteoArthritis Sciences), soft
coral, diterpene-pentoseglycoside, PLA2 inhibitor, wound healing and inflam-
mation; ILX651 (Ilex Oncology), sea slug, peptide, microtubule-interference,
cancer; Cematodin (Knoll), sea slug, peptide, microtubule interference, cancer;
Yondelis, sea squirt, isoquinolone, DNA-interactive agent, cancer;Alipidin, sea
squirt, cyclic depsipeptide, oxidative stress inducer, cancer; Kahalalide F, sea
slug/alga, cyclic depsipeptide, lysosomotropic compound, cancer; KRN7000
(Kirin), sponge, a-galactosylceramide, immunostimulatory agent, cancer;
squalamine lactate, shark, aminosteroid, calcium-binding protein antagonist,
cancer; IPL512602 Inflazyme/Aventis], sponge, steroid, unknown, inflamma-
tion [62].

1.5 ESSENTIAL PHARMACODYNAMICS

Modern science has provided a detailed understanding of the interaction of
many therapeutic drugs with biological systems at a biochemical or molecular
biological level. The proper use of such information can provide a wealth of
tools for the discovery of new drug opportunities by providing a framework
to permit comparison of the mechanisms of action, biological activities, ther-
apeutic indices, and the therapeutic potentials of drugs along with the ability
to forecast possible problems [7, 87, 121, 131, 134, 137, 159].

Protein Targets for Drug Action

The actions of drugs can be divided into those occurring at specific sites and
those that are nonspecific. Nonspecific effects are typically mediated through
a generalized effect in many organs, and the response observed depends upon
the distribution of the drug. The response is usually associated with the organ
or organs having the highest concentrations of the drug. Specific effects are
produced by an interaction of the drug with a specific site or sites either on
the cell membrane or inside of the cell. The protein targets for drug action on
mammalian cells can be broadly divided into receptors, ion channels, enzymes,
transcription factors, and other nonspecific sites of action. The term target can
also be broadly defined to include such things as microorganisms and cancer
cells, but this discussion will be limited to normal mammalian systems or cells.
It should be noted that while there are other types of protein that are known
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to function as drug targets, it must be appreciated that there exist many drugs
whose sites of action have not yet been elucidated in detail. Furthermore,
many drugs are known to bind to plasma proteins as well as to various cellu-
lar constituents, without producing any obvious physiological effect. Never-
theless the above generalization that most drugs act on one of the five types
of protein targets listed above is a reasonable initial working classification
system.

General Principles of Drug Action

There are a variety of different types of drug action. Accordingly, drugs can
be classified into specific categories such as agonists, antagonists, partial ago-
nists, inverse agonists, allosteric modulators, enzyme inhibitors or activators,
and those having nonspecific action.

Agonists bind to a receptor or site of action and produce a conformational
change in the receptor or that site, which mimics the action of the normal phys-
iologic binding ligand. At low concentrations, the activity of the drug is addi-
tive with the natural ligand. Drugs can differ in both their affinity or strength
of binding and the rate of association and dissociation from the receptor or
binding site. The affinity or strength of binding of the drug to the receptor ulti-
mately determines the concentration necessary to produce a response and
therefore is directly related to the potency of the drug. For some compounds
a maximal response may of necessity invoke the contribution of all available
receptors, but for most drugs a maximal response is produced while some
receptors remain unoccupied. The presence of spare receptors becomes an
important point when considering changes in the numbers of available recep-
tors resulting from adaptive responses occurring in response to either chronic
exposure to a drug or the irreversible binding of an antagonist. The rate of
binding or dissociation of a drug to a receptor or site of action is generally of
little importance in determining the rate of onset or termination of a drug’s
elicited effect in vivo because such behavior depends mostly on the rate of
delivery to and removal from the target organ, in other words, the rates of
absorption and elimination of the drug from the body. The effect of changes
in the numbers of receptors on the dose–response curve for an agonist
depends on the potency of the agonist, receptor occupancy by the agonist, and
the efficacy of the agonist.

Antagonists bind to a receptor but do not elicit the necessary conforma-
tional change required to produce the normal response–effect. These types 
of compounds will block access to the receptor or binding site by the 
normal physiologic ligand. It is important to keep in mind that antagonist-
induced effects may only be observable when the normal agonist or ligand 
is present. The binding of most clinically useful antagonists is both 
reversible and competitive. Consequently, typically a receptor or site of action
blockage can be overcome by increasing the concentration of the natural
ligand or another agonist drug. Most antagonists shift the dose–response 
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curve to the right but do not alter the magnitude of the maximum possible
response.

Partial agonists demonstrate both agonist and antagonist activities. For
these types of drugs, the activity demonstrated by the drug is a function of the
concentration of the natural ligand or agonist. Maximal binding of the partial
agonist to a receptor will produce only a submaximal response. This is most
likely the result of incomplete amplification of the receptor signal via G pro-
teins. A partial agonist will demonstrate agonist activity at low concentrations
of the natural ligand, but the dose–response will not attain maximal activity
even when all of the receptors are occupied. Alternatively, at high concentra-
tions of the natural ligand a partial agonist will behave as an antagonist
because it will prevent the access of the natural ligand to the receptor, thereby
preventing a maximal response.

Inverse agonists act in such a fashion on receptors as to produce a change
opposite to that caused by an agonist. While not totally understood, the dis-
covery of this phenomenon has given rise to the theory that receptors exist in
equilibrium between active and inactive forms in the absence of an agonist
ligand. The presence of an agonist will increase the proportion of active recep-
tors, but the presence of an inverse agonist will shift the balance toward the
more inactive receptors, thereby reducing the level of basal activity. Antago-
nists, when bound to a receptor will block the activity not only of agonists but
also of inverse agonists. The mechanism of action of inverse agonists is not
well characterized but may involve the destabilization of receptor–G protein
coupling. Inverse agonists may preferentially bind to the inactivated form of
the receptor, shifting the equilibrium away from the active form. An additional
complication to this whole concept is the fact that compounds that are normal
antagonists for some tissue receptors act as inverse agonists for the same
receptor in a different tissue. The concept of inverse antagonism and its use
in the therapeutic utility of drugs remains to be fully understood and better
characterized.

Allosteric modulators do not act directly on a ligand/receptor site but may
bind elsewhere on the receptor to enhance or decrease the binding of the
natural physiologic ligand to the receptor. Some drugs have a target site of
action that is an enzyme, and these compounds can effect their action on either
the catalytic site or elsewhere on the molecule at an allosteric site. Finally some
compounds merely elicit a broad and generalized effect that causes the desired
therapeutic outcome. Examples of such activity might be that of osmotic diuret-
ics and their ability to induce diuresis through the general action of osmosis or
general anesthetics, which modulate neuronal cell membrane fluidity.

Drug action also involves the demonstration of a number of different
important properties. These are specificity, selectivity, potency, and efficacy.
Specificity refers to the fact that many drugs act only at one type of receptor
(e.g., cholinergic versus noradrenergic). Drugs that are not specific in their
action for one type of receptor display a wide variety of not necessarily desir-
able side effects.
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The site of action of a drug may in some cases involve one or more members
of a family or group of receptors. In such a situation, where the drug may act
preferentially with one member of the group, it is said to be selective in its
action. Alternatively, the drug may show a similar affinity for more than one
member of a group or family of receptors and is therefore referred to as being
nonselective. Drugs may demonstrate a predilection for a particular receptor
type or subtype and may bind to a different receptor type or subtype to dif-
ferent degrees. In these situations, it is possible to determine the individual
dose–response relationships for each receptor type or subtype. The selectivity
of a drug is a measure of the degree of separation of the individual
dose–response curves for different receptor types or subtypes. Ultimately, the
expression of selectivity is dependent upon the dose and the concentration of
the drug at the different receptors. High concentrations of an agonist drug will
typically generate a maximal occupancy of all of the involved and available
receptor types or subtypes with little to no discrimination or selectivity. High
concentrations of an agonist drug can even create a blockade of the receptor.
One should always be careful to include the appropriate qualifications when
referring to selectivity and nonselectivity because populations of receptors can
be related or unrelated to each other. For example, one can speak of the selec-
tivity of a drug for a-adrenoreceptors as compared to b-adrenoceptors or b1-
adrenoceptors as compared to b2-adrenoceptors.

The in vitro potency of a drug is determined by the strength of its binding
to a receptor. This is also referred to as the affinity of the drug for the recep-
tor. The more potent a drug is, the lower will be the concentration required to
affect its binding to a receptor and to provide a response for an agonist or to
block a response for the case of an antagonist. Potencies of different drugs are
generally compared or contrasted using ratios of the different doses required
to either elicit or block an equivalent response. Dose–response curves are 
typically S-shaped. If the mechanism of action is identical or very similar for
the drugs being compared, the linear or midportions between the lower and
upper plateaus of the dose–response curve are commonly found to be paral-
lel. To make comparisons between different points on distinct dose–response
curves more obvious and facile, a linearizing transform can be utilized for each
sigmoid curve. A popular technique for linearizing data is the logit plot. Poten-
cies are generally not determined by comparing responses at identical or
similar doses. This is because with the selection of a single administered dose,
inherent differences between individual drugs will cause too large of a differ-
ence in drug responses. Rather, relative potencies are determined by an eval-
uation of the ratio of the doses for different drugs that produce equivalent
responses on the respective drug dose–response curves. For example, the doses
that cause 50 percent inhibition of the target activity on various dose–response
curves could be compared for different drugs. Drugs that demonstrate in vitro
the highest affinities for a receptor are generally the most potent. However,
the in vivo dose–response relationship will be a function of the delivery of the
drug to the site of action. Such delivery is related to the absorption, distribu-
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tion, and elimination (pharmacokinetics) of a drug. Therefore, it is important
to keep in mind that for a series of related drugs in vivo behavior may not
always reflect in vitro receptor binding properties.

The efficacy of a drug is its ability to produce the maximum possible
response. For example, drugs can be classified as full agonists or partial ago-
nists. Full agonists produce an increase in response with increase in concen-
tration up to that point at which the maximum possible response is elicited. A
partial agonist will produce an increase in response with an increase in con-
centration, but it cannot produce a maximal possible response.

Molecular Aspects of Drug Action—Receptors

The activities of most cellular processes are highly controlled in order for the
cell to exist under optimum homeostatic conditions not only when at rest but
also in response to the myriad of physiological and metabolic demands that
are placed upon it. These reflex actions require specific responses appropriate
for a given cell type to signals elicited as a result of a change in physiological
state. These signals most commonly are specific chemicals that are released
into the general circulation or are locally released but then are recognized by
a targeted or specific cell. Ultimately the condition of homeostasis is based
upon (a) the generation of a chemical signal, (b) the recognition of a chemi-
cal signal, and (c) the generation of an appropriate response or cellular
change(s).

A chemical signal eventually binds to a specific type of macromolecule of
a cell. This binding in and of itself then triggers a cellular response. The chem-
ical signal is referred to as the ligand. The cellular macromolecule is referred
to as the receptor. Receptors can be located in different places. They may be
located in the cell membrane in order to accept extracellular ligands that
cannot cross or only cross with difficulty the cell membrane. Alternatively,
they can be located in the cytoplasm, where they will react with lipid-soluble
ligands that can pass through the cell membrane. The binding produces 
a receptor–ligand complex that will then generate an appropriate cellular
response. There are three general types of responses: direct, indirect, and
second messenger. A direct response might be the inhibition of a specific
process. An indirect response might involve the interaction of the
receptor–ligand complex with another moiety (e.g., macromolecule) to con-
tinue or complete the process. A second-messenger response would involve
the production of an additional chemical signal (second messenger), which
would ultimately control a cellular process.

There are different structural and functional classifications of receptors, but
generally speaking there are just a few functional families whose members
share both common mechanisms of action and similarities in molecular struc-
ture. There are at least four main types of receptors: types 1 through 4. The
classification of receptors is based on molecular structure and the nature of
the receptor–effector linkage. Type 1 receptors are typically located in a mem-
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brane and are directly coupled to an ion channel. Type 2 receptors are located
in a membrane and are coupled by a G protein to an enzyme or channel. Type
3 receptors are located in membranes and are directly coupled to an enzyme.
Finally, type 4 receptors are located in the nucleus or cytosol and are coupled
via DNA to gene transcription.

Although there are some exceptions, ligands typically bind to receptors in
a reversible fashion. Accordingly, the intensity and duration of the response
generated from the binding of the ligand to the receptor is a function of the
lifetime of the ligand–receptor complex. The interaction(s) between a recep-
tor and a ligand most commonly do not involve the formation of permanent
covalent bonds, but rather do involve the formation of weaker and reversible
forces, such as ionic bonding, hydrogen bonding, van der Waals forces, and
hydrophobic interactions.

Within a physiologic entity, there are myriad possible extracellular and
intracellular chemical signals that are produced that can affect multiple dif-
ferent processes. Subsequently, a very important property of a receptor is its
specificity or the extent to which a receptor can recognize, discriminate, and
respond to only one signal. Some receptors demonstrate a very high degree
of specificity and will bind only a single endogenous ligand, while other recep-
tors are less specific and will bind a number of different endogenous ligands.
This ability of receptors to recognize, discriminate, and bind to a given ligand
depends on the degree and type of interaction between the receptor molecule
and specific chemical structural characteristics of the ligand. Chemical struc-
tural differences between ligands may be very subtle in nature. However,
receptor specificity occurs because the generation of a fully functional recep-
tor–ligand complex requires the formation of reversible binding interaction
between various different molecular sites on the ligand and on the receptor
in a special three-dimensional spatial relationship. Receptors themselves are
proteins folded into a three-dimensional configuration so that the specific
arrangement of reversible interaction sites on the receptor itself is consoli-
dated into a very small volume, referred to as the receptor binding site.

As receptors and ligands each have three-dimensional configurations, the
ligand must be presented to the receptor in a very specific three-dimensional
configuration to bind and produce a functional receptor–ligand complex.
Many drugs exist in different stereoisomeric forms, and each of these various
stereoisomers may well exhibit different receptor binding behavior and result-
ing response. Different isomers can be equally active or some active, some par-
tially active and some even toxic. Furthermore, it is important to realize that
if a particular drug exists in equal concentrations of two different isomeric
forms, only one of which is active and the other of which is inactive, then only
50 percent of the drug mixture is therapeutic. This has led over the years to
the recognition of the value of the separation and purification of individual
isomers of drugs for development as potential therapeutic agents.

Different types of receptors recognize and bind to different ligands. Fur-
thermore, there may be different subtypes of a given receptor, each of which
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recognizes or binds to the same specific ligand but generates different intra-
cellular responses. Various receptor subtypes are often found in different
tissues, organs, or distribution patterns in an organ and hence can produce dif-
ferent end effects. The existence of receptor subtypes creates the opportunity
for specific drugs to produce extremely selective actions with fewer unwanted
side effects.

At any given time, the number of receptors in a cell is not static but rather
is a dynamic. There is a high turnover of receptors as they are continuously
removed and replaced. Drug treatment itself can either increase the number
of receptors, a phenomenon that is called upregulation, or decrease the
number of receptors, a phenomenon referred to as downregulation. This
potential change in numbers of receptors can be an important aspect of drug
treatment and management of a clinical case to achieve a desired therapeutic
response.

Molecular Aspects of Drug Action—Ion Channels

Receptors for several neurotransmitters exist as agonist-regulated, ion-selec-
tive channels in the plasma membrane of a cell and are referred to as ligand-
gated ion channels. These receptors send their signals by altering a cell’s
membrane potential or its ionic composition. This group of receptors includes
nicotinic cholinergic receptors, g-aminobutyric acid receptors (subtype A),
glycine receptors, aspartate receptors, glutamate receptors, nicotinic choliner-
gic receptors, and 5-hydroxytryptamine (subtype 3) receptors. These receptors
are all multiple subunit proteins. Each protein subunit spans the cell mem-
brane, and the subunits are arranged symmetrically in such a fashion as to form
a channel. This channel opens and closes upon proper stimulation as a result
of specifically induced molecular structural changes.

While some ion channels are linked to a receptor and open only when the
receptor is occupied by an agonist or ligand, there are other types of ion chan-
nels, which themselves serve as targets for drug action. This type of interac-
tion can be indirect, involving other intermediates, but the interaction can also
be direct with the behavior of the channel being modulated by the binding of
a drug directly to a part or parts of the channel protein. The simplest type of
ion channel blocking involves a physical chemical barricade of the channel
opening by the drug itself. More complex types of direct ion channel blocking
involve drug–channel protein interactions. Normally, an ion channel opens in
response to membrane depolarization. In these situations, a drug, by binding
with ion channel protein alters or modulates the probability of the channel
opening. The degree of inhibition or facilitation of the opening of the ion
channel is a function of the chemical structure of the drug itself. In this latter
case, a drug actually affects the gating of the channel, while in the former case
the drug actually blocks penetration of the channel. The modulation of ion
channels by drugs is a very important mechanism through which pharmaco-
logic effects are mediated at the cellular level.

ESSENTIAL PHARMACODYNAMICS 39



Molecular Aspects of Drug Action—G-Protein-Coupled Systems

There is a large family of receptors that utilize heterotrimeric guanosine 5¢-
triphosphate (GTP)-binding regulatory proteins. These regulatory proteins,
known as G proteins, behave as transducers to send signals to their effector
proteins. Ligands for G-protein-coupled receptors include eicosanoids, a
variety of lipid signaling molecules, various peptides, different proteins, and a
host of biogenic amines. Effectors for G-protein-regulated receptors include
adenyl cyclase, phospholipase Cb, Ca2+ currents, rho GTP exchange catalysts,
inward-rectifying K+ currents, and phosphatidyl inositol-3-kinase. G-protein
receptors occur widely in nature and are widely used drug targets.

G-protein-coupled receptors span the cell membrane and exist as a bundle
of seven a helices. A cleft exists in the three-dimensional configuration of
these seven a helices, which binds agonists on the extracellular face of the
receptor. Alternatively, agonists can also bind to a globular ligand-binding
domain located on the extracellular face of the G-protein-coupled receptor.
The G proteins themselves bind to the cytoplasmic face of the receptor. These
receptors respond to the binding of an agonist by promoting the binding of
GTP to the G protein. The binding of the GTP to the G protein activates the
G protein, which in turn activates the effector protein. The G protein remains
in an activated state until it hydrolyzes the bound GTP to guanosine 5¢-diphos-
phate (GDP). G proteins are composed of an a-GTP-binding subunit, which
is specifically recognized by the receptor and an associated dimmer of b and
g subunits. G proteins are defined by a-subunit composition, such as as, ai, ao,
aq, and a13. The activation of the Ga subunit by GTP permits the regulation
of an effector protein and promotes the release of Gbg subunits, which in turn
regulate their own group of effectors.

There are many different G-protein-coupled receptor types in a cell. Each
type is specific for one of many different G proteins. Each Ga subunit can in
turn regulate one or more effectors. Therefore, receptors that bind to multi-
ple different ligands can focus their signals through a single G protein. Alter-
natively, a G-protein-coupled receptor is also capable of sending multiple
signals through activation of more than one G protein species. It should be
appreciated that receptor G-protein effector systems are intricately versatile
and complex networks.

Molecular Aspects of Drug Action—Receptors as Enzymes

Receptors with inherent enzymatic activity are most commonly cell surface
protein kinases. These receptors demonstrate their regulatory activity by phos-
phorylating various effector proteins at the inner face of the cell membrane.
The biochemical reaction of phosphorylation changes the molecular structure,
biological properties, and hence the biological activities of an effector or its
interactions with other protein molecules. Catalytic activities include tyrosine
kinase, tyrosine phosphatase, guanyl cyclase, serine kinase, and threonine

40 NATURAL PRODUCTS



kinase. However, tyrosine residues are the most common substrate. Basic
receptor protein kinases are composed of an agonistic-binding domain on the
extracellular membrane surface, a single element that spans the cell membrane
and a protein kinase domain on the cytoplasmic face of the cell membrane.
Other variations exist of this basic model and include oligomerization and/or
the elaboration of other regulatory or protein binding domains to the cyto-
plasmic portion of the receptor. Some protein kinase receptors lack the
attached intracellular enzymic domain, and in response to agonist binding,
attract, attach, or link to and activate a distinct soluble and mobile protein
kinase on the cytoplasmic side of the cell membrane.

There can be further variation on the above structural theme for receptor
enzymes. For example, tyrosine phosphatases possess an extracellular enzy-
matic domain. In other receptor enzymes, the intracellular domain is not a
protein kinase, but rather a guanyl cyclase, which synthesizes a second mes-
senger, adenosine-3¢,5¢-cyclic monophosphate (cAMP). Other variations of
this receptor type may also be possible.

Before leaving this category of receptor, it is appropriate to mention second
messengers. A variety of signals within a cell are sent via second-messenger
pathways. While there are few cytoplasmic second messengers, their release
and presence can affect many different activities. Recognized second messen-
gers include cAMP, nitric oxide, diacylglycerol, Ca2+, inositol phosphates, and
guanosine-3,5¢-cyclic monophosphate (cGMP). Second messengers can exert
control on each other either directly or indirectly. Directly, they can alter the
metabolism of other second messengers. Indirectly, they can share intracellu-
lar targets. Such a complex pattern of regulatory activity permits a cell to
respond to the presence of an agonist with an integrated and concerted expres-
sion of second messengers and responses. Cyclic AMP is the best known of
the second messengers and is synthesized by adenyl cyclase under the control
of different G-protein-coupled receptors.

Molecular Aspects of Drug Action—Transcription Factors

There are receptors for steroid hormones, thyroid hormones, retinoids, vitamin
D, and other molecules that are soluble DNA binding proteins that regulate
the transcription of specific genes. These receptors are part of a larger family
of transcription factors that are regulated by phosphorylation, by association
with other proteins, binding to metabolites, or binding to regulatory ligands.
These receptors exist as homo- and heterodimers, and their actions and activ-
ity can also be regulated by higher order oligomerization with other regula-
tory molecules.

Molecular Aspects of Drug Action—Other Targets

Enzymes can also serve as targets for drugs. Typically, the drug is a substrate
that is structurally related to the normal substrate and acts as a competitive
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inhibitor of the enzyme. Another type of enzyme–drug interaction occurs
when a drug is a false substrate. In this type of situation, the drug undergoes
the enzyme-mediated chemical transformation to form an atypical product,
which then undermines the normal metabolic pathway. This altered function
of the metabolic pathway occurs as a result of the creation of a substrate that
is not usable for the next step in the metabolic process or ultimately gener-
ates a partially functional or nonfunctional end product. It should be men-
tioned that drugs can also be metabolized by enzymes in such a fashion as to
either convert the drug into a toxic reactive intermediate causing significant
cellular damage or convert the drug from a totally inert moiety (prodrug) into
an active compound with therapeutic benefit.

In addition to the sites and mechanisms of action discussed above, drugs
may also bind to and either activate or inhibit other specific sites. These could
include specific types of cells, cellular organelles, transport proteins, specific
ion pump, and the like. A discussion of all of these additional targets is beyond
the scope of this chapter.

Drug Tolerance

An observed decrease in drug response with repeated doses is commonly
referred to as the development of tolerance. Tolerance may occur as a result
of a decrease in the concentration of the drug at the receptor site or through
a decrease in response of the receptor to the same concentration of the drug.
Some drugs can stimulate their own metabolism, are therefore eliminated
more rapidly with repeated dosage, and accordingly less drug is available to
elicit a response. However, the most clinically important and relevant exam-
ples of tolerance result from changes in numbers of receptors and subsequent
quantitative changes in concentration–response relationships.

Desensitization is a term that is used to describe changes in the
dose–response relationship, irrespective of time, arising from a decrease in
response of the receptor. Desensitization can result from decreased G-protein
coupling, decreased receptor binding affinity, downstream modulation of the
initial signal, or the downregulation (decreased numbers) of receptors. This
latter process is slow and takes hours to days to become effective. However,
extracellular receptors coupled to G proteins can show rapid desensitization
within minutes during continued activation that can occur through two dif-
ferent mechanisms. The first of these mechanisms is homologous desensitiza-
tion, in which enzymes are activated as a result of ligand binding to a
receptor–G protein complex. These enzymes include G-protein-coupled
receptor kinases (GRKs), which interact with the bg subunit of the G protein
and inactivate the occupied receptor protein by phosphorylation. The second
of these mechanisms is heterologous desensitization, in which the receptor,
whether occupied or not, is inactivated through phosphorylation by a cAMP-
dependent kinase, which can be switched on by a variety of signals that
increase cAMP. Both a1-adrenoceptors and muscarinic receptors, which are
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linked to phospholipase C, may also undergo desensitization via receptor
phosphorylation, which uncouples the G protein from the receptor. Regard-
less of the mechanism, ultimately the phosphorylated receptor protein is even-
tually internalized and subjected to intracellular dephosphorylation before
reentering the cytoplasmic membrane. Finally, the downstream modulation of
a signal may occur through either a feedback mechanism or through simple
depletion of an essential cofactor.

1.6 SCREENING FOR NATURAL PRODUCT ACTVITY

What is a screen? A screen is an assay or biological assay that provides a tool
that can be used to test for or establish the presence and level of a target activ-
ity in a specific sample. Bioassays in a screening program should be rapid,
simple to conduct, relevant, capable of being automated, cost effective, and of
the potential to deliver high throughput [15, 16, 69]. Appropriate technology
should be used to permit low limits of detection. This last point is important
because the concentration of desirable compounds is unknown in each sample
and so it behooves one to strive for the lowest possible limit of detection.
Screens should also be specific for the molecular or cellular therapeutic target
of choice. Appropriate additional discriminatory tests outside of the focus of
the chosen target activity, such as cytotoxicity measurement for cell-based
assays, or isotype specificity tests for molecular assays, are valuable in that they
provide additional information relative to the overall value of a potential hit.
Furthermore, data generated from all screens in which samples are tested
should be compared so that selective hits can be identified at an early rather
than a late stage. Such a combination of specific screens, data comparisons,
and discriminatory assays makes possible the earliest selection of the best hits
for continued work and success. The screens must work in the presence of the
compounds to be tested and accordingly must be compatible with a given mol-
ecule’s physico-chemical characteristics. Accordingly, natural product screens
need to be operational in the presence of solvents and buffered against
extremes of pH and ionic strength and should not be affected by the presence
of color. Screens should always incorporate the proper use of controls, both
positive and negative. Screens should be bidirectional with regard to their
output and have a defined and easily interpretable endpoint. Screens need to
be capable of delivering quantifiable data. Screens can be designed in such a
fashion as to monitor only a single biological activity. However, there is value
to the approach of coupling biological screens to evaluate multiple general
biological activities in addition to the target activity [38]. This is because a
compound that does not provide a target hit may well generate value for itself
by demonstrating some other unrelated and unexpected activity. Alternatively,
compounds that do provide hits may well expand their value by demonstrat-
ing other unexpected types of biological activity. Additional considerations of
the construction of screens, screening programs, and screen design are beyond

SCREENING FOR NATURAL PRODUCT ACTVITY 43



the scope of this chapter, and the reader is instead referred to an excellent ref-
erence on the subject by Gad [54]. What will be addressed here are some of
the common features of screens and screening specific to research on the
development of natural products as drugs.

Before one can begin to screen, it is important to know for what one wants
to screen. Drug discovery begins with basic ideas, ideas relevant to therapeu-
tic targets and sources of compounds [40, 66, 164]. Therapeutic targets can
arise from genomics, the molecular cloning of receptors and signaling mole-
cules, a detailed understanding of physiology, biochemistry, and pathology,
research into folklore or ethnomedicine, and knowledge of the traditional uses
of natural products. Sources of compounds can present from existing chemi-
cal libraries, historical compound collections, natural product libraries, combi-
natorial libraries, rational chemical synthesis, general or targeted literature
searches based upon existing knowledge or leads, and antisense oligonu-
cleotides. The simultaneous consideration of all or at least several of these
areas is essential to the original design of a screening program.

A totally random approach in the selection of a source can be coupled with
mass screening, but such a path is typically not successful. But to be fair, the
random approach is more likely to generate compound novelty [41]. Gener-
ally, approaches utilizing literature searching, existing chemical libraries and
folklore, ethnomedicine, or traditional medicine are the most popular because
of their cost effectiveness. It is worth noting that programs and selections
based on or incorporating ethnomedicine or foklore are five times more effec-
tive in the ultimate generation of leads. The most effective approach is gen-
erally considered to be a mixing of as many components of the therapeutic
arm with the compound source arm as opposed to the selection of any single
aspect.

It is worth noting at this point that a new approach is being used in the field
of natural products that leads to the generation of “unnatural natural product
compounds” [40]. This approach is termed biochemical combinatorial chem-
istry. In this technique, appropriate secondary metabolic enzymes are isolated
from a crude natural product mixture. These enzymes are then used to gen-
erate unnatural metabolites, which are isolated and then subjected to a bioas-
say procedure that couples a bioassay to an analytical procedure permitting
structure elucidation.

What does one put into a screen? It is very tempting to consider the purifi-
cation of natural products into their individual components before embarking
on screening activities. However, this is a very economically challenging and
financially unrealistic approach [65]. The classical approach is to design a
screen or screening program that will permit the use of the assay or assays to
provide guidance to successive steps in purification. An advantage of this is
that the effectiveness and efficiency of purification can also be simultaneously
evaluated at the same time as biological activity is being enhanced. Ultimately,
after sufficient purification, a chemical structure can be determined for the
active moiety. However, Grabley and Sattler [60] are of the opinion that the
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use of cost-effective physico-chemical and chemical screening procedures will
facilitate biological screening because of an ability to provide purer extracts
if not pure compounds for biological screening.

Some objectives should be kept in mind when preparing natural product
extracts for their ultimate introduction into the screening process [70]. First,
every attempt should be made to stop ongoing biological processes. Second,
steps should be taken to provide chemical stability of the compounds in the
extract. Third, efforts need to be made to minimize losses of material. Fourth,
sample preparation costs need to be minimized. When trudging through the
iterations required to purify mixtures, one should be sure to: (1) focus on the
activity of interest, (2) focus on the compound(s) of interest, (3) eliminate nui-
sance materials such as cell parts, biopolymers, and other compounds not of
interest, and (4) be sure to enrich the composition of compounds of interest.

What types of screens, assays, or bioassays should be used? Assays for activ-
ity can be performed at a variety of levels ranging from the molecular level to
the whole organism. While it is true that the high-throughput screening of syn-
thetic compounds generated by combinatorial methods may be best achieved
at the molecular level, Duke et al. [40] are of the opinion that natural product
screening should be performed at the highest level possible since more effort
per compound has been invested in the discovery of each compound.

Historically, natural products have been subjected to what is termed bioas-
say-directed isolation. In this approach, a crude natural product mixture is sub-
jected to fractionation and the individual fractions then bioassayed for specific
biological activity. This process continues repetitively with comparison of indi-
vidual fraction assay data to a bioassay database. When the data is shown to
match a previously known profile, the process is terminated and the sample is
discarded. If the data is shown to provide a new profile, the structure of the
compound is determined. However, this approach can lead to the rediscovery
of previously known compounds after significant effort has been expended.

Low-molecular-weight natural products from a variety of sources represent
unique structural diversity. In order to more adequately and efficiently access
this diversity, various new strategies improving targeting and direction 
have been developed [60]. Modern separation/chemical characterization
approaches can eliminate much of this problem by identification of the com-
pounds before they are subjected to bioassay. Indeed the coupling of such
techniques to biological screens can improve the quality of the assay result
and shorten research and development time frames. These new tandem
approaches are termed fractionation-driven bioassays. While biological
screening directly correlates to a predefined biological effect, physico-chemi-
cal and chemical screens do not. In this latter case, lead selection is based on
either physico-chemical properties or chemical reactivities. In both cases,
the first step is the chromatographic separation of compounds from the
complex source mixture. In the second step, the physico-chemical properties
or chemical reactivities of the separated compounds are analyzed. Both of
these chemical-based strategies have proven to be of value as auxiliary or 
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supplemental methods to biological approaches. Data generated from
physico-chemical and/or chemical screening is very helpful in the de-replica-
tion or early identification and exclusion of known or otherwise unsuitable
compounds that occur during high-throughput biological screening programs.
Furthermore, the use of physico-chemical and chemical screening will aid in
the establishment and building of natural-product-based compound libraries,
which could then be used more broadly in testing programs.

There are two general types of new tandem assays. The first of these is
referred to as the fractionation-driven bioassay. In this method, a crude natural
product mixture is subjected to fractionation and the individual fractions then
subjected to nuclear magnetic resonance (NMR) spectroscopy or mass spec-
trometry/mass spectrometry (MS/MS). The structures of the compounds in 
the individual fractions are identified; and, if they are known, their biological
activity profiles are evaluated from an existing database. If the structures are
unknown, then the compounds are subjected to bioassay. In an alternative
approach, termed the isolate and assay approach, a crude natural product
mixture is subjected to automated fractionation and purification. The individ-
ual fractions are then subjected to bioassay. Desirable biological activity serves
as the trigger to subject the sample to NMR or MS/MS and ascertain the struc-
ture(s). If the material is a novel compound, the structure can be optimized.
If the material is a previously known compound, it may well be discarded,
depending on its biological activity or toxicological profile.

A broad range of screening technologies are currently available for use in
screening for natural-product-based drugs [69]. For molecular targets, such
procedures would include generalized solution-phase assays, immobilized 
substrate assays, scintillation proximity assays, and time-resolved fluorescence
assays. For cell based targets, cell signaling, cell communication, cell receptor,
and reported gene assays are available. Isolated subcellular systems are also
available [156]. Bioassays can, if desired, incorporate lower level organisms,
isolated vertebrate organs, or whole animals. In short, systems are limited only
by the creativity and design of the screener.

Examples of screening programs can be readily found in the literature. Just
to reference a few, Quinn [128, 129] has reported on his efforts on prospect-
ing the biodiversity available in Queensland; Mehta and Pezzuto [112] have
published on their program to identify cancer preventive agents from plants;
El Sayed [41] has reported on his screening program for antiviral agents;
Barrett [5] has written on his program to find novel antifungal agents; Yang
and co-workers [167] has reported on his search for anti-HIV compounds from
natural sources; and Bindseil and co-workers [9] have published on their expe-
riences on screening with pure compounds.

The emergence of high-throughput screening (HTS) has permitted the
rapid screening of extremely large collections of structurally diverse synthetic
compounds against a variety of novel and diverse disease targets [19, 128, 129,
150]. However, despite initial hopes that HTS was the final solution for drug
discovery, for reasons that will not be discussed here, HTS has not achieved
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that distinction. Nevertheless, HTS is still a powerful tool. HTS strategies focus
on the ability to screen large libraries of compounds. However, the limiting
factor in HTS is the ability to access large numbers of chemically diverse sub-
stances. Natural products are undoubtedly the greatest source of structural
diversity. Accordingly, HTS of the unparalleled diversity that exists in natural
product extracts offers the highest probability for discovery of novel lead 
compounds and should therefore be viewed as being complementary to 
compounds generated from combinatorial chemistry alone. The synergistic
melding of HTS and natural products has started, and, as it progresses 
along its development path, exciting new breakthroughs will undoubtedly be
presented.

As a compound generates interest through a variety of screening assays and
progresses down the drug discovery path, certain questions need to be asked
[5]. Is the chemical structure of the compound novel? Is the mechanism of
action of the moiety novel or of utility? Is the biological activity of the com-
pound useful? Is the potency of the compound reasonable? Is a proof of concept
available? Is chemical modification of the structure possible? Is solubility a
problem? Can the material be synthesized on a large scale? The ability to ask
and answer these questions effectively early on in the process will be highly pre-
dictive of the ultimate success of a particular line of research. While there are
no “correct” answers to these questions, as answers will be different depending
on the therapeutic indication and other available therapeutic alternatives, they
still need to be addressed to provide proper program focus.

Before ending this section, it is important to emphasize the necessity and
importance of keeping detailed records as one initiates the screening process
[70]. Maintenance of a secure physical inventory with a controlled environ-
ment and adequate records is another important detail. The use of bar code
identifiers is very desirable for samples and relevant computer programs are
readily available. It should be considered to be essential to establish a com-
plete database, which should include the source, source location, isolation
details, any relevant taxonomic information (kingdom, genus, and species), and
any other relevant information (third-party suppliers of reagents, potential
pathogenicity or toxicity, relevance to any international biodiversity treaties),
preservation methods, age, position or location within a freezer, and the like.
Other considerations in the design and management of a successful screening
program could be limitation of access, storage of reference or backup samples,
storage of a backup copy of inventory and database, establishment of track-
ing procedures, writing of standard operating practices (SOP) for sample 
handling, and temperature alarms.

1.7 ISOLATION AND PURIFICATION OF NATURAL PRODUCTS

Why do scientists working with natural products isolate and purify them? For
one of two reasons: (1) to ascertain what the natural product is and (2) to carry

ISOLATION AND PURIFICATION OF NATURAL PRODUCTS 47



out sufficient experimental work necessary to biologically characterize or
profile the compound. It can be quite a sobering experience to look at a flask
full of dark-colored, inhomogeneous sludge and liquid and realize that one is
going to attempt to isolate just one particular type of molecule from all of the
other materials that are present. To put this in perspective, typically the mate-
rial sought after represents only about 0.0001 percent of the total biomass in
the flask [15, 16]. Then, just to make things even more challenging, the desired
molecules can also be bound with other materials and molecules present in
the mixture, making the desired compound(s) even harder to purify. It is
important to keep in mind that the isolation of natural products differs from
that of the more prevalent biological macromolecules. This is because natural
products are typically secondary metabolites and as such are smaller in size,
chemically more diverse in structure, and present in smaller concentrations
than the more homogeneous proteins, carbohydrates, lipids, nucleic acids, and
the like.

This section will not present a condensed work on separation science and
procedures as that is best left to any of the myriad analytical chemistry text-
books. What will be attempted here is to provide sufficient guidance on the
isolation and purification of natural products so that proper focus can be
assured in the design and implementation of a successful isolation and purifi-
cation program.

Before initiating an isolation and purification, there are a number of basic
questions that need to be asked and answered. First, what are you trying to
isolate and purify? There are a number of different possible targets: (1) an
unknown compound associated with a particular biological activity, (2) a pre-
viously known compound present in a specific organism, (3) a group of com-
pounds within an organism that are all structurally related to each other, (4)
all of the metabolites produced by one natural product source that are not
produced by another closely related source, or (5) all of the molecules of a
particular organism.

Second, why are you trying to isolate this material? While the asking of such
a question might appear to be superficially inane, it is important to know why
you want something so that you know how much of it you might need. Possi-
ble reasons for carrying out an extraction might be: (1) the generation and
supply of larger amounts of an already known compound so that more exten-
sive biological testing such as pharmacology and toxicology can be performed
on the material, (2) the purification of a small amount of material for initial
biological and chemical characterization to be performed, or (3) to purify suf-
ficient material in order to conduct complete structural studies and further
biological activity characterization.

Third, what type of purity is desired? If a natural product compound is to
be used for biological testing, it is important to know not only the degree of
purity of the material but also the nature of the impurities. It needs to be
appreciated that the impurities themselves can contribute significantly to any
biological activity observed in the screening program. If the material is to be
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used in more refined pharmacological or pharmacokinetic testing, then the
material should generally be at least 99 percent pure. If, on the other hand,
the material is to be used only for chemical characterization, the acceptable
level of purity can range from 95 to 99 percent. Such a range of purity will
generally be sufficient for the determination and assignation of a complex
chemical structure via such techniques as NMR spectroscopy, infrared (IR)
spectroscopy, and MS/MS spectrometry. It should be noted that if the com-
pound under consideration is present in a high concentration in the starting
material and a standard for that compound already exists, then structural con-
firmation can be achieved with less pure material and the associated purifica-
tion scheme will be composed of fewer steps. Depending upon one’s goals,
varying degrees of purification may be acceptable. X-ray crystallographic
studies will demand material of 99.9 percent purity, while detection of the pres-
ence or absence of a specific structural feature via analysis of the ultraviolet
spectrum may tolerate purities down to a level of 50 percent. An important
concept of purification is that the relationship between purity of compound
achieved during natural product extraction and the amount of effort expended
to achieve such a level of purity is almost exponential in nature. When start-
ing with a crude, complex mixture, it is very easy to eliminate large compo-
nents of unwanted material. However, as the purity begins to escalate, it can
become infinitely more challenging to improve purity levels. For example, the
effort required to go from 50 percent purity to 90 percent purity can pale in
comparison to the effort required to go from 99.5 to 99.9 percent purity. In
concordance with this, it is fair to state that the relationship between purity
level and yield are also exponentially related. In a purification scheme no step
delivers the desired material in 100 percent yield. Each extraction step results
in the loss of material, and when working to attain very high levels of purity,
losses can be extreme. While it may be necessary to take only very “central-
ized” cuts in a purification step, keep in mind that the “tail” cuts can them-
selves be later subjected to reprocessing.

Fourth, what type of fractionation should be used in the isolation and purifi-
cation scheme? All separation processes involve the division of a mixture into
a number of discrete fractions. This process is called fractionation. Such 
fractions can be physically separate such as the two phases of a liquid–liquid
extraction or they may not be physically separate such as the continuous eluate
from a chromatography column. The eluate from a chromatography column
can then be artificially divided into fractions via the use of a fraction collec-
tor. The method of fractionation depends on the sample and the goals of the
separation. Fractions are typically equal in size and can be large or small in
volume. The collection of a large number of small fractions improves the prob-
ability that each fraction might contain pure compound. However, such an
approach requires significant work in the analysis of each fraction. Addition-
ally, this approach may spread the desired compound over so many fractions
that if the target molecule(s) was present originally only in low levels, it may
prove undetectable in any one of the fractions. Alternatively, if the separation
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process is cruder, employing the collection of only a few large volume frac-
tions, a more rapid and facile tracking of the desired compound and its activ-
ity is possible.

Fifth, what is the nature of the compound? The answer to this question
depends on how much is already known about the compound. General fea-
tures that are useful at this stage of the project are acid/base properties (pKa,
pKb), molecular charge, stability, and solubility (hydrophilicity/lipophilicity). If
the target molecule is an unknown moiety, it is very likely that little of this
information is known and all of it will have to be determined along the way.
If one is isolating a known compound, much of this information will already
be available. Finally, if the goal is to isolate a number of secondary metabo-
lites rather than a single molecule, then the value of this step is less important,
but an appreciation of the relative values of these parameters can still be useful
with regard to understanding the characteristics of the mixture.

Sixth, where is the desired activity localized? Each potential source of a
natural product source—whether it is plant, tree, moss, bacteria, vertebrate,
invertebrate, insect, terrestrial, or marine based—has components or parts in
which the desired activity or compound is present in greater concentration as
opposed to other parts in which the compound is present in lesser amounts.
To obviate any problems associated with dilution of the compound and its
activity, the initial biomass should be selected on the basis of its content of the
target biological activity.

Only with the thoughtful provision of answers to the above questions can
one have a clear idea of what one is attempting to achieve and how to suc-
cessfully secure the project goals. It should be obvious that there is no correct
or incorrect protocol or standard operating procedure for the isolation and
purification of natural products. Indeed, the final method or scheme itself is
most likely to vary with the answers to the above questions as well as the
natural product source and the specifics of the assays and biological assays
that are to be used in the screening program. However, a consult of the liter-
ature is essential during the design and construction of an isolation and purifi-
cation program for any natural product compound [149, 165]. While it is
possible that extensive data may have already been published on the com-
pound one is trying to isolate or compounds related to it, it is also entirely pos-
sible that nothing is known. Regardless, proper use of the natural products
literature can facilitate the effort invested into the design and implementation
of a specific isolation and purification program.

A variety of different techniques can be used for the isolation and purifi-
cation of natural product compounds [15, 16, 82]. These techniques include,
but are not limited to, solid-phase extraction [15, 16], high-performance liquid
chromatography (HPLC) [15, 16], gradient high-performance liquid chro-
matography [15, 16], bioautography [165]; thin-layer chromatography (TLC)
[15, 16], countercurrent chromatography [2, 49, 50], droplet countercurrent
chromatography [74], vacuum column chromatography [165], desalting [149],
liquid–liquid chromatography [75], paper chromatography [15, 16], ion
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exchange chromatography [15, 16], size exclusion chromatography [73], affin-
ity chromatography [15, 16], acid–base switching technology [42], centrifugal
partition chromatography [74], liquid–solid chromatography [15, 16],
microwave-assisted extraction [80], pressurized solvent extraction [80], large-
scale solvent extraction [42], and supercritical fluid extraction [94, 126]. While
the theories along with the relative advantages and disadvantages behind each
one of these procedures have not been discussed here, the listing will serve as
a catalog of potential techniques available to the researcher. Specific details
on any of these procedures can be obtained from any number of books on
separation.

A debate still exists as to the timing of isolation and purification in the 
drug discovery process [65]. It is always tempting to isolate and purify 
before screening, but understandably this can present a challenge. Classical
approaches have used a successful marriage between purification steps and
bioassay activity assessment to isolate, identify, and fully characterize natural
product compounds. It should be appreciated that with the advances in chro-
matographic and analytical techniques that have taken place over the last 15
years, the time required to proceed from an initial hit to an identified active
compound should take no longer than for the resynthesis and purification of
a potential active compound from a combinatorial library. Accordingly, the
timing of isolation and purification in the natural product drug research 
and development timeline should not persist as such a point of contention as
previously [9].

1.8 STRUCTURE IDENTIFICATION OF NATURAL PRODUCTS

The chemical structures of natural product compounds are tremendously
diverse and can be very elegant in their nature [98, 115, 116, 170]. Such diver-
sity can present a challenge to the analytical or medicinal chemist attempting
to unravel the mystery of the chemical structure of an unknown material pre-
sented to him or her. However, modern technology has made structure iden-
tification simpler and faster. Today, scientists take for granted such techniques
as MS, MS/MS, IR, Fourier transform infrared spectroscopy (FTIR), NMR,
Fourier transform nuclear magnetic resonance spectroscopy (FTNMR), and
others. It is beyond the scope of this chapter to discuss the theory and rela-
tive merits of each of these techniques, and the reader is urged to consult
appropriate textbooks on analytical chemistry. However, it is worth mention-
ing that some particularly exciting developments in structure determination
pertinent to the area of natural products have come from the field of com-
puter-assisted structure elucidation (CASE). Several computer programs have
become available for scientists to use and a number of publications reporting
on the utility of this technological advancement have been forthcoming [154].
As has been previously described, the elucidation of the structure of a natural
product begins with the collection of a crude material. This material is then
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subjected to a series of separation steps, usually involving chromatography,
delivering in the end pure compound(s). Finally, a set of spectroscopic and
spectrometric experiments are performed on the pure compound to delineate
the structural characteristics. Such analysis may even reveal the two-
dimensional or three-dimensional structure of the isolated chemical.

Time is money in the drug development business and in order to acceler-
ate activities, the following steps of the structural elucidation process should
be considered to be targets amenable to automation: (1) the choice of the
smallest group of procedures that is most likely to reveal the unknown struc-
ture [NMR, FTNMR, MS, MS/MS, IR, FTIR, ultraviolet (UV), etc.], (2) the
acquisition of data from the selected procedures, (3) the analysis of data from
the selected procedures, and (4) the use of a computer program to construct
the structure from collected spectroscopic and spectrometric data. Histori-
cally, structure identification has occurred after purification was complete.
However, not infrequently in these cases, structural identification revealed that
all of the previous laborious steps of purification had produced a compound
that was already known or of an undesirable type. Now, the coupling of liquid
chromatography (LC) or high-pressure liquid chromatography (HPLC) with
such technologies as MS, MS/MS, and NMR has permitted the construction of
devices that allow the injection of a crude sample, separation of the sample
using automatically determined optimized conditions, and on the fly spec-
trometry or spectroscopy followed by CASE for each set of acquired spectra.
The identification of unwanted compounds or de-replication should occur as
early as possible in the natural product isolation and purification process to
avoid the loss of time and funds. The development of coupled techniques has
permitted the achievement of that goal. Indeed, coupled techniques such as
LC/NMR/MS have now evolved and have potent application in the pharma-
ceutical field. As the sensitivity of instrumentation continues to improve, the
value of these coupled techniques will increase even more.

A number of powerful aids for NMR spectroscopic interpretation have
emerged and are now readily available from instrument manufacturers and
include programs such as Auralia and AMIX [117]. However, any compre-
hensive CASE program will be based on a quality structure generator. To this
point, only a few high-quality, pure structure generators have been developed.
While over the years there have been a variety of programs that have 
been developed, they have been limited to those researched and developed
by small, private groups. Now there are some highly capable programs 
that are commercially available, such as Assemble (Upstream Solutions
GmbH, Zurich, Switzerland) and MOLGEN (http://www.molgen.de). A well-
known deterministic CASE system that is often cited in the literature is
CISOC-SES, which is now commercially available under the acronym NMR-
SAMS (Spectrum Research, Madison, WI, USA). Another deterministic
CASE program, COCON has been relatively recently introduced, and several
examples demonstrating its value in structural elucidation have been reported
[97, 154].
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Deterministic algorithms have a limit to the size of the molecule with which
they can work. To overcome this, a stochastic structure generator has been
published for the computer-assisted structure elucidation of organic molecules
[153]. The name of the program is SENECA. This program is written in Java
and therefore is platform independent and allows for a simple plug-in mech-
anism for new spectroscopic data types. Theoretically, many different kinds of
properties can be plugged into this system, as long as the property can be reli-
ably calculated from a generated molecule.

Classical CASE systems can at least attempt to provide the two-dimen-
sional structure of an unknown molecule. Now, with the greater exposure of,
availability of, capabilities of, and demand for CASE programs, efforts are
being made toward incorporation of the ability to confidently determine the
three-dimensional structure of unknown molecules [68].

Advancements in chromatography, spectrometry, and spectroscopy
together with breakthroughs in the coupling of these technologies are impor-
tant steps in the production of a fully automated and integrated natural 
products structure determination instrument, which will provide significant
advantage to the early, rapid, and facile identification of new natural-product-
based drug opportunities.

1.9 SYNTHESIS OF NATURAL PRODUCTS

Once a natural product compound has been screened for biological activity,
isolated, purified, its structure identified, and the pharmacological profile
refined, the journey is not over. The molecule may turn out to be too complex
in nature and too expensive to be synthesized. Indeed, when compared to a
purely man-made synthetic alternative, many times the natural product com-
pound is quickly eliminated from further consideration because of considera-
tions of time and potential costs of synthetic production.

Any given natural product compound may possess unacceptable physico-
chemical, pharmacodynamic, pharmacokinetic, or bioavailability properties or
demonstrate excessive toxicity and will therefore require optimization of its
chemical structure. Optimization involves a dissection of the lead molecule
and the synthetic addition, removal, replacement, or modification of sub-
stituent groups so as to enhance the utility and efficacy of the molecule. The
synthesis of a complicated molecule is a very difficult task since every group
and atom must be placed in a proper position and with the correct 
stereochemistry.

Such chemical structure modification or synthesis has been performed over
decades by what might be termed more classical means. Indeed, the complete
synthesis of natural products has been an area of interest for a long time, and
the efforts to produce man-made natural products has provided significant
challenge and learning opportunity over the years [21, 43, 53, 103, 115, 116,
125, 133, 151]. Because of the widespread chemical diversity that can be found
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in natural products, an ever-expanding collection of fascinating natural
product compounds will continue to be presented to chemists for synthesis
[162]. If one compares the chemical diversity of man-made synthetic products
with the chemical diversity of natural product compounds, it quickly becomes
apparent that there are significant qualitative differences between synthetics
and natural products [114]. Natural product compounds contain more alco-
holic and ether groups, while pure synthetic compounds possess more aro-
matics, amines, and amides. If one looks at group combinations, there are
higher percentages of alcohol/ether, alcohol/ester, arene/alcohol, arene,
alcohol, or ether functionalities in natural product compounds when compared
to the synthetic compounds. However, pure man-made synthetic compounds
are found to have combinations such as arene/amine, amine/amide, or
amine/arene/amide in higher frequencies than natural product type of com-
pounds. Finally, natural product compounds are found to more commonly
possess bridgehead atoms and contain a greater number of rotatable 
bonds per molecule, chiral centers per molecule, and rings per molecule than
pure man-made synthetic compounds. The importance of these differences is
that they reveal and emphasize the complementarity of natural product 
compounds as a group with man-made synthetic compounds. Despite all of
the knowledge and achievements that have been gained and the advances 
that have been made, classical synthetic organic chemistry will not alone
unlock and open the potential of natural products to the pharmaceutical mar-
ketplace. Instead, the future lies in the synergistic union of classical organic
chemistry with microbiology, biochemistry, combinatorial chemistry, and other
fields to provide new synthetic strategies to generate natural-product-based
drugs.

The history and specific techniques of combinatorial chemistry are beyond
the scope of this chapter, and the reader is referred to appropriate textbooks
for discussions on that topic. While it should be recognized that combinator-
ial chemistry is a perfect match for high-throughput screening because of its
ability to produce large numbers of compounds in a short period of time. The
promise of combinatorial chemistry to deliver more drug candidates within a
shorter period of time has remained unfulfilled. What has been lacking in com-
binatorial chemistry is the skeletal structural novelty that natural products can
provide [1, 12, 13, 59, 63, 111, 119, 120, 155, 158, 161, 163].

Over time, organic synthetic chemists have become interested in enzymes
and their potential role in natural product synthesis [85, 109, 136]. Enzymes
have great power as catalysts for regiospecific and stereocontrolled synthesis.
These biological catalysts are very capable at room temperature of convert-
ing inexpensive substrates into value-added products at a significantly high
throughput. However, barriers remain to the more expanded use of enzymes
in organic synthetic chemistry. The most important of such obstacles includes
the inability of enzymes to work with unnatural substrates.

Combinatorial biosynthesis utilizes enzymes from various natural product
source biosynthetic pathways to create novel chemical structures [10, 27, 135].
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The engineering of polyketide synthases has thus far been the central point of
this activity and led to the production of several erythromycin analogs. The
end result of such research activity will be the development of more rational
and faster methods of production of new compounds for the development of
therapeutic agents from natural products.

The research on and screening of natural products today is focusing on
many different therapeutic indications. Fermentation broths and plant extracts
have done well in delivering leads and genomics and molecular biology have
done well in delivering targets. Regardless of the type of compounds involved,
improved efficiencies in the design and synthesis of natural-product-based
agonists and antagonists will be key to a realization of the full potential of
natural products as drugs [1, 139, 140].

1.10 DEVELOPMENT OF NATURAL PRODUCTS

Regulatory Guidelines and Nonclinical Development

The classical model of drug development is composed of three phases: dis-
covery, development, and marketing [108]. Discovery is the first of these
phases and is composed of two essential components, drug discovery and drug
design. Development is the second of these phases and is composed of two
large components, preclinical studies and clinical studies [30, 56–58, 95, 108,
146]. The development phase, although lengthy, expensive, and time consum-
ing is meant in its design and conduct to cull out undesirable compounds and
ensure the safety and efficacy of compounds that successfully run the devel-
opmental gauntlet and decrease the hazard and risk of exposure for humans.
We have touched on the drug discovery and design in earlier sections of this
chapter. In the course of these phases, therapeutic targets have been selected
and screens were designed to identify drug candidates. These same candidates
were then isolated, purified, identified, and then structurally optimized in 
consideration of the molecule’s biological activity profile. This process of 
optimization attempts to minimize toxicity and maximize therapeutic value,
efficacy, and pharmacokinetic characteristics. Finally, research was performed
to elucidate a mechanism of action for the potential drug and animal models
identified to establish efficacy of the material. Pharmacology studies, a 
component of the discovery phase, confirm the efficacy of a potential drug.
The availability of analytical methods is essential to establish the exposure 
of the test system to the drug candidate and the presence of the drug in 
various tissues and fluids. The absorption, distribution, metabolism, and excre-
tion and elimination of the compound also need to be determined. Human in
vitro P-450 studies are necessary to be performed to fully understand the
hepatic metabolic pathways. These studies may also herald the potential for
serious drug interactions that may have to be addressed during the develop-
ment cycle.
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Safety pharmacology studies are part of the development phase and the
preclinical development program but can be performed either as part of the
pharmacologic profiling of a drug candidate or as a prelude to the toxicology
studies. These types of studies are a preliminary hazard assessment of the test
article in key organ systems such as the central nervous system, cardiovascu-
lar system, gastrointestinal system, renal system, and pulmonary system and
essential in the planning of human clinical trials. For an excellent and detailed
discussion of safety pharmacology, the reader is referred to Gad [54].

Preclinical studies begin some of the more rigorous testing that a potential
candidate must successfully endure and survive. It needs to be recognized that
a decision to proceed with preclinical studies represents a major commitment
of time, resources, effort, and money. The major objectives of any preclinical
development program should be: (1) development of a Good Manufacturing
Practices (GMP) synthetic method to produce the test article, (2) synthesis of
a supply of test article that is adequate to permit the performance of all pre-
clinical work and the initiation of clinical studies, (3) the creation of a usable
and tolerable preclinical formulation(s) and efficacious clinical formulation(s),
(4) complete pharmacologic and pharmacokinetic profiling of the test article,
(5) performance of proper toxicology studies to support an Investigational
New Drug (IND) application, and (6) construction of a complete and detailed
informational platform to permit the recommendation of an initial human
dose in phase I studies.

Nonclinical or preclinical studies are the same thing and are composed of
studies on drug processes, pharmacology, and toxicology. Drug processes
involve the scaling up of synthetic procedures or the bulk preparation of the
drug [32, 146]. This means the development of a synthetic method that permits
the synthesis of compound at a reasonable cost, in a reasonable amount of
time in such a fashion that regulatory and GMP guidelines are satisfied. A
major obstacle in the performance of preclinical studies is often the ability to
merely “have drug.” Drug supply is often overlooked in the drug development
program and can cause costly delays. Related to this is the existence of 
some sort of formulation for the drug candidate that will permit effective
dosing in preclinical studies. The lack of proper planning on a preclinical 
formulation (not the final clinical formulation) is oft overlooked, and this 
oversight can cause significant problems of delay or confounding toxicity. Also
during the preclinical phase of the drug development paradigm, various ana-
lytical techniques must be developed and validated in a variety of species and
biological milieu, analytical standards defined and made, compound stability
profiles generated, and research into the proper human formulation initiated
and conducted. Sometimes even radiolabeled drugs will be required to be
made for some studies, a difficult, costly, and time-consuming project in and
of itself.

Toxicology studies are performed to assess a drug candidate’s potential
safety. These studies are so critical that there are established procedures called
Good Laboratory Practices (GLP), which specify how studies are to be done.
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Toxicology studies have a profound quality assurance component, which facil-
itate inspection and permit validation of the data by a regulatory agency or
reviewer. There are numerous different types of toxicology studies and the
details of them are beyond the scope of this discussion, but the most compre-
hensive, detailed, and descriptive source is by Gad [56]. These studies typically
include mutagenicity, genotoxicity, and cytotoxicity studies; acute studies;
subchronic studies; chronic studies; reproductive and developmental toxicity
studies; carcinogenicity studies; immunotoxicity assessments; various worker
safety studies; and certain specialized toxicity studies, the conduct of which 
is determined by compound-specific issues or dose route. Toxicology studies
should in their core design determine the target organ(s) of any potential 
toxicity, characterize the shape of the dose–response curve, ascertain the
reversibility of any potential lesion, and facilitate the selection of a human
dose in phase I clinical trials. An excellent example of preclinical and clinical
development programs for a natural-product-based drug has been reported by
Rowinsky et al. on the antineoplastic agent Taxol [141].

When a drug candidate completes the preclinical studies, an IND is filed
and clinical trials are initiated. Clinical trials are composed of phases I to IV.
Phase I studies represent the first exposure of a drug to humans. These studies
examine the effects of single and multiple increasing doses in small numbers
of normal and/or patient volunteers. Tolerance to the compound is also eval-
uated. Basic pharmacokinetic studies are performed in conjunction with the
studies to aid in the determination of later dosage regimens and to fully char-
acterize the routes of metabolism, excretion, and elimination and assess the
presence and amounts of active and inactive or toxic metabolites. Typically
only a small number of volunteers are involved. Phase II studies represent 
the first time that a drug candidate is tested in humans for efficacy. However,
safety and tolerance are still monitored in these studies concurrently. In 
phase II studies, different dose–range finding studies are performed to 
optimize the dose of the drug, to maximize its efficacy, and to minimize 
any compound-associated intolerance. These studies typically involve up to 
several hundred patients and generally provide the first indications of the
potential benefit of the drug as compared to its risk of exposure. The last clin-
ical studies that need to be performed before submitting a complete informa-
tion package for regulatory approval are phase III studies [New Drug
Application (NDA) for filing in the United States]. In these studies, the drug
candidate is utilized at the optimum dose, in the target patient population, and
in exactly in the same fashion that the drug will be used if eventually approved
and marketed. These studies will verify efficacy and safety and detect adverse
reactions and contraindications. These are very large studies composed of hun-
dreds to thousands of volunteer patients, depending upon the therapeutic indi-
cation. Phase IV studies are postmarketing surveillance studies, which are
conducted after a drug has been approved for sale. These studies typically
involve adverse reaction reporting, surveys and general sampling, and testing
evaluations.
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The design of a proper and detailed preclinical program is a challenging
exercise, and the successful navigation of the program with its on-time com-
pletion should not be taken for granted. Effective project management with
a timely resolution to all obstacles that will present themselves along the way
can save significant amounts of money. Accordingly, consideration should
always be given to the retention of a professional and suitably experienced
preclinical project manager. The expenses incurred with the design and imple-
mentation of a preclinical development program is more than offset by the
avoidance of cost and/or time overruns.

As stated earlier in this chapter, natural products can be interpreted by 
different people to mean different things. For purposes of this discussion,
the term natural products refers to drugs of natural product origin and not 
to botanicals, herbals, or traditional medicine products. The development of
botanicals, herbals, dietary supplements, and over-the-counter products is not
relevant to this chapter and is covered elsewhere [152]. There are no regula-
tions or guidelines that are specific to the development of therapeutic 
agents developed from natural products. Indeed, the development of a
natural-product-based therapeutic candidate is more than adequately 
covered in existing governmental guidelines. These guidelines are available
from a variety of governmental sources [www.fda.gov (U.S. FDA),
www.eudra.org (European Union), www.mhw.go.jp/english (Japan),
www.ifpma.org (ICH)] or references on preclinical development [51, 55–58,
105, 106]. The most comprehensive and detailed of these references is by Gad
[56]. However, it should be noted that according to a draft document entitled
“Botanical Drug Products Docket Number: OOD-1932” issued by the Office
of Nutritional Products, Labeling and Dietary Supplements (HFS-800) in 2003,
if a natural product has been sold in a crude or semipurified form as an over-
the-counter drug and a sponsor wishes to file an IND on a moiety purified
from such a preparation, then reduced documentation may be acceptable to
the FDA.

Learning from the Mistakes of the Past in the Development of 
Natural Products

The very first sample of bark from the Pacific yew (Taxus brevifolia) was orig-
inally collected in 1962 by the U.S. Department of Agriculture as part of a
plant screening program established by the Cancer Chemotherapy National
Service Center of the National Cancer Institute (NCI) [32]. It was not until
1964 that a positive response was found for the extract in the KB cytotoxicity
assay. Taxol was then identified as the active component of the mixture in 1969.
Not unlike many other compounds being tested at that time, paclitaxel origi-
nally demonstrated moderate in vivo activity against P388 and L1210 murine
leukemia models and was not considered to be a promising candidate for
further development. However, strong activity demonstrated by Taxol against
the B16 melanoma line introduced by the NCI in 1975 caused a reevaluation
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of the material. Indeed as a direct result of this additional research, Taxol was
recommended as a candidate for preclinical development in 1977. Further
work demonstrated strong activity against human tumor xenograft systems
and stimulated hope of efficacious performance in the clinic. Taxol’s mecha-
nism of action was elucidated in 1979, formulation work completed, and toxi-
cology studies started in 1980 [32, 100]. With the completion of nonclinical
studies, approval was given for entry into phase I clinical trials in 1983 [28,
141]. The early clinical trials raised serious issues of toxicity. Indeed, further
development of Taxol was almost discontinued. The problems, however, were
determined to be related to the poor solubility of Taxol in aqueous systems
and the necessity for a high dose, when compared to other antineoplastic
agents of the time. The development of a suitable formulation required the
use of Cremophor EL, a polyethoxylated castor oil derivative, which created
a whole new set of challenges to be addressed [36]. Eventually, a safe clinical
regimen was established reducing the incidence of allergic reactions, and Taxol
proceeded into phase II clinical trials. However, at this point in development,
faith and interest in the success of Taxol began to wane for a variety of reasons,
and the priority of Taxol’s development was again lowered. Indeed, the
support for Taxol decreased to such a level that the production of bulk quan-
tities of Taxol needed to proceed through clinical trials was severely cut back.
This position forced the creation of a critical problem when Taxol demon-
strated significant antitumor activity in phase II clinical trials in patients
afflicted with ovarian cancer. The preliminary reports from clinical trials indi-
cated an approximate 30 percent response rate, with some patients actually
achieving remission [110]. Additional clinical trials supported the initial clini-
cal response rate, and accordingly there was a strong demand for more Taxol.
Concurrently, it was also discovered that Taxol demonstrated very favorable
responses in patients afflicted with metastatic breast cancer [71]. Add to this
the findings that favorable clinical responses to the administration of Taxol
were also being found in patients afflicted with lung cancer, malignant
melanoma, lymphomas, and cancers of the head and neck, and it is easy to
appreciate the magnitude of the gap created between the supply of Taxol and
the demand for Taxol [32]. Unfortunately, all of this favorable clinical perfor-
mance was met with not just a poor supply of Taxol but an extremely disap-
pointing inability to produce Taxol on a large scale. The crisis in the supply of
paclitaxel was eventually resolved as a result of collaborative efforts between
many groups [28, 32]. Such a crash collaborative effort, while admirable, came
about as a result of poor planning.

Today, Taxol is viewed as a very important antineoplastic agent on the front
line of cancer chemotherapy. Yet, despite its success, it must be sadly admit-
ted that on several occasions during paclitaxel’s development, Taxol almost
did not make it to market. In an attempt to learn from the mistakes of the
past, what lessons can be learned from the Taxol story? These are addressed
in the next section when we talk of the future of natural products in drug 
discovery and development.
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1.11 FUTURE OF NATURAL PRODUCTS

Current libraries providing fodder for the search for new therapeutic agents
include, for the most part, but are not limited to, synthetic chemical libraries
of purified natural products from a variety of different sources [27]. When
combinatorial chemistry made its entry onto the drug discovery stage, many
people considered this technique to be the ultimate solution for the discovery
of potential new therapeutic agents. Accordingly, the perceived value of
natural products in the drug discovery process began to pale. While combina-
torial chemistry has demonstrated that it is certainly of value in the process
of lead optimization, nature itself presents the most diverse and complete
source of leads. A relatively recent approach that unites the strengths of com-
binatorial chemistry and natural product identification is a process referred to
as combinatorial biosynthesis [10, 27, 135]. In this technique, the pathway
leading to the production of a natural product is identified and the genetic
basis of it elucidated. Genetic modifications of the organism are then made
causing the production of different biologically active products. These prod-
ucts can then be evaluated for target therapeutic potency in various screens.
While this approach has been utilized by some biotechnology companies,
widespread acceptance in the pharmaceutical industry has been lacking to this
point [27]. However, as acceptance develops, so will the identification of many
new potential drug candidates.

To fully capitalize on the extensive biodiversity available to us in natural
products, high-throughput screening processes need to be improved upon so
that they can provide a higher degree of quantifiable rather than quantal
(active versus not active) results, permitting a more adequate description of
whether or not any given compound may be considered to be potentially
active.

It is also important to realize that one should not rely on just one either in
vitro or in vivo screening assay in a discovery program. Obviously, there has
to be an economic component to screening programs with some degree of cost
containment, but a realistic balance can be achieved, which provides a realis-
tic cost-to-benefit ratio. The discovery and development of paclitaxel is a good
example of this concern [32].

The early conduct of studies leading to the elucidation of the mechanism
of action of a compound is important. The delineation of a novel mechanism
of action can provide considerable impetus to the continued development 
of a chemical moiety. Irrespective of novelty, the establishment and correla-
tion of a chemical structure with a mechanism of action can permit the 
categorization of a compound with other chemicals, potential therapeutic 
agents, and drugs and more rapidly facilitate a compound’s potential for ther-
apeutic use.

The efforts to identify potential leads for the treatment of a constellation
of maladies and diseases are increasing at a hectic pace and the growth of
numbers of actual compound candidates is markedly outpacing the availabil-
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ity of screening procedures. In order to accommodate the requisite testing
associated with the generation of chemical leads, advances will need to be
made in the methods of and approaches to the synthesis of natural products.
Critical demands will be placed upon synthetic and medicinal chemists to
produce pure chiral products in significant amounts. These products will
undoubtedly be the result of complex synthetic pathways, which will incorpo-
rate catalysts and biocatalysts, soluble and immobilized elements, and biologi-
cally generated as well as man-made moieties. These multistep processes will
need to be functional on both a low bench scale as well as a commercial scale.
The development of paclitaxel suffered a severe developmental program
setback because of an inability to produce adequate supplies at an appropri-
ate time. In association with the development of effective synthetic pathways
leading to the production of natural products, attention must also be paid to
the required formulation of such products permitting human use, as was well
demonstrated with Taxol.

Genetic research will continue to elucidate an ever-increasing number of
potential pathophysiologic targets, which can be mated with hopeful novel
therapeutic agents. This coupled with the fact that little of nature’s natural
products archives have really been adequately researched portends great
opportunity. How big is this opportunity? Admittedly, there are no sound esti-
mates for the actual total numbers of species of plants, shrubs, trees, insects,
fungi, smuts, rusts, marine organisms, and the like that exist on land and in the
waters in this world [24]. But, with regard to microorganisms, less than 0.1
percent of the total microorganisms present in the soil to date have been eval-
uated, simply because they cannot be cultured [27, 138]. Only about 70,000 
of 2 to 5 million different fungi are considered to have been identified [27].
Similarly, only about 800,000 of approximately 20 million different insects have
been identified.

Structure–activity studies on leads generated from natural products sources
combined with computerized graphic model building will become increasingly
more prevalent. Such activity in turn will result in the discovery of molecules
with optimal activity, improved bioavailability, fewer side effects, and very
desirable therapeutic indices [156].

However, abuse of our natural resources will certainly limit our ability to
learn from nature [27, 78, 132]. Lack of proper conservation, the expanding
pall of pollution, and the wanton destruction of forests, especially the rain
forests, will, for example, diminish the opportunity to gain valuable knowledge
from a staggering amount of indigenous biodiversity and obviate the possi-
bility to generate a valuable therapeutic agent. Indeed, it is estimated that
approximately one-eighth of all plant species are currently near the point of
extinction [78]. Alternatively, the highly focused and single-minded research
into natural products can in and of itself lead to the depletion of sources of
natural products and even the eventual extinction of species [22].

In the hunt for natural products another obstacle that will have to be more
commonly addressed is the issue of intellectual property rights [3, 11, 27, 32,
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107, 160]. As various biotechnology and pharmaceutical companies attempt to
expand their libraries with compounds generated from various biodiversity
sources, many countries are beginning to impose significant demands on the
use of such raw materials and are limiting access without the expression of
adequate consideration to the “landowners” [124]. Of course, ultimately there
is the potential for significant economic reward for involved countries, but the
various forms of life, which historically have been considered to be free for
the taking, are no longer free. The potential conflict between host countries
and prospecting organizations will undoubtedly be resolved with the estab-
lishment of contingent compensation plans making use of rights and royalties
coupled with the attainment of specific milestones. The building of the requi-
site trust to establish meaningful, lasting, and functional business relationships
will require time, patience, education, and respect for the different cultures
involved [140]. History will color all negotiations and ethnic and cultural dif-
ferences will serve to make the process painfully slow.

The search for and the development of natural products will result in the
creation of a variety of different types of alliances between industry, govern-
ment, individuals, universities, and hopefully even foster a spirit of interna-
tional cooperation [25, 26, 32, 86]. Over the last few years, those involved in
the pharmaceutical industry have already seen the increasing numbers of 
partnerships, alliances, agreements, and other types of relationships forged
between large pharmaceutical companies and smaller biotechnology compa-
nies, all for the purpose of seizing opportunities of new technology. The 
collaborations that currently exist in the field of chemotherapy can set an
example for other therapeutic areas as well as drug treatment in general.
Another pertinent example has been the formation of the International Coop-
erative Biodiversity Group (ICBG) Program [32]. The ICBG is a collection of
academic, industrial, U.S. governmental organizations, and developing coun-
tries. This program is also jointly sponsored by the National Science Founda-
tion (NSF), parts of the National Institutes of Health (NIH), the National
Cancer Institute (NCI), the Fogarty International Center, the National Insti-
tute of Allergy and Infectious Diseases (NIAID), the National Heart, Lung,
and Blood Institute (NHLBI), and the National Institute of Mental Health
(NIMH). The purpose of this program is to facilitate research and drug dis-
covery from natural sources. This program is of extreme value and promotes
the identification, establishment of an inventory, conservation of natural
resources, and economic development of financially challenged countries.

Thought should be given to the more expanded establishment of repository
programs. The NCI has established a Natural Products Repository (NPR),
which is an extremely valuable resource in the search for and discovery of new
drugs. The opportunities are there, they just need to be found.

In conclusion, drug discovery can be significantly improved through the use
of the knowledge to be gained from research into natural products. However,
despite the powerful resource that natural products present to us, the knowl-
edge that is locked therein can only be fully realized with proper management

62 NATURAL PRODUCTS



of the resources, the parallel development of ancillary technologies, and the
fostering of open and shared communication.
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2.1 INTRODUCTION

Tremendous progress has been made in understanding human cancers in
recent decades. It is now well accepted that cancer is uncontrolled cell growth
resulting from multiple mutated genes. These mutations could come from
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either an imperfect deoxyribonucleic acid (DNA) copying process in cells or
damages to DNA by environmental mutagens. Despite our increasing under-
standing of cancers, finding a cure for cancers remains a great challenge. One
of the important aspects of the cancer treatment is the accurate diagnosis of
cancers. As late-stage cancers can only be treated with a very low success rate,
early detection of benign tumors is critically important for patient survival.

With recent advances, especially the combination of positron emission
tomography (PET) and computed tomography (CT), cancer-imaging tech-
niques are becoming increasingly important in tumor detection [1]. In PET,
radioactively linked glucose is injected into the patient. Since tumor cells are
more active in growth and division than normal cells, they need more resources
such as glucose from blood. Thus the accumulation of radioisotope-labeled
glucose in tumor cells can be used to locate the tumor. Combined with CT,
PET provides clear images that show the location, size, and shape of the tumor.
This technique has been useful not only in tumor detection but also in deter-
mining the stage of the cancer, monitoring the progression of the tumor,
and guiding cancer treatment. However, one problem with cancer imaging 
is that it is associated with expensive scanning equipment. The test itself is 
also expensive. More economical and readily available cancer diagnoses, such
as those based on molecular recognition, may be more applicable in many 
situations.

2.2 MOLECULAR DIAGNOSIS OF CANCERS

The molecular diagnosis of cancers relies on biomarker molecules that are
produced in higher than normal levels either directly by tumor cells or by the
response of the human body to the presence of cancers. Detection of the 
biomarkers in a patient’s body fluids can serve as the first step in cancer 
diagnosis and provide critical information to doctors as to whether or not a
biopsy is needed. Tumor markers can be proteins or hormones. Some classic
tumor markers include a-fetoprotein (AFP), carcinoembryonic antigen
(CEA), and prostate-specific antigen (PSA). They are usually not very specific
to a particular cancer as the level of one tumor marker can be elevated by
more than one type of cancers. Another problem is that the presence of cancer
does not necessarily cause a detectable level of tumor markers, especially in
the early stages. Extra caution is thus needed in some cases to avoid false 
negatives.

With a better understanding of the genetic basis of cancers, some biomol-
ecules may emerge as a new class of tumor markers with greater sensitivity
and selectivity. The mutated genes in cancer cells usually lead to the expres-
sion of new proteins not found in normal cells, the overexpression of certain
proteins that promote cell growth and division, such as growth factors and
related proteins, or the underexpression of proteins that inhibit tumor cell pro-
liferation, such as the p53 protein. One example of a protein capable of indi-
cating cancers is the human epidermal growth factor receptor 2 (HER2),

74 CANCER CELL PROTEOMICS USING MOLECULAR APTAMERS



which is usually found on cell membranes. HER2 has been shown to be over-
expressed in about 25 percent of all breast cancer patients [2]. Therefore, tests
for the HER2 protein in tissue samples are recommended for breast cancer
diagnosis. Overexpression of many other growth factors, including the insulin-
like growth factor-I (IGF-I), the epidermal growth factor (EGF), and the
platelet-derived growth factor (PDGF), are also related to tumor progression
[3–5]. Sensitive detection of these proteins may serve as a good indication of
both the presence and stage of cancers.

2.3 APTAMERS FOR TUMOR MARKER DETECTION

Over the last decades, antibodies have been the preferred recognition agents
for protein detection. Their very high affinity and selectivity toward the target
molecules ensure sensitive detection of specific proteins even in relatively
complex samples. Antibodies for many important proteins have been devel-
oped, and some of them are routinely used for the clinical diagnosis of various
diseases.

Despite these great successes in molecular diagnosis, antibodies possess
some limitations in certain applications. First, the production of antibodies
relies on an animal host and is a rather long process. This presents significant
challenges for using antibodies in proteomic research, where thousands of pro-
teins that are not well characterized need to be analyzed simultaneously.
Second, as a special type of protein, antibodies are also sensitive to features
of their surrounding environments, such as pH, temperature, ionic strength,
and so forth. Labeling antibodies with fluorescent dyes or the immobilization
of antibodies on a solid surface may alter their tertiary structures and thus
their binding properties to targets. Furthermore, the long-term storage of anti-
bodies may pose problems in maintaining their activities, which adds to the
already high cost of using antibodies for protein probes.

Designed to mimic some of the antibodies’ functions, a new class of 
molecules called aptamers may greatly challenge the role of antibodies in 
molecular diagnosis in the near future. Aptamers are nucleic acids that 
have high affinity and selectivity for their target molecules. By using the expo-
nential enrichment (SELEX) process [6, 7] for the systematic evolution of
ligands, oligonucleotide sequences can be isolated to recognize virtually 
any class of molecules [8]. The SELEX process begins with a library of syn-
thesized oligonucleotides usually containing 1014 to 1015 random sequences.
This library is then incubated with the target molecule of interest under certain
conditions. The sequences that interact with and bind to the target molecules
are isolated and amplified by PCR for the next round of incubation. This
process is repeated until sequences that bind to the target with highest affin-
ity and selectivity are determined. Compared to antibodies, aptamers have
similar high affinity and selectivity for proteins [9, 10]. Due to their structural
stability, aptamers can withstand harsher experimental conditions than anti-
bodies and can be stored, modified, and immobilized without causing much
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degradation. It is also much easier and considerably cheaper to make aptamers
using common DNA synthesizers.

Aptamers can be easily and site-specifically engineered with fluorescent
labels for real-time protein recognition. By forming intramolecular signal
transduction mechanisms, the labeled aptamers can report targets in homoge-
nous solutions, eliminating the need to separate bound complex molecules
from unbound molecules, which is often required in antibody-based protein
assays. This translates into fast and convenient protein detection that is essen-
tial for large-scale high-throughput proteomic research. As an example, the
real-time detection of PDGF in various approaches is demonstrated.

2.4 FLUORESCENCE ENERGY TRANSFER FOR 
APTAMER-BASED PDGF ANALYSIS

A member of a growth factor family, PDGF is involved in regulating cell
growth and division. It is composed of a combination of primarily two types
of subunits, A and B. Thus PDGF usually exists in three isoforms, PDGF-AA,
AB, and BB. Overexpression of PDGF, especially the BB form, has been found
in malignant tumors. A DNA aptamer that specifically binds to the PDGF-B
chain was previously reported [11]. In physiological conditions, the stable con-
formation of the aptamer contains two regions of base pairing but is relatively
unconstrained. Upon binding with PDGF, the aptamer forms a closely packed
structure that includes a three-way helix junction with a conserved single-
stranded loop at the junction point that is essential for binding (Fig. 2.1). Based
on this fact, the sensitive detection of PDGF can be achieved using fluores-
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cence resonance energy transfer (FRET). The energy transfer between
“donor” and “acceptor” molecules with overlapping emission and absorption
spectra is highly dependent on the distance between these two molecules. Sig-
nificant FRET usually happens with a distance less than 10nm. This forms the
basis for a FRET-based PDGF assay using aptamer. When the donor and
acceptor are labeled at both ends of the PDGF aptamer (Fig. 2.2), binding of
the aptamer to PDGF will reduce the distance between the two labels to the
level at which the energy transfer becomes significant, thus revealing the pres-
ence of PDGF. Two types of energy transfer can be utilized. One of them uses
a nonfluorescent molecule as the acceptor, which is usually called the
quencher. Therefore, no emission of the acceptor will be observed and the only
indication of FRET is the quenching of the donor fluorescence. In the other
method of conducting FRET, the fluorescent acceptor produces an emission
upon energy transfer.

The PDGF aptamer has been turned into a probe specific for PDGF by
labeling the 5¢ end with fluorescein and the 3¢ end with a DABCYL quencher
[12]. Due to its resemblance to molecular beacons used for nucleic acid detec-
tion, this probe is given the name molecular beacon aptamer (MBA). The addi-
tion of PDGF-BB as low as sub-nanomolar causes a detectable reduction of
the fluorescence signal in real time as the fluorophore and quencher are
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brought together upon binding. This FRET-based assay leads to PDGF detec-
tion with not only high sensitivity but also good selectivity. A variety of extra-
cellular proteins and unrelated growth factors are mixed with the MBA and
show no noticeable fluorescence change. On the other hand, the other two
variants of PDGF, PDGF-AA and PDGF-AB, can also cause a decrease of
fluorescence in the MBA, but to a lesser extent due to their lower binding
affinity to the aptamer. This difference in binding affinity is applied to con-
struct an assay to selectively analyze variants of PDGF. A sample solution with
each of the three isoforms of PDGF undergoes a serial dilution with a physi-
ological buffer. The same amount of MBA is then added to the aliquots.
Fluorescence is read in each aliquot by a microtiter plate reader and a
dose–response curve is created. The three isoforms have clearly different dose-
response curves, with the slopes of the curves decreasing from PDGF-BB to
AB and then AA (Fig. 2.3). The slope change can be attributed to differences
in binding affinity to the MBA as more protein with lower affinity is needed
to obtain the same MBA quenching level. The variants of the same protein
can be differentiated using the MBA-based assay.

The same approach can be used to monitor PDGF-BB in real biological
samples such as cell media. Conditioned media from different cell lines, includ-
ing human breast carcinoma cells HTB-26 and normal murine BALB/3T3
fibroblast cells, are diluted multiple times and incubated with a fixed amount
of the MBA in a 96-well microtiter plate to obtain dose–response curves.
Similarly, serial dilution of a PDGF-BB in a buffer solution was employed to
build another dose–response curve. Comparing these three sets of results, one
can see that the curves for pure PDGF-BB and HTB-26 cells have very similar
slopes and maximum extents of quenching, indicating something in the cell
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media had almost the same affinity to the aptamer as pure PDGF-BB (Fig.
2.4). In contrast, the curve for BALB/3T3 cells has a flatter slope and less of
a quenching effect. Since the slope of a dose–response curve is independent
of the actual concentration of the target, but only related to the affinity
between target and probe, it is likely that the BALB/3T3 cells do not produce
PDGF-BB actively.

A two-fluorophore-based FRET assay should also be suitable for PDGF
detection. Previously, this approach has been used for the detection of human
a-thrombin with thrombin aptamer [13]. The aptamer behaves similarly to
PDGF aptamer. When bound to the target protein, it takes a G-quadruplex
conformation, yielding a more compact structure than in free solution. Two
fluorophores with overlapping spectra are labeled on the aptamer. Binding of
the aptamer to a-thrombin brings the two dyes into close proximity, thus trig-
gering the energy transfer between the two molecules. Given that the donor
emission declines and the acceptor emission increases as a result of the FRET,
the ratio of the donor and acceptor emissions is measured instead of the flu-
orescence of a single dye. A large difference between the two emissions is
expected before and after protein binding, leading to more sensitive detection.
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The two-fluorophore assay has a threefold lower detection limit than the 
fluorophore–quencher assay for a-thrombin. A similar method can be
employed to improve the sensitivity of the aptamer-based PDGF assay.

Other reports using different strategies to incorporate FRET into aptamer-
based assays have also successfully detected various targets in real time
[13–15]. Another alternative approach links ribozyme with aptamer [16].
Binding between the aptamer and the target activates the ribozyme, and a
nucleic acid with fluorophore and quencher labels is cleaved, resulting in 
fluorescence increase.

2.5 APTAMERS AS FLUORESCENCE ANISOTROPY PROBES FOR
PROTEIN ANALYSIS

Fluorescence anisotropy (FA) has been widely used for studying biomolecu-
lar interactions. A relatively small fluorescent molecule, when bound to a 
relatively large molecule, will demonstrate an increased anisotropy. The 
principles behind FA can be explained as follows. When excited by a 
polarized light, those fluorescent molecules with absorption transition
moments oriented along the electric vector of the incident light are preferen-
tially excited. The rotational diffusion of the molecules on the excited state
leads to depolarized emission. The extent of the depolarization can be
described in terms of anisotropy (r). Anisotropy is usually measured using the
parallel emission I|| and perpendicular emission I^:

Since FA is related to a molecule’s ability to rotate in the excited state, the
size as well as the molecular weight of the molecule plays an important role
in determining this molecule’s anisotropy.

The primary advantage of using aptamers as anisotropy probes is their rel-
atively small sizes. Compared to monoclonal antibodies, they are in most cases
much smaller than the target proteins. This makes aptamer-based anisotropy
probes ideal for protein detection. With the aptamer conveniently labeled with
one fluorophore, the anisotropy probe will report binding with a target protein
via the increase in anisotropy of the fluorophore. Unlike the FRET-based
assays, where the conformational change of the aptamer is essential for target
detection, the aptamer anisotropy assay is not as heavily dependent on the
structure of the aptamer probe. Therefore, it may be highly useful in applica-
tions where understanding of the aptamer structure is limited.

An anisotropy probe has been made by labeling the PDGF aptamer with
one fluorescein dye [17]. Adding PDGF-BB to the aptamer results in an
increased anisotropy of the aptamer due to the increased overall molecular
weight upon complex formation. A detection limit of 2nM PDGF-BB can be
achieved. The selectivity of the assay is as good as that of the FRET-based

r I I I I= -( ) + ∑( )^ ^|| || 2
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assay. This can be attributed to the fact that various other proteins do not affect
the anisotropy of the aptamer.

Aptamer-based assays using either FRET or fluorescence anisotropy as a
signal transduction mechanism have proven to be ideal for sensitive and selec-
tive protein analysis. Their ability to detect targets in real time and homoge-
neous solutions holds great potential for easy, cheap, and fast applications in
clinical diagnosis. As the in vitro selection of aptamers has evolved into an
automated process [18], more and more aptamers for proteins, including
important cancer biomarkers, are expected to be available in the near future.

2.6 WHOLE-CELL-BASED APTAMER SELECTION FOR
MULTIPLE TUMOR MARKERS

Recent advances in proteomic research, especially the emergence of new 
analytical techniques, have begun to show great impact on cancer diagnosis.
Based on the simultaneous detection of multiple protein markers, these new
approaches have already demonstrated excellent sensitivity and specificity in
cancer diagnosis that are beyond the capability of traditional methods.
Evolved from matrix-assisted laser desorption ionization (MALDI) mass
spectrometry, a new technique called surface-enhanced laser/desorption ion-
ization (SELDI) is capable of identifying proteins with high throughput. With
the help of SELDI, biomarkers for specific cancers have been discovered and
successfully applied to real-world cancer diagnosis [19, 20]. The idea of this
new method is to analyze the protein content of serum from patients with
known cancer by SELDI. The acquired mass spectra are then compared to
those obtained from healthy people. An iterative searching algorithm is used
to identify the proteins in cancer patient serum that can best differentiate
cancer patients from healthy people. Searching the serum from unknown
patients for the newly found protein markers can reveal whether the patients
have this specific cancer. Cancer patients, including those with early-stage
cancer, are correctly diagnosed in most cases.

Despite the initial success, problems associated with the new strategy have
begun to come to people’s attention [21]. One of the issues is that two differ-
ent laboratories using the same approach to study the same type of cancer
have identified very different sets of protein markers, yet they both have
success in cancer diagnosis using their biomarkers. This may indicate that the
discovery of biomarkers using SELDI may be highly sensitive to sample
preparation and experimental conditions. Therefore, great care needs to be
taken in order to achieve comparable results across different laboratories.
Furthermore, expensive instruments in this new method may prevent the
application of the biomarkers in small clinics.

It is clear from these new advances that multiple protein markers produced
by cancers, once identified, can lead to more sensitive and specific cancer diag-
nosis than using a single tumor marker. Therefore, it is of great importance to
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develop panels of probes for simultaneous biomarker detection in real time.
One promising strategy for this purpose is to conduct aptamer selection tar-
geted at a complex mixture of samples. In order to be applicable to cancer
diagnosis, the use of cancer-cell-related complex protein mixtures as the target
for selection is preferred.

The selection of high-affinity ligands for complex targets has been demon-
strated both in theory [23] and in experiments for red blood cell membranes
[22]. Since then, aptamers have been isolated for various complex systems,
mostly cell membranes [24–27]. Since proteins not found or in low abundance
on normal cell membranes may be present on tumor cell membranes, those
proteins can serve as biomarkers for specific cancers. Whole-cell selection may
yield a panel of aptamers that have high affinity and selectivity to the impor-
tant tumor markers.

The procedural details of whole-cell selection vary between reports, but
generally they incorporate the incubation of a random DNA or ribonucleic
acid (RNA) library with target cells followed by the controlled elution of the
sequences bound to the target cells. These sequences were subsequently ampli-
fied by polymerase chain reaction (PCR) and then reincubated with target
cells iteratively. After several iterations (6 to 25), the pool of selected oligonu-
cleotides was cloned and sequenced. A comparison of the sequence homology
allowed the grouping of the aptamers into families that recognized distinct
targets. For the discovery of tumor cell markers, since most abundant species
on tumor cell membranes may not be related to cancer, it is advisable to do a
counter selection using closely related normal cells. After incubation of the
DNA or RNA library with the normal cells, only the unbound nucleic acids
will proceed to be incubated with the tumor cells (Fig. 2.5). In this way, DNA
or RNA molecules that bind to proteins that are present on both normal and
tumor cells are not selected.

The selected aptamers can be engineered into protein-binding probes based
on either FRET or fluorescence anisotropy. These probes can then be made
into a kit for clinical diagnosis. Tissue samples from patients are incubated
with the aptamer panel and the fluorescence signals can be read by something
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as simple as a microtiter plate reader. Positive results from most of the
aptamers will be strong evidence for the presence of tumor cells that have
been particularly targeted. As a result, cancer patients, including those with
early-stage cancer, may be diagnosed with high confidence.

Another way to incorporate the selected aptamer panel into cancer diag-
nosis is to attach the aptamers with either radioactive or fluorescent labels and
inject them into the patient’s body. With relatively small molecular weights,
aptamers should provide fast tumor penetration and blood clearance, which
makes them excellent for high-contrast imaging [28]. A whole-body scanning
will reveal the localization of the aptamers inside the body. Coexistence of the
aptamers in a particular part of the body should give a strong indication of a
tumor in that area. Because multiple tumor binding probes are utilized, the
aptamer tests should be superior to traditional antibody tests in terms of speci-
ficity and reliability.

2.7 CONCLUSION

Aptamers have the potential to be excellent probes for the recognition of
single protein targets as well as for a panel of proteins. Combined with 
fluorescence-based signal transduction mechanisms, the detection of proteins
using aptamers can be both effective and convenient with high sensitivity and
selectivity. To take advantage of the capability of aptamers in molecular recog-
nition for cancer diagnosis, it is desirable to employ a set of aptamers to simul-
taneously analyze valuable tumor markers specific to a particular type of
cancer. The whole-cell-based aptamer selection may be a promising new
method for the rapid identification of nucleic acid ligands with high affinity
for biomarkers on targeted tumor cells. It is reasonable to believe that the evo-
lution of this new approach will eventually have a major impact on clinical
cancer diagnosis.
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3.1 INTRODUCTION

In pharmaceutical research, computational (in silico, virtual) screening of com-
pound databases has become an almost independent discipline [1, 2], although
it is frequently discussed in the context of chemoinformatics [3, 4]. Its basic
idea is to computationally screen two- or three-dimensional (2D or 3D) rep-
resentations of compounds in large databases for molecules having desired
biological activity. Similar to biological high-throughput screening (HTS),
virtual screening (VS) is basically employed as a hit identification tool [1, 5]
and cannot be expected to produce “magic bullets” [1] through some form of
“computational magic.” As will be discussed in this chapter, the algorithmic
basis for many current VS methods is rather stringent, and compound selec-
tion criteria are derived in a scientifically rigorous manner.

The increasing attraction of VS approaches in recent years is in part due to
the fact that significant computational power has become available cheaply
and that many large-scale calculations can be readily carried out on desktop
computing environments. Spurred on by such technological advances, a wealth
of methods has been and continues to be developed for VS applications.
Another reason for the attractiveness of VS methodologies is due to the fact
that compound source databases have been dramatically growing in size over
the past years. It is no longer uncommon for pharmaceutical compound inven-
tories to contain a million compounds or more, and—based on our own expe-
rience—it is easily possible in today’s chemistry market to collect 4 to 5 million
compounds from vendor catalogs or other sources. The availability of so many
compounds puts substantial constraints on hit identification efforts and more
or less requires adding computational components to compound selection and
screening repertoires. It is, therefore, not too surprising that there appears to
be steadily increasing interest in VS approaches in the pharmaceutical indus-
try, even outside “computer-heavy” environments. This chapter covers some
major types of contemporary VS methods, in particular, those that are based
on the analysis of molecular similarity and quantitative structure–activity rela-
tionships (QSAR). Prior to the introduction of specific concepts and methods,
some more general aspects of VS and its relation to biological screening are
discussed.
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Virtual Versus High-Throughput Screening

Despite many technological advances that continue to be made in the HTS
arena toward miniaturization and increasingly higher throughput rates [6],
HTS campaigns represent a costly affair for the pharmaceutical industry and
often yield fairly limited success [7]. It is true that the costs per HTS experi-
ment have been substantially reduced over the years in many cases, for
example, simple enzyme assays that are nowadays often referred to as “penny
screens.” However, for more complex enzyme-linked immunosorbent assay
(ELISA) or cell-based assays, reagent costs alone can easily amount to 50 cents
or a dollar per compound well. Thus, a single-dose HTS screen of a compound
deck containing 500,000 to a million molecules requires rather significant
resources and does not even take into account required secondary assays or
other follow-up studies. Thus, it is evident that “screening all compounds on
all targets” is generally cost prohibitive. Therefore, preselection of compound
sets by VS having a reasonable probability to act against a given target
becomes attractive. Moreover, for time-consuming and expensive assays, for
example, those depending on long-term culture of specific cell lines, compu-
tational analysis might initially replace HTS altogether, and small sets of com-
pounds, perhaps tens to hundreds, are selected for testing in several rounds in
order to obtain hit information with a minimum number of experiments.

In this context, it is often misunderstood that VS and HTS are in essence
not competing but rather complementary disciplines. Of course, VS might
sometimes replace HTS campaigns and vice versa, and virtual and high-
throughput screeners may often develop preferences for rather different
strategies in drug discovery (e.g., rationalization of compound selection versus
increasingly higher throughput). However, this does not take away from the
principal—and scientifically attractive—complementarity of VS and HTS,
which is emphasized, for example, by the recent introduction of focused or
sequential screening schemes [5, 8], as further discussed later on. Thus, as is
the case for many research activities in drug discovery, a meaningful integra-
tion of experimental and computational screening approaches might often
substantially increase the probability of ultimate success [9].

Compound Sources

Another aspect of VS that is often not well understood and might require
some clarification is the source of compounds that are evaluated in silico. Are
these compounds always virtual (and thus perhaps of limited synthetic feasi-
bility)? Certainly, compounds are stored on the computer in a virtual format
but—more often than not—these compounds are “real.” Essentially, three
sources of compounds can be distinguished for use in VS calculations. Com-
pound inventories in the pharmaceutical industry are nowadays mostly cata-
loged and administered in computational compound management systems
that provide more or less immediate access for VS. Thus, in these cases,
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compounds that have been synthesized and are physically stored and avail-
able for testing are a source for both HTS and VS. Virtual access to screening
decks also provides an excellent basis for the integration of in silico and bio-
logical screening [5], at least if advanced compound handling and plating
systems (e.g., for cherry picking of compounds) are available. Compound
libraries assembled from public domain sources or vendor catalogs are
another common source for VS. Although synthetic routes have been estab-
lished for these compounds and they should, in principle, be available for
acquisition, experience shows that, on average, often only about 50 percent of
such public domain compounds can be readily acquired. Thus, for candidate
compounds selected from such libraries, resynthesis is often required (making
these compound sources “pseudoreal”). Large virtual combinatorial libraries
currently represent the only truly theoretical compound source for VS [10].
Here combinatorial libraries are enumerated in silico or stored as reagents or
molecular fragments for VS access. The underlying idea is to computationally
select sets of compounds from vast chemical spaces as candidates for synthe-
sis, dependent on the particular search problem [10]. In some cases, such
virtual source libraries can be very large, literally containing billions of possi-
ble combinatorial compounds. The design and storage of libraries of this size
would hardly be possible without almost unlimited hardware resources that
have become available in recent years.

Ligand- Versus Target-Based Virtual Screening

Virtual screening techniques can principally be divided into target- and ligand-
based approaches. The former critically depend on the availability of accurate
three-dimensional structures of therapeutic targets, mostly proteins, and are
often referred to as docking (of putative ligands into binding sites) [11, 12].
Structure-based VS attempts to identify active compounds de novo by focus-
ing only on target structure information. By contrast, ligand-based VS depends
on the availability of known active molecules, for example, enzyme inhibitors,
receptor agonists, or antagonists, that are then used as templates for VS. Here
the primary goal is the identification of molecules that exhibit biological activ-
ity similar to the templates but belong to different structural classes [1, 5]. This
is often necessary to provide a starting point for a new lead optimization
project focusing on molecules that are synthetically more accessible than the
templates or have lower toxicity. In addition, such “lead hopping” exercises
are often also carried out in order to circumvent patent positions of competi-
tors in drug discovery. In practice, target- and ligand-based VS are not applied
in a mutually exclusive manner. Whenever target structures and active com-
pounds are available, these methods are used in concert in order to increase
the probability of identifying novel hits. Also, the availability of experimental
structures of target–ligand complexes makes it possible to closely combine
these efforts, for example, by studying candidate compounds in the structural
context of template molecules bound to receptor sites.
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3.2 SELECTED SCIENTIFIC CONCEPTS FOR 
VIRTUAL SCREENING

In this section, major scientific concepts are introduced that provide a basis
for the development of VS tools. In addition, some general limitations and
caveats of VS analysis are also discussed in this section.

Molecular Descriptors and Chemical Spaces

Essentially all ligand-based VS calculations depend on the use of computa-
tionally implemented descriptors of molecular structure, physico-chemcial
properties, or pharmacophore features. This is the case because the compari-
son of molecular characteristics beyond simple structural criteria requires 
the calculation of property values based on physical or mathematical models.
Accordingly, thousands of different molecular descriptors have been reported
over the years that often greatly vary in their degree of complexity and sophis-
tication [13, 14]. Table 3.1 lists a few classes of molecular descriptors that 
are widely used for compound classification, QSAR, and VS applications. Des-
criptors are frequently divided into 1D, 2D, or 3D descriptors, dependent 
on the dimensionality of the molecular representation from which they are
calculated [14]. According to this scheme, 1D descriptors are calculated from
molecular composition formulas and include bulk properties such as mole-
cular weight. Two-dimensional descriptors include, for example, molecular
connectivity indices, graphs, or charge descriptors. Finally, 3D descriptors
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TABLE 3.1 Desciptor Categories a

Descriptor Category Examples

Physical properties Molecular weight log P(o/w)
Atom and bond counts Number of nitrogen atoms

Number of aromatic atoms
Number of rotatable bonds

Pharmacophore features Number of hydrogen bond acceptors
Total van der Waal surface areas of basic

atoms
Charge descriptors Total positive partial charge

Dipole moment from partial charges
Connectivity and shape descriptors Kier and Hall molecular shape indices
Surface area and volume Solvent-accessible surface area

Van der Waals volume

a Some type of widely used molecular descriptors are shown and representative examples are pro-
vided. It should be noted that categories often overlap and that many descriptors can be assigned
to more than one class.



capture properties or structural features that are molecular conformation-
dependent such as dipole moment, solvent-accessible surface, or specific phar-
macophore arrangements. Furthermore, contributions of different types of
descriptors can be combined into rather complex formulations, for example,
descriptors combining molecular topology and electronic atom properties [15],
descriptors that map features such as hydrophobic or polar character onto
molecular surface representations [16], or composite descriptors that are cal-
culated as linear combinations of many single descriptors and their specific
contributions [17].

Molecular descriptors are selected for the definition of chemical spaces into
which molecules are projected based on their calculated descriptor values and
where qualitative or quantitative comparisons are carried out. Following this
idea, n selected descriptors form the axes of an n-dimensional chemical ref-
erence space, and each test molecule is assigned a vector that determines its
position in this space, as illustrated in Figure 3.1. Although underlying scien-
tific concepts and details of many VS methods differ, molecular descriptors are
fundamentally important for their application, and it is often critical to iden-
tify sets of descriptors that are suitable or preferred for a specific VS applica-
tion. Automated descriptor selection has been facilitated by the application 
of machine learning techniques such as genetic algorithms [17, 18] or neural
nets [19] or by identifying descriptors having highest information content in a
compound collection under study [20].

Molecular Similarity

The introduction of the concept of molecular similarity has greatly influenced
research in chemoinformatics and VS [21, 22]. The computational assessment
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Molecule i: xi = (xi1,xi2,…,xin) 
 
For example: xi = (a_don(i), b_ar(i),…,sf_hyd(i)) 

Figure 3.1 Vector representation of a molecule in n-dimensional descriptor space. In
this example, the position of test molecule i is determined by its values of n molecular
descriptors used to define the chemical space (e.g., a_don, number of donor atoms;
b_ar, number of aromatic bonds; sf_hyd, hydrophobic surface area).



of molecular similarity goes well beyond structural criteria or molecular topol-
ogy and takes into account diverse molecular properties and, importantly, bio-
logical activity. The similar property principle states that similar molecules
should have similar activity [21]. Despite its generality and exceptions (see
below), it captures the essence of molecular similarity analysis and its rele-
vance for ligand-based VS: If one can apply computationally derived models
to identify molecular properties that are responsible for specific activity,
beyond what one can “see,” then it should also be possible, by application of
such models, to identify molecules having similar activity. Figure 3.2 provides
a few examples.

In descriptor spaces, molecular similarity can be assessed in qualitative
terms (e.g., which molecules map to the same section in space?) or quantita-
tive terms (what is the exact distance between these molecules?). Similarly,
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abstract molecular representations can be generated by transforming descrip-
tor settings into bit strings of varying length, and the resulting bit patterns of
these so-called fingerprints of molecules (described below in more detail) can
be quantitatively compared to assess their degree of similarity. Regardless 
of the algorithms used, the quantitative evaluation of molecular similarity
depends on mathematical measures [22, 23] to calculate the similarity of 
fingerprint-type representations or distances in chemical reference spaces.
Some of the most popular similarity metrics are reported in Table 3.2.

It should also be noted that the concept of molecular diversity is related to
but distinct from molecular similarity, although methods and metrics used for
similarity and diversity analysis in part overlap. Major focal points of diver-
sity analysis have included the design of chemically diverse (combinatorial)
libraries [24, 25] and the selection of optimally diverse or representative
subsets from large compound sources [25, 26]. In diversity analysis, it is typi-
cally attempted to evenly populate chemical reference spaces with compounds
and design molecules that fulfill these requirements and are thus sufficiently
dissimilar from each other. Creating chemical diversity in library design often
involves the estimation of diversity distributions from the properties of either
reagents or products of chemical reactions [25]. Recently, the design of chem-
ically diverse libraries for screening has become less popular than it used to
be in the mid- to late 1990s, and there is a clear trend to generate smaller com-
pound libraries that are focused on therapeutic target classes or specific activ-
ities, which then often involves similarity comparison of candidate compounds
and known active molecules [27].
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TABLE 3.2 Similarity Coefficients and Distance
Functionsa

Tanimoto coefficient Tc = nij/(ni + nj - nij)
Dice coefficient Dc = nij/(ni + nj)/2
Cosine coefficient Cc = nij/(ninj)1/2

Hamming distance HDij = (ni + nj - 2nij)
Euclidean distance EDij = (ni + nj - 2nij)1/2

Average distance

a Shown are similarity metrics and distance functions that are often
used for bit string comparisons. In these formulations, ni and nj are
the number of bits set on for molecules i and j, respectively, and
nij is the number of bits in common to both molecules. Dij is the
distance between molecules i and j, D the average distance, and n
the total number of molecules.
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Quantitative Structure–Activity Relationship Analysis

In QSAR, the relationship between biological activity of a compound and its
molecular properties is explored, and these properties are by necessity
expressed or modeled using molecular descriptors. Standard QSAR analysis
attempts to express biological activity as a linear combination of different
descriptors, thus postulating the presence of a linear relationship between
activity and relevant molecular properties [28]. Coefficients in these equations
assign weights to descriptors according to the calculated importance of their
contributions for predicting activity. Typically, a series of analogs with known
activity is used as a learning set for model building. Resulting QSAR models
are evaluated using cross-validation techniques and well-performing models
are used to predict structural modifications that might increase potency. Thus,
different from molecular similarity evaluation, standard QSAR analysis is
usually limited to congeneric compound sets. In 2D-QSAR, model building is
based on 2D representation of molecules and 2D descriptors. In 3D-QSAR,
bioactive conformations of test compounds are predicted and conformation-
dependent steric and electrostatic fields of these compounds are generated
and probed on grid representations with pseudoatoms for favorable interac-
tion sites [29]. Of course, such 3D descriptors can also be used in combination
with 1D or 2D descriptors to derive QSAR models. The quality of 3D-QSAR
models critically depends, first and foremost, on the correct prediction of
bioactive conformations and also on correct alignment or superposition of test
compounds (when comparing their fields). In order to address the uncertain-
ties of correctly predicting bioactive conformations, the 4D-QSAR formalism
was introduced [30, 31]. Here, rather than deriving models based on a single
putative conformation, a conformational ensemble of test molecules is calcu-
lated for 3D-QSAR, which in essence adds conformational space as a fourth
dimension to the modeling process. The 4D-QSAR approach does not allevi-
ate the alignment problem, and superpositions of test molecules are usually
generated and optimized in an automated fashion [32]. Higher dimensional
QSAR models, with additional degrees of freedom, can be derived by, for
example, implicit or explicit inclusion of binding site elements in the model-
ing process [33].

Like in molecular similarity analysis, an important question in QSAR is
how to find the “best” descriptors for solving a specific structure–activity 
relationship problem. Experience and intuition are often used in combination
with trial-and-error calculations, but QSAR modeling can also be coupled to
machine learning techniques such as genetic algorithms or neural nets in order
to identify preferred descriptor combinations. Furthermore, it is often required
to reduce the number of descriptors and identify those that make the most
important contributions to the predictions. Initial 3D-QSAR models typically
involve a large number of descriptors and reducing their numbers increases
the interpretability of the models and decreases their complexity, which often
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renders them less susceptible to calculation errors due to overfitting of data
or overlearning (as these effects are often caused by redundancy of descrip-
tor contributions). The elimination of input variables corresponds to a reduc-
tion in dimensionality of descriptor reference spaces for establishing QSAR
equations. For linear structure–activity relationships, partial least–squares
regression is often used, and other descriptor space dimension reduction tech-
niques, as described later on, can also be applied. Neural network methods are
increasingly employed in 3D-QSAR, not only for descriptor selection but also
for dimension reduction and model simplification. For example, Kohonen 
self-organizing neural networks or maps, an unsupervised learning technique,
project high-dimensional (descriptor) space representations onto 2D maps
[34]. In addition to descriptor reduction through self-organizing maps, another
attractive feature of neural network methods in 3D-QSAR is that these
methods are designed to model nonlinear relationships [35], which presents a
departure from the classical QSAR theme. The major drawback of applying
neural network methods is their “black box” character, that is, the inability to
extract actual models from neural network simulations and interpret them in
physical or chemical terms.

3.3 GENERAL LIMITATIONS OF VIRTUAL 
SCREENING ANALYSIS

At this stage of the discussion, one should also comment on principal limita-
tions of ligand-based VS that more or less apply regardless of the methods
used. General limitations of QSAR analysis (e.g., correct prediction of bioac-
tive conformations, alignment problem, overfitting of data and overtraining,
linear versus nonlinear structure–activity relationships) also affect QSAR
models that are adapted for VS. Therefore, limitations different from QSAR-
specific ones will be discussed here, in particular, those that relate to molecu-
lar similarity analysis.

Similar Property Principle Revisited

The postulate that similar molecules should have similar activity is intuitive,
although it is, of course, also known that structurally similar molecules do not
necessarily need to display equivalent biological activity [36]. The identifica-
tion of remote similarity relationships (i.e., exploring structural and property
differences that are tolerated within a specific activity class) is a major focal
point of molecular similarity analysis in pharmaceutical research. In sharp con-
trast to the basic ideas underlying this approach is a fact well known by med-
icinal chemists, namely that a single chemical change can render a molecule
within a series of active analogs almost or completely inactive. Figure 3.3
shows an example to further illustrate this point. The possibility of these alter-
native scenarios, dependent on the type of the search problem under investi-
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gation, has substantial implication for VS analysis. For example, VS calcula-
tions are expected to recognize molecules as similar that share the same core
structure. However, if only inactive analogs were selected for testing,VS analy-
sis would have been considered a failure, although a relevant structural class
was successfully identified. This conundrum has been termed the similarity
paradox [1] and also led to the computational study of latent hits [37], that is,
inactive compounds that can be transformed into active ones by very simple
chemical modifications. For VS, this illustrates a potential danger associated
with selection of only one or a few representative molecules from a series of
compounds recognized as being similar to search templates. Compound selec-
tion strategies that generally address these difficulties are yet to be developed,
and decisions are usually made on a case-by-case basis, dependent on the
specifics of the search problem and the obtained results.

Quantifying Molecular Similarity

As mentioned above, one of the hallmarks of computational molecular simi-
larity analysis is the ability to quantify similarity relationships, for example,
by using metrics shown in Table 3.2. Similarity is expressed as a numerical
value and relationships above a given threshold value are considered similar.
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chance only the inactive analog would have been selected, VS analysis would have
apparently failed, although a relevant scaffold was indeed identified. Adapted from [1].



However, this convenient way of measuring similarity has some caveats. As an
example, the Tanimoto coefficient (Tc), also shown in Table 3.2, is perhaps the
most popular metric for quantitative comparison of bit string-type descriptors
or fingerprints. This coefficient relates the number of bits that are set on in
two-bit string representations to each other and quantifies fingerprint overlap.
If the strings do not share any bits that are set on, the Tc value is 0 (no simi-
larity) and if the bit settings are identical, Tc is 1 (maximum similarity). The
calculation of Tc values for the assessment of molecular similarity has some
inherent statistical limitations [38, 39]. More importantly, however, it is a priori
not clear which threshold values correspond to “true” similarity. The compar-
ison of studies using different fingerprint-type descriptors and molecular data
sets illustrates this problematic issue. Patterson et al. evaluated different types
of descriptors in the study of molecular similarity and established the concept
of neighborhood behavior [40]. A major conclusion was that 85 percent of test
compounds that displayed a Tc value of 0.85 in a fingerprint comparison to an
active molecule were themselves active [40]. Similar findings were subse-
quently reported by others [41], and a Tc threshold value of 0.85 has in many
instances become a guideline for the detection of biologically relevant simi-
larity. However, in an analysis of various screening data sets, Martin et al.
found that at a fingerprint similarity level of 0.85 only about 30 percent of
detected compounds were active [42]. These findings are well in accord with
observations that different similarity search methods frequently produce dif-
ferent results, dependent on the characteristics of activity classes that are
studied [43]. Taken together, these findings demonstrate that results of simi-
larity search calculations (and other VS methods) are generally influenced by
the search tools applied, the data sets used, and the compound classes studied.
Consequently, it is difficult to define generally applicable similarity threshold
values or rules that unambiguously relate calculated and biological similari-
ties to each other, which presents a potential caveat for VS analysis. There-
fore, in some cases, Tc threshold values have been optimized for specific
fingerprints and compound classes [4].

Potency and Selectivity Issues

Another limitation of VS has to do with the fact that one of its major goals is
the detection of remote similarity relationships, that is, finding different struc-
tural classes having similar activity. For these calculations, optimized molecules
are usually used as starting points that are typically taken from the patent lit-
erature or publications and have potency in the nanomolar range and high
selectivity. It is often also attempted to find novel chemotypes as potential
backup compounds for clinical candidates. Thus, template molecules are typ-
ically the result of a thorough lead optimization process. If VS calculations
successfully identify a novel chemotype displaying similar activity, these mol-
ecules depart from optimized structural motifs and are therefore usually much
less active. Simply put, successful VS analysis is expected to produce hits, not
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leads, which provide the starting point for a new medicinal chemistry program
and optimization effort [1]. It is fairly typical for VS to produce hits with
potency in the low micromolar range and moderate selectivity when highly
potent templates are used [1]. This is sometimes not well understood and can
lead to unrealistic expectations from VS technology.

3.4 SPECIFIC METHODS

In the following, different VS methods are discussed that have varying degrees
of complexity. The first group of methods focuses on similarity searching,
which involves quantitative assessment of molecular similarity. This is followed
by clustering and partitioning techniques that can either be qualitative or
quantitative in nature. Finally, various QSAR models for VS are discussed.

Two-Dimensional Substructure Searching

Perhaps the simplest form of VS, as we understand it today, is the search for
matching substructures in compound databases. Early algorithms for sub-
structural analysis did not utilize molecular descriptors but were based on
graph representations where atoms are represented as nodes and bonds as
edges [44]. In substructure analysis, comparison of molecular graphs aims at
detecting subgraph isomorphism by comparing and matching node positions
and edges [44]. This is a computationally expensive procedure and not
amenable to screening of very large compound databases. Therefore, sub-
structure search methods used as screening tools today mostly utilize dictio-
naries of molecular fragment-type descriptors or keys for comparisons and
detect the presence or absence of such keys in database molecules [45]. For
example, the publicly available 166 MACCS keys from MDL [46] are a
popular set of structural fragment-type descriptors. Substructure searching can
be directly linked to the analysis of biological activity, for example, by detect-
ing recurrent fragments in active molecules and calculating the statistical sig-
nificance of this frequency of occurrence relative to their distribution in other
database molecules. This type of statistical substructure and property analysis
has been implemented in the LeadScope program, which utilizes a dictionary
containing more than 20,000 fragments [47]. For VS applications, a major lim-
itation of substructure analysis is the difficulty of finding novel chemotypes,
simply because only the presence or absence of predefined core structures 
can be detected. Thus, scaffold transitions can hardly be accomplished. By 
contrast, substructure methods are very effective when searching for analogs
of active compounds or structurally related molecules.

Topological and Shape Representations

A number of specialized complex molecular descriptors have been designed
that can be used as queries for similarity searching. For example, electro-
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topological indices combine molecular topology and electronic properties by
capturing the valence state of each atom in a molecule and its electronic struc-
ture, taking into account perturbations caused by neighboring atoms [15, 48].
Each atom in a molecule is assigned a numerical E-state value and atom type.
The atom types represented in a molecule can be used as a combined query
and searched against atom types calculated for database molecules. Molecu-
lar comparisons are then carried out by calculating the Euclidian distance
between atom type indices in template and test molecules [48]. By contrast,
topomer shape descriptors are derived by fragmenting molecules in a defined
way, assigning a rule-based conformation to each fragment, and calculating a
molecular field for each fragment [49]. Thus, these descriptors capture whole-
molecule shape information as a sum of fragment contributions. Molecular
shape comparisons are carried out by calculating field differences for all 
possible fragment-by-fragment comparisons in two molecules. This fragment-
based shape-matching algorithm has been shown to be applicable to similar-
ity searching and used to screen large virtual libraries for active molecules [49].

Three-Dimensional Pharmacophores

Pharmacophores are generally defined as spatial arrangements of atoms or
groups in molecules that are responsible for specific interactions with enzymes
or receptors and the resulting biological activity. Similar to 2D substructures,
pharmacophores can in some cases be derived from 2D molecular represen-
tations, but usually pharmacophore models are three dimensional and used 
for 3D database searching. Pharmacophore analysis has a long history in 
pharmaceutical research [50]. Early pharmacophore methods captured bond
lengths and angles between specified atoms [51] or encoded shape informa-
tion from atom sphere models [52]. Currently, pharmacophores are mostly
represented as molecular (pseudo-) graphs where nodes correspond to phar-
macophore points (atoms, groups) and edges to interpoint distances. Differ-
ent features can be mapped to each point (e.g., hydrogen bond acceptors 
or aromatic groups) and interpoint distances can be binned in order to gen-
erate distance ranges. This structure makes it possible to differentiate similar
pharmacophore arrangements from each other, rather than obtaining only
yes/no answers when trying to match query and database pharmacophores.
Conventionally used 3-point pharmacophores have a few years ago been
extended to 4-point pharmacophore models [53]. Figure 3.4 shows a 
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Figure 3.4 Multiple-point pharmacophore models. The figure illustrates how phar-
macophore models are derived from a known or predicted active conformation of a
molecule. Atoms, groups, or features are represented as a graph from which three- and
four-point pharmacophores are extracted. A four-point pharmacophore consist of four
points and six distances (thereby defining a spatial arrangement). In a pharmacophore
search, each point could represent several potential features and each distance might
be divided into different ranges.
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comparison of such 3- and 4-point pharmacophores. The introduction of 4-
point pharmacophores has much increased the resolution of pharmacophore
searching. For example, given a case where 6 features can be mapped to each
point and each distance is divided into 10 ranges, a 3-point model could
capture 33,000 potential pharmacophore arrangements whereas a 4-point
pharmacophore would be able to monitor about 13 million.

Given the dramatic increase in computational performance in recent years,
3D pharmacophore searching can be readily applied to VS. Database search-
ing for single pharmacophores has two major caveats. First, pharmacophore
models typically represent a (nonconfirmed) hypothesis, as the pharma-
cophores are derived from the analysis of analogs, QSAR modeling, or inspec-
tion of crystal structures. Even if X-ray structures of active molecules in
complex with their receptors are available, it is often not at all certain that
attractive interactions that can be “seen” are indeed determinants of biologi-
cal activity. Second, similar to the situation in conventional QSAR, it must
generally be assumed that computed 3D structures of database molecules are
representative of their bioactive conformations, which is probably the largest
source of errors in pharmacophore searching. These difficulties have been
addressed by the design of pharmacophore fingerprints, as discussed in the 
following.

Molecular Fingerprints

Bit string representations of various molecular descriptors are among the 
most popular methods for similarity searching. As already mentioned, such
fingerprints are used in combination with various metrics (the Tanimoto coef-
ficient being the most popular one) to quantify the degree of similarity
between template and test molecules. Therefore, fingerprints need to be pre-
calculated for database compounds and then compared to the corresponding
fingerprints of query molecules. For VS analysis, fingerprints are attractive
tools because bit string comparisons are very fast. The time-limiting step is
usually the calculation of fingerprints of database compounds, which is
required only once. It is important to note that the design and complexity of
fingerprint representations often significantly differs, as further discussed
below.

Two-Dimensional Fingerprints In simple fingerprints, each bit position
accounts for the presence (if the bit is set on) or absence of a specific feature
in a molecule. MACCS keys present an instructive example for this type of
fingerprint [46]. If used in a bit string format (rather than as single substruc-
ture search queries), MACCS keys consist of a string of 166 bits, each of which
accounts for the presence or absence of a specific structural key. BCI finger-
prints (often consisting of 1024 bits) are also generated from different fami-
lies of structural fragments [54], conceptually similar to MACCS keys. Any
fragment dictionary-based approach has the intrinsic limitation that only cat-
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aloged fragments can be detected in test molecules, which may preclude the
recognition of unique structural motifs. However, this limitation can some-
times be overcome by increasingly generalizing molecular fragment types, thus
incorporating some degree of fuzziness in the analysis [54].

So-called minifingerprints are other short bit string representations, con-
sisting of about 60 to 200 bits, that combine structural keys and molecular
property descriptors specifically selected for their ability to correctly 
classify compounds according to their biological activity [55]. In these designs,
value ranges of property descriptors (e.g., the number of hydrogen bond
acceptors in a molecule) are incrementally encoded (e.g., no acceptors, no bit
is set on; one or two acceptors, one bit is set on; three or four descriptors, two
bits are set on, etc.). A special type of minifingerprint involves a binary trans-
formation of molecular property descriptors based on statistical medians of
descriptor value distributions in large compound databases [56]. This 
means that a bit position reserved for a particular descriptor is set to one if
its value is larger than or equal to the median and set to zero if it is smaller.
This novel coding scheme has made it possible to encode many property
descriptors in a short bit string format. Although each descriptor contribution
is monitored at a low level of resolution, simultaneous contributions of many
different types of descriptors make these fingerprints very effective in simi-
larity searching [56].

Daylight fingerprints represent a different class of 2D search tools [57].
Here all possible connectivity pathways in a molecule through up to seven
bonds are recorded and mapped to a bit string format. Different from the
simple designs discussed above (where each position is associated with a 
specific descriptor or value range), a hashing algorithm is applied to map 
connectivity pathways to overlapping bit segments. Daylight fingerprints are
variable in length, dependent on hashing density, and popular forms consist of
1024 or 2048 bit positions.

Three-Dimensional Pharmacophore Fingerprints In pharmacophore fin-
gerprints, each bit position typically monitors the presence or absence of one
possible arrangement of a predefined three- or four-point pharmacophore in
a test molecule, and these fingerprints therefore often consist of millions of
bits [58–60]. Accordingly, they represent VS tools that are quite different from
relatively simple 2D fingerprints. Possible pharmacophore arrangements are
calculated based on fast systematic conformational search of test compounds.
Pharmacophore fingerprinting elegantly circumvents some limitations of
single pharmacophore searching. These fingerprints do not rely on accurate
prediction of bioactive conformations and monitor possible spatial arrange-
ments of functional groups at a high level of resolution. The underlying
hypothesis is that increasing overlap of possible pharmacophore patterns 
in template and database compounds correlates with an increasing probabil-
ity that these molecules share similar activity. Although pharmacophore 
fingerprinting is computationally demanding, it has become a much applied
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technique, given the large computational resources that are widely available
by now.

Fingerprint Profiling and Scaling Methods have been introduced to tune
fingerprint search calculations toward recognition of specific compound
classes. When fingerprints are calculated and averaged for compounds belong-
ing to diverse activity classes, compound class-specific bit patterns can often
be observed [61]. Figure 3.5 shows examples of such fingerprint profiles.
Dependent on the particular compound class, some bit positions may always,
or almost always, be set on, thus defining consensus bit settings for this class.
The application of scaling factors to such consensus bits emphasizes finger-
print profile differences during similarity search calculations and has been
shown to lead to a significant increase in search performance [61], as reported
in Table 3.3. Profiling and scaling can be applied to any 2D or 3D fingerprint
representation where each bit monitors a specific feature but is much more
difficult to apply to hashed or folded bit strings.

Two-Dimensional Versus Three-Dimensional Methods

At this stage of the discussion, it might be appropriate to comment on the rel-
ative performance of 2D and 3D descriptors and methods, a question that con-
tinues to be much debated in the literature. In principle, 3D methodologies
should outperform 2D approaches, simply because molecules are active in
three dimensions. However, difficulties involved in accurately calculating some
conformation-dependent 3D properties and predicting bioactive compound
conformations often reduce the accuracy of 3D methods to an extent that they
are outperformed by simpler (and less error-prone) 2D approaches [4]. More-
over, 2D methods might also have some intrinsic advantages. For example,
structural key-type descriptors implicitly encode much chemical information
that might otherwise be difficult to explicitly calculate, which may—at least in
part—explain their good performance in many applications [62]. Different
studies have provided support for the superiority of either 3D [40, 59] or 2D
[62, 63] methods. In some cases, successful recognition of remote similarity

104 MOLECULAR SIMILARITY METHODS AND QSAR MODELS AS TOOLS 

Figure 3.5 Fingerprint profiles. Shown are representative profiles for two different
biological activity classes calculated with a model fingerprint consisting of 61 bit posi-
tions (horizontal axis). The vertical axis records the frequency of bit occurrence within
an activity class (i.e., 1 means the bit is always set on and 0 means it is never set on).
Bits that are mostly or always set on define consensus positions for an activity class.
The profiles of different activity classes show some notable differences that can be
exploited in similarity searching by applying scale factors to class-specific consensus
positions. Scaling increases the probability of identifying similar molecules.
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relationships was thought to strictly depend on the application of 3D
approaches [60], but these findings could nevertheless be well reproduced
using much simpler 2D methods [64]. Simply put, it is probably not possible
to claim that either 2D or 3D methods are generally superior since much
depends on the specifics of each test case and application [4]. What can be
said, however, is that 2D descriptors and methods perform surprisingly well in
the analysis of molecular similarity and in many VS situations.

Clustering Techniques

Cluster analysis of compounds in chemical reference spaces has been applied
for more than 20 years and continues to play an important role in pharma-
ceutical research [65]. The major goal of clustering is to group together sets
of compound with similar structures and/or chemical features and distinguish
them from others. Such compound classification techniques can assess 
molecular similarity in a qualitative or quantitative way. Fingerprint calcula-
tions can be based on single template molecules, whereas clustering or parti-
tioning techniques become attractive whenever series of known active
molecules are available. In a typical VS analysis, one adds these active tem-
plate molecules to a compound database, finds descriptor solutions and 
clustering conditions that group active molecules together, and selects other
compounds that occur in these clusters (and are thus considered similar) as
candidates for testing. In the following, different clustering algorithms will be
briefly discussed.
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TABLE 3.3 Fingerprint Search Calculations and Scalinga

Fingerprint Scaling Tc Percent Right Percent Wrong

MACCS Yes 0.94 47.9 0.030
No 0.78 35.3 0.015

SE-MFP Yes 0.96 46.5 0.012
No 0.81 38.3 0.016

MP-MFP Yes 0.90 58.7 0.018
No 0.74 43.1 0.018

a The table summarizes the results of systematic similarity search calculations in a database con-
taining 175 compounds belonging to 23 diverse activity classes and 5000 randomly selected syn-
thetic compounds. Three fingerprints were tested, MACCS keys and two in-house designed
fingerprints, SE-MFP and MP-MFP (described in [55] and [56], respectively). Overall best Tc simi-
larity threshold values are also reported. Under scaling conditions, a scaling factor of 10 was uni-
formly applied to consensus positions with a bit frequency of at least 95 percent in the fingerprint
profile of each activity class (see also Fig. 3.5). Here Percent Right reports the percentage of cor-
rectly identified active compounds averaged over all activity classes and Percent Wrong the
average percentage of false positives (including both active and/or background compounds). As
can be seen, fingerprint scaling leads to a significant increase in search performance, with MP-
MFP producing best results.
Data were taken from [56].



Hierarchical Versus Nonhierarchical Clustering Clustering methods can 
be divided into two major categories, hierarchical and nonhierarchical
approaches [65]. Nonhierarchical clustering groups molecules together into a
defined number of clusters, without considering intercluster relationships.
Typically, nearest neighbors are calculated for each test molecule and two 
compounds are included in the same cluster if they share a prespecified
minimum number of nearest neighbors. Hierarchical clustering, on the 
other hand, establishes relationships between initially generated clusters 
and is further divided into divisive or agglomerative approaches. In 
hierarchical-divisive clustering, the starting point is one large cluster that is 
subdivided based on distance calculations and similarity relationships (top-
down approach). By contrast, in hierarchical-agglomerative clustering, one
begins with singletons that are combined into increasingly larger clusters
(bottom-up).

For both hierarchical and nonhierarchical approaches, the optimum clus-
tering level and preferred input parameters are difficult to determine upfront
and, therefore, cluster-level selection algorithms must usually be applied to
determine conditions giving best results [66]. Such algorithms work, for
example, by identifying clustering levels that balance the number of clusters
with their average population or density. This can be accomplished by com-
paring intracluster distances between molecules in all clusters as well as 
distances between cluster centers. For chemistry applications, the most pop-
ular hierarchical and nonhierarchical methods have generally been Ward’s
(agglomerative) [67] and Jarvis–Patrick [68] clustering, respectively. For com-
pound classification, Ward’s clustering has been identified as a method of
choice in a number of cases [62].

Multidomain Clustering For compound classification, hierarchical-
agglomerative clustering with level selection has been implemented, in addi-
tion to self-organizing maps, in a decision-tree-like algorithm combining a
variety of simulation techniques [69]. Here the final clustering step of com-
pound sets, typically HTS data, is carried out using structural keys as descrip-
tors, and for acceptable clusters the largest common substructure is
determined. Clusters can be scored by calculating the average activity of the
compounds they contain. If carried out in an iterative fashion, the algorithm
makes it possible to identify small sets of compounds that have common sub-
structures associated with biological activity. Moreover, molecules containing
different substructures that modulate activity, so-called multidomain com-
pounds, can appear in different clusters, thus revealing multiple
structure–activity relationships [69]. Although this phylogenetic-like tree
method was originally developed to process HTS data sets and extract struc-
ture–activity relationships from them, it can also be applied to VS by adding
sets of known active compounds to databases and analyzing the content of
clusters into which these molecules fall.
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Partitioning Methods

In recent years, partitioning algorithms have become increasingly popular for
compound classification, analysis of HTS results, and VS applications [70]. One
of the major reasons for this popularity, among others, is the computational
efficiency of many partitioning techniques. Like clustering, partitioning oper-
ates in chemical descriptor spaces. However, regardless of the algorithm,
cluster analysis always involves the calculation and comparison of pairwise dis-
tances between compounds in reference spaces. Computationally, this is not
problematic for small to medium-size compound data sets, but, when data-
bases are large (containing millions of molecules), these pairwise distance cal-
culations become more and more difficult and at some point prohibitive. By
contrast, partitioning algorithms typically calculate subdivisions or sections of
chemical space into which compounds fall, based on their descriptor coordi-
nates or signature patterns. Thus, partitioning does not require pairwise dis-
tance comparisons and can therefore be applied to much larger compound
databases than distance-based clustering.

Different classes of partitioning methods have been developed that are
amenable to VS. Just as in cluster analysis, known active compounds are added
to a source database that is then partitioned, and database compounds that
occur in partitions with active molecules are considered as candidates for
testing. Different from cluster analysis, partitioning does not produce inter-
compound distances as a possible quantitative measure of molecular similar-
ity (although such distances can be calculated retroactively). Thus, partitioning
is usually more qualitative in nature.

Cell-Based Partitioning In recent years, cell-based partitioning has become
one of the most popular analysis techniques in computational medicinal and
combinatorial chemistry [70]. Here partitions or cells are generated to evenly
segment chemical space by applying binning schemes to each descriptor axis.
The dimensionality of the descriptor space and the number of bins per axis
ultimately determine the number of cells, which is a major determinant of the
outcome of compound classification calculations. Cell-based partitioning is
generally carried out in low-dimensional descriptor spaces (e.g., six dimen-
sions) for several reasons. In low-dimensional reference spaces with orthogo-
nal axes, it is possible to limit space distortions due to descriptor correlation
effects, avoid large numbers of unpopulated cells, and control cell population
density. In addition, low-dimensional spaces can often be further reduced to
three dimensions without loosing too much information, which makes it pos-
sible to visualize compound distributions, a rather important requirement for
many chemical applications. Low-dimensional reference spaces can be con-
structed by using especially designed complex descriptors that combine dif-
ferent types of contributions (e.g., molecular connectivity and hydrogen 
bond potential) in an uncorrelated manner [71]. Alternatively, it might be
required to reduce the dimensionality of originally defined high-dimensional
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descriptor spaces. Dimension reduction can be accomplished by calculating a
small number of orthogonal descriptors axes from the original descriptors,
for example, as linear combinations of these descriptors [17, 72], or by apply-
ing nonlinear functions that extract the most significant (descriptor-
dependent) relationships between compounds and project compound 
distributions into lower-dimensional spaces [73]. Significant relationships or
features would include, for example, detected similarity between compounds
that share comparable activity.

Direct Space Methods Recent studies have shown that dimension reduction
is not necessarily required for effective partitioning if original descriptor
spaces are simplified. For example, by use of statistical medians of descriptor
value distributions, as mentioned earlier, molecular property descriptors can
be transformed into a binary format. Therefore, the median partitioning algo-
rithm was developed that uses one property descriptor per partitioning step
to iteratively divide a compound database into subpopulations above and
below the median value of this descriptor [74]. According to this scheme, the
choice of n descriptors and partitioning steps results in a total of 2n unique
partitions, each of which is characterized by a binary partition code. Thus,
median partitioning operates in multidimensional, albeit simplified, descriptor
spaces but does not involve dimension reduction. Essentially, every molecule
is assigned a vector in multidimensional descriptor space with the length along
each dimension being either zero or one (unity). As summarized in Table 3.4,
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TABLE 3.4 Compound Classification by Cell-Based and Direct Space Partitioninga

Method Dim Bins %P P nP S M nM

Cell-based partitioning 6 7 55.2 57 175 82 19 60
Median partitioning 19 n/a 63.1 69 200 86 22 31

a For these calculations, 317 compounds belonging to 21 different activity classes were added to
2000 randomly selected synthetic molecules. This database was then partitioned using different
methods. Column 2 (Dim) reports the dimensionality of the descriptor reference space and
column 3 (Bins) the number of intervals on each axis for cell-based partitioning. In direct space
partitioning, no binning scheme is applied. As a cell-based partitioning method, partitioning based
on principal component analysis was used, as described in [72]. Principal component analysis is
one of several dimension reduction methods. Column 4 (%P) reports percentage of active com-
pounds that occur in so-called pure partitions. These partitions exclusively contain compounds
sharing the same activity. In activity-based compound classification, this is the desired partition-
ing result. Column 5 (P) gives the total number of pure partitions, column 6 (nP) the total number
of compounds in pure partitions, column 7 (S) the number of singletons, column 8 (M) the number
of mixed partitions, and column 9 (nM) the total number of compounds in mixed partitions. Mixed
partitions contain molecules having different activities or active and randomly selected molecules
(classification errors). As can be seen, median partitioning in a 19-dimensional descriptor space
compares favorably with cell-based partitioning in a 6-dimensional space when classifying these
compounds according to their biological activity.
Data were taken from [74].



median partitioning can perform as well as or even better than cell-based par-
titioning in the classification of compounds according to diverse biological
activities [74]. In its adaptation for VS of very large compound databases,
median partitioning is carried out in a recursive manner [75]. With the aid of
machine learning techniques, descriptor combinations are identified that suc-
cessfully co-partition known active molecules added as “baits” to the database.
At each recursion level, database compounds are pooled that occur in the
same partitions as successfully co-partitioned baits, other database compounds
are discarded, descriptor selection is reinitialized, and the process is repeated
until only a small number of database compound remains (as potential can-
didates for testing). During the course of this analysis, these candidates have
consistently been recognized as “similar” to bait molecules because they have
always been found in active partitions.

Another recently developed direct space method, termed dynamic mapping
of consensus positions, combines elements of binary descriptor transforma-
tion, partitioning, and bit string methods [76]. Starting from a large pool of
binary-transformed descriptors, initially, the maximum number of descriptors
is determined that have identical bit settings for all compounds belonging to
the studied activity class. This defines a descriptor space where all compounds
map exactly to the same (consensus) position. Then, in order to eliminate an
increasing number of database compounds and ultimately retain only those
that are most similar to the baits, the dimensionality (and resolution) of the
descriptor space is increased in subsequent steps. This is accomplished by
defining consensus positions that no longer require identical descriptor set-
tings for all test compounds but permit one or more known actives to deviate
in one or more descriptor settings from the others. This stepwise dimension
extension eliminates most database compounds from activity class-specific
consensus positions [76]. Like median partitioning, this approach makes use
of simplified descriptor spaces, but it does no longer depend on machine learn-
ing techniques for descriptor selection. Moreover, it operates not only in 
multidimensional descriptor spaces but utilizes dimension extension as an
approach to identify compounds that are similar to known actives. A unique
feature of this mapping algorithm is that it generates compound class-specific
descriptor reference spaces, which distinguishes it from many other classifica-
tion methods. As a VS tool, dynamic mapping of consensus positions is very
fast, permitting the rapid processing of hundreds of descriptors and millions
of database compounds. Importantly, the method has achieved promising hit
rates in large-scale VS analysis, as reported in Table 3.5.

Decision Tree Algorithms Another type of statistical partitioning method
utilizes decision tree structures as the primary classification tool. The perhaps
most popular decision tree method for the analysis of HTS data and VS is
recursive partitioning [77]. Initially, learning sets with known active and inac-
tive compounds are processed along a tree structure using two-state structural
or topological descriptors. At every branch of the tree, descriptors are used to
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successively divide the data set into compound subsets that have or do not
have the tested features. If the partitioning analysis is successful, subsets that
are significantly enriched with active compounds are obtained in terminal
nodes that associate active molecules with specific descriptor settings and
pathways. These activity-related descriptor combinations can then be used as
predictive models to recursively partition large compound databases and
search for novel active molecules [77]. Computationally, recursive partition-
ing is perhaps the most efficient partitioning method and millions of com-
pounds and very large numbers of descriptors can be rapidly processed. The
method has some known limitations. Different from multidomain clustering,
as discussed above, active molecules can usually only occur in one terminal
node. Furthermore, molecules with similar activity yet significant structural
differences (remote similarity relationships) might be separated during the
partitioning process and occur in different terminal nodes. In addition, the
method is prone to high false-positive rates when predicting active compounds
[78]. Therefore, several extensions of the recursive partitioning algorithm have
recently been introduced that address some of these issues. For example, the
use of multiple trees, so-called recursion forests, permits the application of con-
sensus scoring schemes, which have been shown to produce significant hit rates
in VS, while reducing false-positive rates [78]. In addition, tree structures have
been developed for recursive partitioning that allow the simultaneous analy-
sis and prediction of more than one property as a function of descriptor set-
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TABLE 3.5 Virtual Screening by Recursive Median Partitioning and Dynamic
Mapping of Consensus Positionsa

DMC RMP

Activity HR RR HR RR
Class (%) (%) (%) (%)

I 26 9 12 18
I 50 18 3 11
III 74 29 3 5
IV 9 23 21 22
V 26 9 13 40

a Recursive median partitioning is abbreviated RMP and dynamic mapping of consensus positions
is abbreviated DMC. Calculations were carried out on five different activity classes in a database
consisting of ~1.3 million compounds. These are: I, benzodiazepines; II, cyclooxygenase-2
inhibitors; III, histamine H3 antagonists; IV, serotonin receptor ligands; V, tyrosine kinase
inhibitors. In these VS calculations, between 21 and 61 active compounds were “hidden” in the
database (active database compounds) as potential hits, and 10 bait molecules were used in each
case. Hit rates (HR) were calculated by dividing the number of correctly identified active data-
base compounds (hits) by the total number of selected database molecules, and recovery rates
(RR) by dividing the number of hits by the total number of active database compounds. For both
RMP and DMC calculations, hit and recovery rates were significant but DMC produced higher
hit rates for four of the five activity classes that were studied.
Data were taken from [76].



tings, for example, specificity in addition to activity [79]. This would make it
possible, for example, to process a compound library that has been screened
against multiple targets using a single tree structure and address selectivity
questions.

QSAR Models in Virtual Screening

Despite its long-standing history in medicinal chemistry, QSAR techniques
have only in recent years been adapted for VS. This might at least in part be
due to the fact that QSAR analysis is predominantly applied during lead opti-
mization, rather than hit identification. In essence, however, applying a QSAR
model to screen a large compound library does not differ much from using it
to analyze or predict a series of analogs. On the other hand, it is also clear that
QSAR models are in principle better suited to search for analogs of known
leads than for novel chemotypes, which might limit their application in VS. In
the context of VS, QSAR overlaps with pharmacophore searching, as many
pharmacophore models are based on QSAR, and the boundaries between
these approaches are somewhat fluid. Recently, different types of QSAR
models have been directly applied to VS.

Two-Dimensional QSAR Models Due to the computational efficiency of 2D
descriptor-based models, it is in principle straightforward to use 2D-QSAR
models to virtually screen large compound databases. However, not many 2D-
QSAR VS studies have been reported thus far. In a recent application, a
number of 2D-QSAR models for cyclooxygenase-2 inhibitors were developed
using different methodologies (including, e.g., partial least-squares linear
regression as well as supervised and unsupervised neural networks) and
applied in combination to develop a consensus prediction theme [80]. In this
case, one searches for molecules that are consistently favored by several
models. These QSAR models and consensus predictions were then applied in
a preliminary screen of the database of the National Cancer Institute
(~200,000 compounds) and several potentially interesting molecules were
found [80].

Three-Dimensional QSAR Virtual Screens Although the derivation of 3D-
QSAR models is more complex and time consuming than 2D-QSAR model-
ing, there are more VS applications of 3D-QSAR, which is likely due to the
fact that 3D-QSAR is more closely related to 3D pharmacophore searching.
For example, in the discovery of novel VLA-4 antagonists, a 3D phar-
macophore was constructed based on known crystallographic and struc-
ture–activity data and used to screen a combinatorial library. Compounds
identified in this search were then subjected to 3D-QSAR analysis in order to
better understand the different activity levels of identified hits [81]. Similarly,
a pharmacophore search was combined with 3D-QSAR (comparative molec-
ular field) analysis to identify hits and improve their potency [82]. In this case,
the analysis went a step further and computed analogs were also studied by
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docking calculations, thus putting high emphasis on the exploitation of struc-
tural data for both ligands and receptor [82].

Four-Dimensional QSAR Although computationally more expensive, a
multidimensional QSAR formalism was also adapted for in silico screening by
including conformational ensembles (of glycogen phopsphorylase inhibitors)
in 3D-QSAR analysis [83]. In this study, it was well recognized that screening
(or design) of target-focused combinatorial libraries should be a prime appli-
cation for QSAR-based VS since these libraries should already contain pre-
ferred structural motifs. Moreover, the analysis revealed that overfitting of
4D-QSAR models to training data—although usually known to represent a
problem for QSAR predictions—might sometimes be beneficial for their
application in VS simply because it favors the identification of library com-
pounds that are likely to sample (and probe) molecular regions not well rep-
resented in training set molecules. Such findings might substantially aid in the
design of second-generation focused libraries.

Probabilistic Methods QSAR-like approaches have also been developed for
large-scale property predictions. Binary QSAR uses combinations of molecu-
lar descriptors to build relationships between compounds and their activity or
other properties of interest [84]. The approach is based on Bayes’s theorem,
a mathematical formulation determining the probability that a result is due to
a specific cause among multiple plausible causes. Binary QSAR makes use of
learning sets to construct probability density functions that estimate proper-
ties of molecules from their descriptor values. Compared to standard QSAR
approaches, this methodology is more qualitative in nature because it ulti-
mately develops predictive models based on a binary formulation of activity
that can be applied to large molecular test sets. Each test molecule is assigned
a probability to be active and, based on a chosen threshold value, classified as
either active or inactive. Similar to recursive partitioning, binary QSAR can
be applied to efficiently process large HTS data sets and, using so-derived
models, rapidly screen databases for molecules having a high probability to be
active. An attractive feature of this probabilistic approach is that the deriva-
tion of predictive models does not depend on the availability of highly accu-
rate data sets for learning. Thus, it can usually be applied to process raw HTS
data. That binary QSAR calculations are not limited to activity predictions,
but are more widely applicable, has been demonstrated, for example, by
studies to systematically distinguish between naturally occurring and synthetic
molecules [85].

Another conceptually similar but algorithmically distinct probabilistic
machine learning technique that is experiencing increasing interest in the
context of compound classification and VS is binary kernel discrimination [86].
Similar to binary QSAR, this methodology uses learning sets to calculate the
probability of a molecule to be active (by applying kernel functions).
However, the approach is currently more constrained in the choice of molec-
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ular descriptors and usually limited to two-state descriptors, similar to recur-
sive partitioning.

Drug Likeness

Better understanding and predicting druglike or leadlike features of candidate
compounds during the early phases of drug discovery has become a current
focal point in computational medicinal chemistry and also influenced the
development of VS methods. Neural network simulations have been exten-
sively applied to build computational models that distinguish drugs from non-
drugs [19]. However, as mentioned earlier, such models typically lack
interpretability and, consequently, it has also been attempted to build simpler
and more intuitive ones. These include decision tree models [87] and, in their
simplest form, dictionaries of preferred and nonpreferred functional groups
or rules that prioritize desired structural motifs and physico-chemical com-
pound characteristics [88]. For VS, rule-based prediction schemes of drug-
likeness have become rather attractive and are widely used because they can
be added as simple filter functions to screening calculations [5]. In addition,
various computational models have been developed for ADME-related prop-
erties that can be carried out as virtual screens or added to VS methods. These
include, for example, blood–brain barrier penetration [89] or oral availability,
for which QSAR models reaching 70 percent prediction accuracy were devel-
oped based on a learning set consisting of known drugs [90].

3.5 VIRTUAL SCREENING PERFORMANCE

Having addressed general limitations of VS, one should also discuss how suc-
cessful in silico screening has been thus far. Like any computational model,
VS tools are generally rich in approximations and might frequently fail 
for technical reasons. Furthermore, as already mentioned earlier, different 
similarity search methods often produce different results [43], as the calcula-
tions are much influenced by specific features of studied compound 
classes. However, without doubt VS methods work and help to discover novel
active molecules. Based on experience gathered over the past few years, novel
hits with activity in the micromolar range are identified in about 75 percent of
the VS projects carried out in our laboratory. In some cases, in-house devel-
oped VS methods, as described herein, were capable of identifying hits in sit-
uation where HTS had failed or was not feasible (e.g., because cell-based assays
were too complex or time consuming to be formatted for HTS). In two other
cases (structurally relatively simple) natural products with specific biological
activity were chemically not accessible but could be replaced by synthetic
mimics based on VS calculations, thus permitting the generation of analogs.

While obtaining desired VS results is far from being a routine procedure,
a number of successful case studies have been reported in the literature for
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target structure- and ligand-based VS as well as for combinations of different
2D and 3D methodologies [5, 10]. Case studies have been discussed in this
chapter in the context of specific methods. Some of these studies—but also
others—are capable of illustrating the potential and current performance
levels of VS in more general terms. For example, in a recent investigation, HTS
and structure-based VS were carried out in parallel and successfully identified
diverse inhibitors of tyrosine phosphatase-1B with activities in the low- to mid-
micromolar range [91]. In this study, docking calculations ultimately produced
significantly higher hit rates than random screening (by up to three orders of
magnitude). In ligand-based VS, a combination of 3D pharmacophore search
and 3D-QSAR analysis identified VLA-4 antagonists with activity in the sub-
micromolar range [81], a potency level that is still an exception rather than the
rule for many VS applications. In order to make use of all target- and ligand-
related information that has become available, different types of VS method-
ologies are often combined, which further increases the probability of success.
For example, when combining similarity searching, docking, and binary QSAR
calculations, five new antagonists of the BCL-xL/Bak interaction were identi-
fied with potency in the low-micromolar range (and after testing fewer than
50 candidate molecules) [92]. When new hits were subsequently used to aid in
the design of a target-focused library, seven additional active compounds were
obtained [92]. Similarly, docking calculations were recently combined with 2D
filtering methods and 3D pharmacophore searching in a study that discovered
several new inhibitors of carbonic anhydrase [93].

As discussed in detail in this chapter, compound classification techniques
(in particular, partitioning) have become increasingly attractive as similarity-
based approaches for VS, due to their computational efficiency and success
rates. For example, results of benchmark calculations reported for different
partitioning methods illustrate this point. For a set of monoamine oxidase
inhibitors, recursive partitioning produced a 15-fold improvement in hit rate
over random selection [77]. Furthermore, in large-scale VS calculations, recur-
sive median partitioning achieved hit rates between 3 and 21 percent for five
different compound classes [75]. Even higher hit rates between 9 and 74
percent were obtained in a parallel study on these classes using dynamic
mapping of consensus positions [76], a method conceptually related to median
partitioning, as discussed (see Table 3.5). Although clustering and partitioning
methods display significant promise as stand-alone VS tools, these techniques
become particularly attractive when used in close combination with biologi-
cal screening for iterative preselection of compound sets, as already indicated
in the introductory sections. This process is often called sequential screening
[8]. In these situations, VS has been shown in various independent investiga-
tions to increase hit rates by one to two orders of magnitude [5, 8], and this
performance level can currently be considered as a standard in the field. For
example, in a study targeting a number of cell-based anticancer assays, two
rounds of sequential screening produced hit rates of up to 40% [5]. Moreover,
an analysis of a number of different two-stage sequential screening investiga-
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tion showed that testing of 10 to 20 percent of compounds in screening
libraries was generally sufficient to identify 50 to 80 percent of potential hits
[5]. These findings suggest that VS analysis often significantly reduces the
number of compounds that need to be tested until novel molecules of inter-
est are identified. It is important to note that achieving such efficiency levels
does not require dramatic improvements in hit rates. For example, analysis of
a large HTS data set (for an undisclosed target) has shown that up to fivefold
increase in hit rates could be achieved by application of recursive partitioning
[94] and that only ~20 percent of available database compounds needed to be
screened in order to identify ~75 percent of potential hits [94]. These findings
are well in accord with the numbers reported for two-stage sequential screens,
as mentioned above, and have significant practical implications for organizing
HTS campaigns.

Clearly, despite their documented promise, VS methods should not only be
evaluated based on their performance as (stand-alone) hit identification tools
but also based on their ability to complement experimental programs and
increase their efficiency.

3.6 CONCLUSIONS AND OUTLOOK

Many molecular similarity methods have matured over the years and sub-
stantially contributed to making VS an important component of pharmaceu-
tical research. In addition, novel methodologies continue to be developed at
a fast pace to further increase the accuracy and computational efficiency of
molecular similarity analysis and VS. Despite its predominant application in
lead optimization, QSAR techniques have recently been adapted for VS.
Moreover, QSAR-type probabilistic methods have been specifically designed
for screening applications. Multidimensional QSAR modeling alleviates prob-
lems of accurately predicting bioactive conformations of ligands and will likely
be more widely applied in the context of VS. It is also anticipated that ligand-
and target-based design techniques will be more closely combined in the
furture, as already exemplified by receptor-dependent QSAR modeling and
methods for structure-based design of pharmacophores and 3D fingerprints.
As far as experimental applications are concerned, currently available data
suggest that the integration of VS and HTS is particularly promising, despite
some practical constraints that still exist (such as limited availability of suffi-
ciently flexible compound plating and management systems). However, there
is little doubt that VS and HTS are highly complementary disciplines.
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4.1 DEFINITIONS OF SYSTEMS BIOLOGY

The last several years have seen a paradigm shift for biology. Large-scale inter-
national collaborations using high-throughput biology methods have resulted
in the sequencing and annotation of the human genome [1, 2], several other
mammalian genomes, and hundreds of other genomes as well. The next addi-
tion to our growing knowledge base will occur over 2 to 4 years and result in
the genomewide individual sets of polymorphisms. The ribonucleic acid
(RNA) microarray-based expression technology has also evolved into an
almost routine laboratory technique dominating proteomics, metabolomics
[3], and metabonomics [4], which have also made substantial progress and will
be described later.

Both government agencies and drug companies have invested heavily in
these technologies, partly based on the expectation that they will individually
or in combination lead to an increase in efficiency of drug discovery. However,
despite the unprecedented technology progression and substantial advance-
ment of human biology, genomics has so far failed to contribute to the drug
discovery pipeline. In fact, the number of drugs approved by the Food and
Drug Administration (FDA) decreased in recent years, with the average cost
of bringing these new drugs to the market exceeding $1 billion including mar-
keting costs and taking between 10 to 12 years [5]. The process of drug dis-
covery is therefore lengthy and ultimately complex with several economic and
technology factors contributing to this inefficiency. One problem is the poor
utilization of already accumulated experimental data, mostly from preclinical
research. Recently, robust statistical solutions for data analysis were intro-
duced by bioinformatics companies, and these have been mainly used for data
point clustering, visualization, and comparisons between experimental series.
However, such statistics alone are not sufficient for meaningful data mining in
the context of disease mechanisms. Most experts in industry and academia
agree that only functional analysis of the data based on a fundamental under-
standing of the human biology can solve this bottleneck. The complexity of
our own biology, therefore, requires a systemwide approach to genomic and
other molecular data analysis. This brings us to the forefront of systems
biology, which focuses on the structure and dynamics of complex life systems
and is rapidly becoming a leading approach to the integration and mining of
data in human biology.

Systems biology can be briefly defined as the integration of genetic, pro-
teomic, transcriptomic, and metabonomic data using computational methods
[4]. The tenet of systems biology has been described as identification of all the
genes and proteins in an organism, a parts list, which is certainly insufficient
to understand the whole. It is therefore apparent that understanding the
assembly of these parts [6, 7] (Fig. 4.1) is truly the key to understanding life,
form, and function. In what appears a sweeping rebuttal to reductionism,
systems biology appears the new paradigm for interpretation of the biologi-
cally complex data sets we are now increasingly generating [7], with higher

124 SYSTEMS BIOLOGY: APPLICATIONS IN DRUG DISCOVERY



throughput technologies and the accumulated knowledge on human protein
interactions defining certain conditions. Analysis of affected protein networks
will allow identification of the sensitive pathways that have high utility as bio-
markers for such conditions and new therapeutic targets. This new era for
biology has in turn revolutionized the fields of expertise needed from con-
tributors [8] such that engineers and computer scientists are just as likely as
molecular biologists to be working on biological projects.

We will describe the various different tools and databases for this type of
analysis, their applications, utility, and limitations. The integration of the
methods of systems biology with traditional methods of computational biology
and computational chemistry represents a powerful approach to combine
experimental data, literature information, and predicted properties such that
decisions can be made earlier in the development of a drug as to its potential
for successful development.

4.2 MODELING PATHWAYS, CELLS, WHOLE ORGANS,
AND DISEASES

Due to the use of high-throughput approaches the quality and quantity of
available experimental biology observations is no longer a roadblock to under-
standing the whole cell. The challenge of requiring a data-driven approach for
biology pressures computing science as it stands at present to develop
advanced integrated tools that organize and structure the existing data for a
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Figure 4.1 Schematic to illustrate the complex network of interconnections in the cell
between gene space, protein space, and metabolic space. In gene space numbers rep-
resent distinct genes with arrows representing connections to other genes or tran-
scription to proteins. In protein space the currency symbols represent unique proteins
with arrows representing reactions catalyzed or protein–protein interactions. In meta-
bolic space letters represent molecules that are substrates or metabolites with arrows
representing reactions or effects on proteins. (This figure is available in full color at
ftp://ftp.wiley.com/public/sci_tech_med/drug_discovery/.)



complex system to make it more understandable. This is particularly impor-
tant when we need to use this information for discovery of improved thera-
peutics and hypothesis testing in silico [9]. Computational models continue to
be generated to explain complex cellular signaling pathways, metabolic cas-
cades, and gene regulation [10–12]. These models ultimately resemble complex
circuit diagrams, and analogies can be drawn with engineering with respect to
feedback, robustness, and fragility [13, 14]. Laws identical to those derived for
the electrical system may be obeyed during metabolic reactions [15, 16]. The
simulation of these cell circuits with their high level of interconnections and
organization is therefore possible in the same way that electrical circuits can
be simulated prior to production. This approach may lead to the understand-
ing and replication of experimental results through simulations [17].

Engineering terms are also being used with increasing frequency to describe
transcriptional regulatory networks such as the role of hepatocyte nuclear
factors (HNF) in control of pancreas and liver gene expression [18]. With the
growing database of biological data surrounding metabolic pathways it
becomes feasible to reverse engineer such circuit diagrams. One group used
genetic programming (previously applied to the automated construction of
electrical circuits) to build small metabolic pathways and genetic networks
[19]. Such modeling approaches are likely to have a considerable impact on
being able to recreate and compute the many simultaneous operations occur-
ring within a cell. Much has been written regarding the fundamentals and dif-
ficulties of model construction and analysis [20], and the reader is referred to
the studies in this section as well as those based on modeling microbes [21].
The result of such efforts can lead to a second example of modeling in systems
biology, namely the “virtual cell” based on a heirachical system of molecules,
reactions, and intracellular structure [22–24]. This type of approach enables
the construction of a physiological model using biophysical knowledge and the
application of physical laws. Once built, these types of models enable the
effects of many variables to be studied, provide an understanding of func-
tioning under stress, disease, gene knockout or knockin, and chemical modifi-
cation [9]. This whole-cell approach has also been used to model the calcium
wave in a neuronal cell [22]. The modeling and simulation of integrated bio-
chemical and genetic processes for Mycoplasma genitalium has also been
accomplished with E-CELL software [25]. All of these types of models rep-
resent a tool for iterative hypothesis testing, merging experimental data with
computational/bioinformatics approaches. It has been suggested that in cells,
molecules may interact with other cellular components in a manner depen-
dent on their molecular properties and probalistic collisions with other reac-
tive molecules [4]. Complex interactions also take place concurrently between
endogenous metabolic pathways and the metabolism of xenobiotics requiring
a systems biology approach [see later section on systems absorption, distribu-
tion, metabolism, excretion, and toxicology (ADME/Tox)]. For example, the
need for in silico approaches to predict action on the cardiac cell is at present
the most high profile due to the life-threatening consequences of cardiac
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arrhythmia [9]. However, drugs themselves seem to rarely bind to a single
channel, receptor, or other protein, which makes predictions more difficult.
Yet models of the whole heart have been generated to predict action poten-
tials, the spread of activation and enable blood flow calculations [9, 26]. This
is just one example of a complex cellular process that could be modeled more
completely by understanding whole-cell and whole-organ behavior. It is likely
that other whole-organ models will be created in a similar fashion until at some
point they can all be integrated. The modeling of disease processes is also pos-
sible via regulatory circuits generated based on many input parameters that
can be used to make predictions and validate therapeutic targets [27, 28].
These types of approaches might provide insights into overlapping molecular
processes in disease such as oxidative stress as a trigger for Alzheimer’s disease
[29] and hypertension [30].

4.3 DATABASES AS A FOUNDATION FOR SYSTEMS BIOLOGY

Metabolism is certainly the most studied area of human biology with over a
century of research leading to an understanding of metabolic networks as the
major core effector in the living cell. Along with ion channel modulation,
changing the concentration of metabolites (including, e.g., neurotransmitters
and hormones) is a key method by which the organism acts in response to
stimuli. Tissue-specific enzymatic reactions are the endpoints of complex ver-
tical signaling events initiated by membrane receptors and amplified through
signal transduction cascades and the ultimate activation of transcription
factors. Overall, the interconnected metabolic pathways are the most funda-
mental network in the body. Gathering and organizing this type of knowledge
on cellular pathways is a key first step in creating any system-level represen-
tation of a biological system. Since the 1970s, several teams in both industry
and academia have systematically studied and organized databases on pro-
teins, enzyme-encoding genes, and metabolic and cell-signaling pathways.
Metabolic databases were generated for a wide diversity of organisms to cen-
tralize the growing quantities of biological information enabling access to 
scientists [31] for pathway reconstruction. The following list represents a
summary of key databases of interest to those in the systems biology field,
including many organism-specific and general-purpose databases for 
metabolism.

BIND Biomolecular Interaction Network Database (http://www.bind.
ca/), stores full descriptions of molecular interactions, complexes, and path-
ways for virtually all components of molecular mechanisms and can be used
to study networks of interactions, map pathways across taxonomic
branches, or to generate information for kinetic simulations [32].
Biocarta A database of hundreds of metabolic and signaling pathways
that integrates emerging proteomic information and summarizes important
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resources providing information for over 120,000 genes from multiple
species (www.biocarta.com).

BioCyc Knowledge Library is the new name for EcoCyc and MetaCyc
(http://metacyc.org/). It is a collection of pathway/genome databases. Each
database in the BioCyc collection describes the genome and metabolic
pathways of a single organism, with the exception of the MetaCyc database,
which is a reference source on metabolic pathways from many organisms.
The MetaCyc metabolic pathway database contains pathways from over
150 different organisms and describes metabolic pathways, reactions,
enzymes, and substrate compounds gathered from a variety of literature
sources.

BRENDA BRaunschweig ENzyme DAtabase (http://www.brenda.uni-
koeln.de/) is a protein function database including metabolic and enzymatic
information [33, 34].

CSNDB Cell Signaling Networks Database (http://geo.nihs.go.jp/csndb/)
is a data and knowledge base for signaling pathways of human cells. It com-
piles the information on biological molecules, sequences, structures, func-
tions, and biological reactions that transfer the cellular signals. Signaling
pathways are compiled as binary relationships of biomolecules represented
by graphs drawn automatically [35].

DIP Database of Interacting Proteins (http://dip.doe-mbi.ucla.edu/) cata-
logs experimentally determined interactions between proteins curated
manually by expert curators and also automatically using computational
approaches [36].

EcoCyc A database that describes the genome and the biochemical
machinery of Escherichia coli K12 MG1655 (http://ecocyc.org/) and the
functions of each of its molecular parts, to facilitate a system-level 
understanding.

EMP Enzymes and Metabolic Pathways (http://emp.mcs.anl.gov/) covers
all aspects of enzymology and metabolism with about 30,000 records com-
piled from about 15,000 original journal publications [37]. EMP can also be
used for metabolic reconstructions from sequenced genomes.

ERGO The ERGO system represents the development of a genome
analysis strategy into a multidimensional environment, supporting both
automatic and manual genomewide curation and integrating genomic infor-
mation with biochemical data, literature, and high-throughput analysis into
a comprehensive user-friendly network of metabolic and nonmetabolic
pathways (http://ergo.integratedgenomics.com/ERGO/).

GenMAPP Gene MicroArray Pathway Profiler is a computer program
designed for viewing and analyzing gene expression data on microarray
pathway profiles (MAPPs) representing biological pathways and any other
grouping of genes (http://www.genmapp.org/). GenMAPP facilitates the
analysis of the large amounts of data produced in deoxyribonucleic acid

128 SYSTEMS BIOLOGY: APPLICATIONS IN DRUG DISCOVERY



(DNA) microarray experiments and allows one to visualize gene expres-
sion data in a biological context [38].
GeNet Regulatory gene network provides information on the functional
organization of regulatory gene networks acting at embryogenesis
(http://www.csa.ru/Inst/gorb_dep/inbios/genet/genet.htm).
HPRD Human Protein Reference Database (http://www.hprd.org/) is a
new resource for human-specific protein information that includes nearly
16,000 protein–protein interactions, 8000 proteins, posttranslational modi-
fications, enzyme–substrate relations, and disease associations. Information
is manually curated from the biomedical literature [39, 40].
HumanCyc A database that presents metabolic pathways as an organiz-
ing framework for the human genome. HumanCyc (http://humancyc.org/)
provides the user with an extended dimension for functional analysis at the
genomic level [41].
KEGG Kyoto Encyclopedia of Genes and Genomes (http://www.genome.
ad.jp/kegg/) is possibly the best known database [42]. KEGG is a database
of metabolic and regulatory data for systematic analysis of gene functions,
including gene, pathway, and ligand databases enabling the comparison of
two genome maps, manipulation of expression maps, graph comparison, and
path computation.
MPW A collection of more than 3000 metabolic and functional diagrams
representing functionality in 211 different organisms (http://bioresearch.
ac.uk/whatsnew/detail/9020325.html) [43].
PKR A database of protein kinase information including tools for struc-
tural and computational analyses as well as links to related information
maintained by others (http://www.sdsc.edu/kinases/) [44].
SENTRA A database of sensory signal transduction proteins in mostly
microbes; includes information about sensory transduction proteins as well
as annotated data from the SwissProt and EMBL databases [45].
SPAD The Signaling Pathway Database (http://www.grt.kyushu-
u.ac.jp/eny-doc/) is used to provide an overview of signal transduction and
is compiled in order to describe information on interactions between
protein–protein, protein, and DNA as well as information on sequences of
DNA and proteins. SPAD is divided to four categories based on extracel-
lular signal molecules (growth factor, cytokine, and hormone) and stress,
which initiate the intracellular signaling pathway.
STKE Signal Transduction Knowledge Environment (http://www.stke.
org/) is an Internet-based resource for information on signal transduction.
SwissProt A curated protein sequence database with a high level of anno-
tation including the description of the function of a protein, its domain
structure, posttranslational modifications, and variants [46, 47].
TAR-GET A database of proteins of biotechnological and pharmaceuti-
cal interest (http://www-wit.mcs.anl.gov/target/). This database was created
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to support prioritization of targets for three-dimensional (3D) structural
determination.
TRANSPATH Comprises data relating to molecules participating in
signal transduction and the reactions they undergo, spanning a complex
network of interconnected signaling components (http://193.175.244.148/)
[48].
Unigene An experimental system for autopartitioning GenBank
sequences into nonredundant gene-orientated clusters with each 
cluster representing a unique gene (http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?db=unigene). At present there are thought to be approxi-
mately 106,219 human genes [49].
UMBBD The University of Minnesota biocatalysis/biodegradation data-
base of xenobiotics (http://umbbd.ahc.umn.edu/) developed to provide
information on microbial enzyme-catalyzed reactions that are important for
biotechnology [50, 51].
WIT2 What is There? (http://www-unix.mcs.anl.gov/compbio/) is an inte-
grated system for support of genetic sequence and comparative analysis of
sequenced genomes and metabolic reconstructions from the sequence 
data. This database superceded PUMA—phylogeny of the unicellular
organisms (http:wit.mcs.anl.gov/WIT2/), a database of metabolic pathways
alignments [52].

Combined, these databases provide a high-quality, fairly comprehensive
snapshot of human and other organism metabolism or signal transduction that
most drug companies and large research centers have selectively licensed.
Databases represent one component used for building and testing models of
cellular pathways. For example, by integrating genomic and proteomic analy-
ses of a systematically perturbed metabolic network, one group has been able
to identify proteins regulated posttranscriptionally in the yeast–galactose–
utilization pathway [53]. A similar approach has also been taken to build a
genomic regulatory network for development in the sea urchin [54]. Being
independent of each other, the databases currently available can be effectively
networked using integration modules, such as SRS available from Lion 
Bioscience (http://www.lionbioscience.com/solutions/e20472/e20475/index_eng.
html) and BioRS available from Biomax (http://www.biomax.de/products/
f_prod_BioRS.html). However, neither of these systems can be used as a 
framework for data mining as they lack key features limiting their utility as
follows: The amount of data on pathways, reactions, and interactions captured
in these databases is insufficient to be used effectively for deciphering
genomewide data sets. According to our own estimates, KEGG covers about
2500 products of human genes that are mostly metabolic enzymes. This rep-
resents approximately 15 percent of the human genes with known function.
The generation of content for these databases has been slow with mainly 
voluntary contributions for certain protein families, which does not address 
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the specific needs of drug discovery. These proteins need to be the most promi-
nent drug targets such as G-protein coupled receptors (GPCRs) and other
membrane receptors, kinases, and ion channels important for disease pathways.
The collections of pathways in many of these databases (with the exception of
ERGO, HumanCyc, HPRD, and Biocarta) are not organism specific, with the
data having been collected from many species and different phylla (bacteria,
fungi, plants, animals). The human-specific maps in databases like KEGG rep-
resent rather generic schemes that are the same for all organisms. The infor-
mation on human enzymes may also be superimposed onto a network of
generic pathways, which ultimately causes many errors and inconsistencies.
However, only tissue, cell-type-specific, and expression time-adjusted maps are
likely to be relevant, although these are not provided by any of these sources
to date. Importantly, the architecture of these databases relies on molecular
entities such as genes or proteins, as the elementary objects that are acceptable
for isolated proteins and in agreement with the paradigm of one gene—one
protein relationships as in bacterial systems. With human and other complex
eukaryotic systems, this simplistic approach does not provide the functional
links between objects, such as when all proteins are involved in the same
pathway, or for the expression of all pathway related genes that encode these
proteins in the context of the known human disease or disorder. Some of the
available database resources provide the pathways in the form of predrawn
metabolic maps with no database records for the interactions that constitute
them. As a result, users are limited to retrieving one-dimensional information
regarding an object, for example, a gene sequence, but not for function-related
objects such as all relevant proteins in the pathway or all pathways involved in
a disease. The maps themselves are generally static and cannot be supple-
mented by the users own proprietary data or pathways. With the exception of
GenMAPP, few databases provide the tools for the incorporation and visual-
ization of a user’s high-throughput data on the pathways and maps. Finally,
without links between clinical data and specific elements in the biochemical
and cell-signaling networks, models of disease-related cellular pathways are
not possible.There have been some novel attempts at using computational soft-
ware to provide databases of the components of metabolic pathways. One
example reproduced radiotracer experiments for substrate product relation-
ships in E. coli by mapping the atoms derived from the molecular formulas and
computing all pathways between any two given compounds [55]. At present
this type of approach appears to have been rarely used.

4.4 HIGH-THROUGHPUT DATA

The dramatic increase in life science research output is largely due to the high-
throughput technologies that can now be generated routinely. It is important
to understand the limitations of this data as it plays a key role in systems
biology modeling.
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DNA Sequence Variations

Since it was first suggested that individual sequence variations can be used as
markers for specific traits [56], detection and understanding of individual
DNA sequence variability became mainstream in human biology and drug 
discovery. Specific sequence variations (polymorphisms) and their linear com-
binations in close vicinity on the chromosome (haplotypes) are known to be
associated with predisposition to diseases and differential responses to drugs.
Hence these can be used as molecular markers in genetic analysis on an
unprecedented scale. A number of types of sequence-based markers were
introduced over the last two decades for genetic analysis, including restriction
fragment length polymorphisms (RFLPs), variable number tandem repeats
(VNTRs), microsatellites, and finally single-nucleotide polymorphisms (SNPs)
[57], which became widely used following completion of the draft human
genome [2]. SNPs represent an inherited single-nucleotide variation in a given
nucleotide in the genome (either in coding or noncoding regions), which is
usually biallelic with a minor allele frequency of at least 1 percent [58]. In the
human genome the saturation frequency of SNPs is predicted to reach 1 per
200 base pairs (bp), while the current average density of SNPs maps is about
1/1000bp [59]. SNPs are more abundant in noncoding regions, represent a per-
manent feature of genomic DNA, are stable, inheritable, and easily detectible
either by de novo DNA sequencing or by several methods for in vitro detec-
tion of nucleotide mismatches. SNPs can be detected by TaqMan fluorescence
probes [60], mass spectrometry of short DNA fragments [61], pyrosequencing
[62], Golden Gate assays [63], and resequencing by hybridization [59]. Inde-
pendently of the detection method, SNP data fundamentally represents the
percentage distribution of certain alleles in studied populations. About 6
million human SNPs have been detected of which approximately a quarter are
publicly available via the SNP consortium (http://snp.cshl.org/), NCBI, and
other sources and can be visualized using gene and chromosome browsers in
software packages.

Gene Expression Profiling

Microarrays Complimentary DNA (cDNA) and oligonucleotide microar-
rays are the most widely used and robust tools for measuring gene expression
on a large scale. Microarray technology is based on the fundamental property
of complimentarity of genetic code in DNA and RNA [64, 65] and the classic
technique of hybridization of nucleic acids, ubiquitous in biology for decades.
Since the late 1980s, several technology breakthroughs have boosted the
throughput several orders of magnitude and made it possible to evaluate tran-
scription of a genome of any complexity in one experiment. In general, the
total RNA is extracted from samples, amplified, labeled with fluorescent
nucleotides, and hybridized to arrays with cDNA or oligonucleotide probes.
After washing, the array is scanned by laser and visualized by specialized soft-
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ware. Oligonucleotide arrays measure the absolute level of each messenger
RNA (mRNA), whereas cDNA arrays are typically hybridized with two
samples labeled with red dye Cy5 and green dye Cy3 providing relative expres-
sion levels for each transcription unit [66]. Although based on the same
hybridization reaction, these two array technologies are substantially differ-
ent in terms of normalization and interpretation and are poorly comparable
[67]. Microarrays are typically used for identification of a set of genes with
changed level of expression in response to a certain condition(s). The statisti-
cal significance of differential expression is then monitored by various statis-
tical tests (described in detail later). Microarray technology is widely applied
throughput drug discovery for molecular disease subcategorization [68, 69],
prediction of disease recurrence [70], treatment outcome [71], and potential
drug toxicity [72–74]. Microarray gene expression profiles are the most reli-
able, high-throughput, and informative techniques available (excluding,
perhaps, genomewide scan by sequencing). Compared with the hundreds to
thousands of proteins and metabolites, oligonucleotide arrays may contain
over a million distinct features (http://www.affymetrix.com). The microarray
experiments themselves are run in a highly parallel manner and may contain
hundreds to thousands of samples in large clinical studies. The major draw-
back of gene expression profiling is the distance of transcription from the
assembly of active proteins and eventually phenotype (Fig. 4.2). In any cellu-
lar system, the information flow is defined by the main dogma of molecular
biology: from DNA to mRNA to proteins. The process is more complicated
and includes alternative splicing, RNA maturation, RNA editing, mRNA traf-
ficking, protein trafficing, posttranslational modifications, protein folding, and
assembly into active complexes. Eventually, active proteins perform certain
cellular functions such as a metabolic transformation of malonyl into acetyl-
CoA (Fig. 4.2), representing one reaction out of thousands of metabolic 
transformations in the human body regulated at multiple levels from the 
cell membrane receptors to core metabolism. Ultimately, the interpretation of
gene expression profiles would benefit from combination with other available
high-throughput data [75].

Although hundreds of large-scale microarray studies have been 
conducted, the vast majority of the data published is effectively unavailable
for public use [76]. The best sources of the available data from microar-
rays are the Stanford Microarray Database, SMD (http://genome-www5.
stanford.edu/MicroArrat/SMD), NCBI Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo), the database at the Whitehead Institute
(http://www-genome.wi.mit.edu/cgi-bin/cancer/datasets.cgi), and the NIEHS
(http://dirniehs.nih.gov/microarray/datasets/home-pub.htm) [66].

Serial Analysis of Gene Expression The serial analysis of gene expression
(SAGE) method was developed for simultaneous detection and quantification
of the mRNA content of eukaryotic cells [77]. It is based on the synthesis of
cDNA from the total cellular mRNA pool, immobilization on streptavidin
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beads, and application of a combination of cloning with two restrictases and
polymerase chain reaction (PCR) amplification to come up with hybrid DNA
concateners consisting of 3¢-end sequences of the expressed cDNAs (tags). The
follow-up sequencing of multitag DNA molecules allows identification of the
originally expressed genes by querying short tag sequences with sequence
databases. The differential expression is determined by the analysis of quan-
tities of gene products under different conditions. The method has two major
advantages: It is quantitative and, unlike microarrays, does not require prior
sequence information about the expressed gene sequences; however, the
method allows recognition of mainly well-annotated genes. The short length
of tag sequences (13 to 14 nucleotides) poorly suits sequence alignment and
other bioinformatics techniques [78]. Also, the tags are not very specific, as in
some cases different genes share the same tag [79]. Although not as widely
used as microarrays (especially in pharmaceutical companies), SAGE analy-
sis is inexpensive and can be used for the same applications. Some SAGE
experiments are very elaborate and large scale, for instance, when drug sensi-
tivity is tested on multiple lines of tumors and cell lines [80]. SAGE is often
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Figure 4.2 Utility of high-throughput data for providing information on the functional
blocks and use for systems-level analysis. Nine levels of regulation of protein activity
in a human cell can be summarized: (1) gene transcription, (2) mRNA processing and
editing, (3) mRNA transport from nucleus, (4) mRNA stabilization, (5) protein trans-
lation, (6) protein transport, (7) folding and protein stabilization. (8) allosteric modu-
lation, and (9) covalent modification. (This figure is available in full color at
ftp://ftp.wiley.com/public/sci_tech_med/drug_discovery/.)



applied in combination with other technologies. Subsets of candidates of dif-
ferentially expressed genes determined by SAGE can be placed on arrays 
and used for screening of large patient group [81]. A public SAGE data 
depository is available at NCBI (http://www.genome.wi.mit.edu/cgi-bin/cancer/
datasets.cgi).

Proteomics

The term proteome was first coined to define the pool of proteins expressed by
the genome [82]. As a field, proteomics deals with quantitative and qualitative
multiparallel measurement of protein concentration and/or expression in
whole-tissue samples [83]. Measuring protein expression directly is important
because possessing a mature mRNA transcript is not sufficient for having a
corresponding active protein, due to posttranslational modifications (PTMs),
proteolysis, and other dynamic processes causing functional changes [84].
Expression proteomics studies typically involve identification of a set of pro-
teins expressed in a certain tissue under differential conditions and quantifi-
cation of protein abundance is achieved by a combination of two techniques.
Two-dimensional gel electrophoresis (2-DE) allows separation of hundreds of
soluble proteins via consecutive application of isoelectric focusing based on a
protein’s net charge. This is followed by separation based on size in sodium
dodecyl sulfate (SDS) polyacrylamide gels [85, 86]. High-abundance proteins
can be quantified from the gel using chromatography and fractioning. The
method was of relatively limited use until the mid-1990s when advances in mass
spectrometry (MS) and bioinformatics enabled the high-throughput identifi-
cation and quantification of the individual proteins either from the spots on
2D gels or via a combination of chromatography and fractioning [87, 88]. The
peptide mass fingerprint approach consists of automated or manual excision
of the spots from the gels, protease treatment (using trypsin) of the protein
mixture, followed by analysis with matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) [89]. The peptide com-
position is then compared to species-specific peptide mass matching [90], and
small proteins and those with unknown peptide composition are resolved using
tandem MS allowing partial amino acid sequencing [91], followed by bioinfor-
matics sequence alignment against protein sequence databases [87].

Compared to RNA expression analysis and SAGE, proteomics technology
suffers from substantial problems including the absence of many important
membrane-based receptors and channels that are insoluble proteins and
missing from the data. High-abundance proteins such as albumins often
obscure low-abundance proteins on 2-DE gels, and their effective separation
requires complex prefractioning and other techniques [92, 93]. Proteomics is,
however, quite widely used in research and clinical diagnosis of most complex
diseases [94–96].

Most cellular processes are performed by assemblies of interacting proteins
and proteomics is the only technology that allows experimental analysis of
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protein complexes and protein–protein interactions. The experimental arsenal
of functional proteomics includes several ligand fishing techniques such as co-
immunoprecipitation, sequential affinity tag purification [97], and biochemical
interaction analysis–mass spectrometry [98]. Specific antibodies or tag-specific
proteins are used as the bait for catching the interacting proteins as prey, fol-
lowed by complex resolution by MS [84]. In two key studies, hundreds of yeast
protein complexes were resolved by these methods, comprehensively cover-
ing the whole yeast proteome [99, 100].

Yeast Two Hybrid The most popular method for detection of
protein–protein interactions is known as the yeast 2-hybrid system (Y2H
[101]). Y2H is a simple genetic test based on modular structure of yeast tran-
scriptional factors Gal 4 and Lex A, which are only active as dimers assem-
bled on palindrome binding sites. Truncated for dimerization domains, the
proteins can restore activity when fused to a pair of physically interacting pro-
teins. The activity can be detected using color selection with the LacZ reporter
or by complementation of auxotrophic mutants leu2, ade2, and his3 [102]. The
Y2H system is inexpensive and powerful for screening of protein libraries for
interacting protein pairs, identification of unknown interacting genes, and
detection of weak interactions that could be missed by proteomics methods
[103]. This method is also a truly high-throughput method scalable for
genomewide protein interactions screens. Some of the most important model
organisms with sequenced genomes including yeast [104], fly Drosophila
melanogaster [105], and worm, Caenorhabditis elegans [106] were mapped for
interactions in this way. However, the system is known for its high (up to 50
percent) level of false-positive and false-negative interactions [107] due to
interacting proteins that are overexpressed, subjected to folding in the foreign
environment of yeast cells, and have to be trafficked into the nucleus prior to
action. Filtering out false positives can be achieved by cross-referencing with
other experimental data and superimposition of YH2 interactions onto net-
works of annotated pathways [108]. Specialty variations of Y2H have been
developed, such as a reverse two-hybrid system for studying molecules dis-
rupting the interactions and the split-ubiquitin system to analyze membrane
proteins [102]. The raw Y2H data is therefore qualitative and represents
simple tables of condition-specific interacting partners.

Protein Arrays Ever since the introduction of DNA chips in the early 1990s,
creation of arrays with grids of active proteins became the holy grail of 
proteomics research. Unfortunately, the key DNA properties enabling the
whole-genome arraying (active primary structure, PCR amplification, ease of
labeling, stability, etc.) are not shared with proteins. Arraying of properly
folded, nondenatured proteins and the development of detection techniques
suitable for proteins of many different functions are nontrivial tasks not easily
resolved yet [109]. The first proteins to be successfully used in array develop-
ment were stable like antibodies [110]. As whole antibodies are large and
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inconvenient to work with, the technology was extended to antibody frag-
ments [111], phage display-based expressed variable fragments [112], and
oligonucleotides aptamers [113] as the source of content for arraying. MALDI
targets investigated with affinity ligands, followed by affinity MS, are usually
applied for capturing and detection of proteins of interest. Several techniques
have also been developed for attaching proteins to surfaces such as the appli-
cation of adenylate-treated glass, which reacts with primary amines [114], and
tagging proteins with polyhistidine attached to nickel-containing slides [115].
To circumvent the differences in activity assays, the proteins are often arrayed
according to functional target class (e.g., kinase arrays), although more
recently multifunctional arrays have been developed.

Metabolomics and Metabonomics

Metabolomics and metabonomics are similar terms defining the profiling, mea-
surement, and analysis of the components of the metabolome representing all
low-molecular-weight molecules present in cells in a particular condition.
Metabolomics can be defined as a discipline investigating metabolic regula-
tion and fluxes in cells, and metabonomics is a larger scale, systemic determi-
nation of biochemical profiles and their regulation in biofluids and tissues [4].
Metabolites represent the endpoint of the organism’s response to stimuli, the
ultimate outcome of the complex information transfer network, signaling, and
biochemical transformations such that metabolic profiling is therefore the
most direct measure of physiology [116]. The composition of metabolites in
samples can be very heterogeneous, and the measurement procedure often
involves prefractioning, selective enrichment, and parallel measurement. The
most robust methods in metabolomics are gas chromatography–mass spec-
trometry [(GC–MS), which resolves 500 to 1000 metabolites [117]], and liquid
chromatography–mass spectrometry (LC–MS) [118]. These two methods,
applied in combination, allow resolution of a thousand peaks for known
organic small molecules and unidentified metabolites [119]. Unknown
metabolites can be identified using a higher precision Fourier transformation
mass spectrometry (FT-MS) [117]. The third approach is nuclear magnetic res-
onance (NMR) spectroscopy, applied mostly for detection of high-abundance
known metabolites [120] and is particularly useful for metabolic fingerprint-
ing used in clinical studies [121].

Interpretation of metabolic profiles of cells and tissues imposes arguably
more problems than any other method described earlier, as metabolic fluxes
and profiles cannot be explained by regulation of gene or protein expression
alone [122]. The ultimate goal of quantification of all metabolites in a cellular
system is currently impossible. This is due to lack of reproducible and robust
automated analytical techniques, chemical heterogeneity of metabolites, lack
of automated extraction techniques, and low resolution of existing hardware
[123]. Moreover, taking into account complex relationships between endoge-
nous and xenobiotic metabolism and the coexistence in the human body of up

HIGH-THROUGHPUT DATA 137



to 5000 species of metabolically active microorganisms, the full metabolic
profile cannot be interpreted. This requires consideration of probabilistic 
concepts for determining symbiotic human metabolism [4]. Such complexity
requires interpretation at the systems level, via integration of metabolomics
with gene expression and proteomics data to unify metabolic, regulatory net-
works, and infer condition-specific metabolic networks [124], shifting our
thinking of metabolic pathways as networks and subsystems [125].

4.5 MINING HIGH-THROUGHPUT DATA

The quantitative leap in experimental throughput required methods for com-
prehension of global gene expression experiments that have been useful in
certain applications. Interactions could, however, be missed if analysis is
restricted to expression patterns only. The statistical analysis of microarray
data results in gene sets that are classifiers for certain conditions such as the
disease type, but they do not explain biological mechanisms and cannot be
directly linked to clinical observations or other phenotypes. Visualization-
based approaches to high-throughput data lead into model-based approaches
to provide broader understanding and insight. The state of the art at present
are graphical approaches that link objects with vectors and other graphical
annotations that can be queried [126].

Limitations of Clustering Approaches for Gene Expression Data

Three general statistical procedures are used for clustering of gene expression
patterns on arrays including hierarchical clustering [127], k-value clustering
[128], and self-organizing maps (SOM or Kohonen maps) [129]. The most
common method is the hierarchical clustering procedure, which consists of a
consecutive pairwise grouping of spots: The closest pairs are replaced by a
single data point representing their average. Ultimately, this results in an
expression pattern represented as a phylogenetic tree with a branch length
corresponding to the degree of similarity between sets. In contrast, K-means
clustering uses a predetermined K value that is the expected number of ele-
ments in the cluster. This approach, therefore, produces an unorganized com-
pilation of clusters. A further approach is Bayesian clustering, which generates
multiple recursive partitions into subgroups and assigns Bayesian probabili-
ties to each group. This method requires a strong prior data distribution and
is used in combination with other methods [130]. SOMs are better suited for
exploratory data analysis as they impose a partial nonrigid, structure on clus-
ters and facilitate visual interpretation [129, 131]. All these statistical methods
have been applied to microarray-based disease subclassification by either
unsupervised or supervised methods. In unsupervised clustering, the differen-
tial expression data is parsed into clusters of points statistically most related
without prior knowledge of the phenotypic subcategories [132]. These differ-
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ent methods are therefore useful for various applications with each having
attendant advantages and disadvantages. As regulation of mRNA expression
constitutes only one level of biological control, these levels of complexity 
multiply in global genomewide experiments such that information can be 
lost or altered and clustering at the first level of expression can only be indi-
rectly linked to eventual phenotype. This one-dimensional analysis is a limi-
tation in the applicability of expression microarrays for studying complex
diseases [6].

Advanced Computational Methods for Interpretation of Microarray Data

From Linear Pathways to Complex Biological Networks Traditionally,
functional organization of a biological system was described in terms of path-
ways. Pathways were thought of as fairly small linear chains of biochemical
reactions or signaling interactions that lead from a defined starting point (e.g.,
cell surface receptor) to a target effector (e.g., transcriptional factor). Such a
description is in part due to the nature of biological research itself that until
recently was inherently low throughput, with data scattered in tens of thou-
sands of individual publications. In recent years, however, three major devel-
opments have taken place in this area in terms of pathway databases, natural
language processing (NLP) algorithms for automatic extraction of pathway
information online abstracts, and high-throughput techniques for determining
potential protein–protein interactions (described above). Based on the data
available from these technologies, it has become clear that organization of
intra- and intercellular molecular processes is much more complex. Contrary
to the previous model of fairly independent small pathways, it is now evident
that known molecular processes can be linked into rather large highly inter-
connected networks. A recent review has described in considerable detail the
theory behind network models, their architecture, and how they can be used
to provide insight into the functional organization of the cell [125].

Further analysis of the existing databases on metabolic and signaling path-
ways shows that if taken together, known reactions and interactions would
form a large cluster linked via molecular nodes shared among many processes
[133]. If one tries to describe such clusters in terms of linear pathways, then
billions of cascades can be generated. For example, an analysis of ~20,000 cell-
signaling interactions culled from the literature (obtained from MetaCore,
GeneGo Inc.) shows that such a set contains approximately 2 billion five-step
pathways.

It is important to note that, taken together, information on molecular
processes derived from different sources represents a universe of a putative
biological functionality. Only a small fraction of it will be realized in a cell at
any given time. Genes, proteins, and metabolites are tightly regulated on many
different levels in molecular networks (Fig. 4.1). For example, only a fraction
of genes are realized as protein products in a particular cell type. Additional
constraints include spatial separation by subcellular localization, thermody-
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namic feasibility of a process in a specific environment, competition among
processes for shared molecules and other physical, chemical, and biological
limitations. Theoretically, a computational model of a full network can predict
the dynamic behavior of a system. At present, however, dynamic models can
only be built for a limited number of fairly well studied systems, and selection
of which processes to model is limited by unavailable or inaccurate quantita-
tive information for most of the tens of thousands of reactions and interac-
tions. To add to the complexity, unique isoforms of the same protein expressed
in different cells may vary dramatically in binding constants and other para-
meters. The lack of detailed quantitative knowledge is a major impediment for
direct dynamical modeling of large molecular networks, hence requiring an
alternative approach for modeling.

Elucidating Pathways and Interactions from the Literature There is also a
growing interest in elucidating the pathways and protein–protein interactions
from the literature. Differentially expressed genes can be clustered into func-
tional groups based on their names or co-occurrence in MEDLINE texts [134,
135]. Different computational methods like hierachial clustering [136] and
NLP (reviewed in [137]) have been applied for enhancing the biological 
relevance of clusters and literature coverage. However, only 30 percent of
experimentally verified protein interactions were reported to correspond to
pairs from MEDLINE abstracts [138] and false-positive interactions com-
posed about 50 percent of NLP-extracted associations, partly due to poor
synonym resolution [134]. A more recent publication used an NLP method,
MedScan, to extract 2976 interactions between human proteins from
MEDLINE abstracts with a precision of 91 percent for 361 randomly extracted
protein interactions [139]. There are a number of databases covering different
aspects of protein function that can be used for testing these methods, such 
as those described earlier. These are generally more biologically relevant
sources of information on interacting proteins, particularly when extracted
from full-text experimental literature (BIND, INTERACT [140], and DIP).
However, these databases have relatively low coverage for human protein
interactions. Subsequently, MedScan was able to extract novel (96 percent)
information that was not in BIND and DIP [139]. The first attempts at con-
solidation of two approaches, that is, co-expression clustering and deduction
of functional networks from literature and knowledge databases were per-
formed for E. coli and yeast [141]. Overall the functional interpretation of
expression data is in its infancy, and tools that have been developed have not
been applied yet for the analysis of human and other higher eukaryotes. In
many cases, there is a conserved gene expression pattern that is shared
between species, and this corresponds to the same functional groups of
orthologs. Similar genes are therefore regulated in the same manner across
species, and these are usually involved in basic processes such as the cell cycle,
metabolism, and secretion. New genes involved in these processes can there-
fore be identified via comparative analysis [142, 143] among the different
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species, and alterations in gene expression can be detected by microarray 
techniques [143].

Since many biological functions are carried out by discrete modules of phys-
ically interacting proteins [144], searching for the algorithms useful in identi-
fying such interactive networks has become the key to microarray expression
analysis and one of the methods for functional annotation for novel genes 
successfully demonstrated with yeast [145, 146]. Some algorithms can link the
expressed genes with known transcriptional factors via the genomewide 
identification of DNA binding sites [147] or enable building of condition-
specific probabilistic models [148]. The other published studies group the 
co-expressed genes based on the occurrence of common cis elements in the
context of reference knowledge databases of transcriptional factors [149] 
of well-known metabolic pathways. For instance, MIPS (Munich Information
Center for Protein Sequences) functional categories [150] may be used,
which take into account pairwise sequence-based conservation between co-
expressed proteins [151]. Microarray data is therefore often linked to curated
knowledge databases on proteins, genes, and pathways such as SwissProt,
KEGG, and others. Although robust and relatively comprehensive, the avail-
able analytical methods and databases are not sufficient for coping with the
vast complexity of human biology and the elucidation of integrated cellular
networks.

Making Sense of Biological Networks Systems biology is hence evolving to
analyze all high-throughput experimental data in the context of the global
physiology and disease pathology. This approach seeks to identify the net-
works of cellular pathways and corresponding physically interacting proteins
[152]. The combination of all of these data types would be ideal to provide a
truly multidimensional understanding of cell function. As direct dynamical
modeling is currently limited to well-understood systems, a novel approach for
making sense of large networks has been developed in recent years. This
approach combines graph theory and statistical methods for finding network
modules that represent potential active functional units. Two major directions
of research exist in this area. The first represents attempts to understand the
fundamental global organization of molecular networks. The second aims at
finding potential functional motifs by studying local properties of a network
and by combining protein or metabolic networks with data on gene expres-
sion for elucidation of condition-specific active modules. One important result
achieved in this area is the realization that biological networks of different
origins (e.g., metabolic, regulatory, protein interactions, networks for different
organisms) share the same global architecture [105, 106, 125, 153]. Namely,
these networks are scale free, meaning that distribution of node connectivity
obeys the power law: P(k) ~ k-g, where k is the number of node links (also
called node degree) and P(k) is the fraction of nodes in the network with
exactly k links. One consequence of such an architecture is the presence of so-
called hub nodes, which are high-degree nodes connected to many low-degree
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nodes [125]. Such topological features give networks the property of robust-
ness with removal of even a substantial fraction of nodes leaving the network
connected [154]. This robustness may also have far-reaching implications for
the selection of appropriate drug targets.

While understanding the global network architecture is an important first
step, from the practical standpoint of drug discovery it is even more interest-
ing to find disease-specific functional modules that may contain potential drug
targets. This task is a much harder one as any complex network can be divided
into subsets in many different ways, potentially generating billions of com-
binations. Different algorithms and criteria have been used in an attempt to
automate parsing of such large networks into modules. One set of methods
finds network modules based on network connectivity and various clustering
algorithms. Examples include the Monte Carlo optimization method for
finding tightly connected clusters of nodes [155], clustering of nodes based on
the shortest path length distribution [156], and other graph clustering algo-
rithms [157]. It was shown that many clusters that are found in such a way 
correspond to either known protein complexes or metabolic pathways [155].
Another way to approach finding functional modules is by analyzing network
motifs [158]. Motifs are fairly simple subgraphs that share certain structural
features, usually related to potential functionality. For example, feedback or
feed-forward loops are typical motifs. In this approach a number of different
motifs in the network are calculated and compared with a number of the same
motifs in a randomly connected network. Those motifs in which the network
is enriched may represent potential functional modules. In several studies per-
formed to date motifs were found in regulatory networks of E. coli [159, 160]
and in yeast protein interaction networks [161]. The next step in elucidation
of functional modules is the analysis of high-throughput molecular data in the
context of networks. By performing such analyses one may find mechanisms
that are active under specific circumstances, such as disease or drug treatments
(discussed in more detail later).

4.6 AVAILABLE RESOURCES FOR BIOLOGICAL 
PATHWAY ANALYSIS

The functional annotation of the filamentous fungus Aspergillus nidulans was
to our knowledge one of the first attempts to reconstruct functionality of a
complex eukaryotic organism based on the integration of Expressed Sequenc-
ing Tags (EST) data (from the Unigene EST collection) with a comprehensive 
literature-based collection of functional pathways metabolic pathways data-
base (MPW) [43]. The study was based on a method of metabolic reconstruc-
tion, proposed for annotating prokaryotic genomes in the computational
environment WIT [52, 162]. The method consisted of compiling metabolic
blocks (pathways and subsystems) corresponding to the genetic component of
an organism and connecting these blocks via intermediates into wire diagrams

142 SYSTEMS BIOLOGY: APPLICATIONS IN DRUG DISCOVERY



or metabolic reconstruction models. Over the past few years a new generation
of computational biology software products has emerged for biological
pathway construction and analysis such that the following are now commer-
cially available.

Cell illustrator (http://www.gene-networks.com) is a tool for manual con-
struction of pathways and simulating pathway mechanisms of action of both
baseline and abnormal conditions.

DiMSim (http://www.bio.cam.ac.uk/~mw263/bioinformatics.html) is a
methodology for simulating the flow of metabolites through networks of inter-
acting metabolic reactions. This enables views of the reactions involved in
metabolic processes in a graph format useful as the basis for simulations. The
DiMSim approach is in marked contrast to other metabolic simulation systems
that are based on differential equations, it is therefore able to model down to
single molecules and cope with the special characteristics of biochemical
systems [163].

Ingenuity pathways analysis (http://www.ingenuity.com/) enables the entry
of a gene list from microarray and proteomics experiments that are then evalu-
ated against a knowledge base to produce a gene network.

MetaCore (www.genego.com) relies on a unique, expert-curated database
of pathways annotated with tissue specificity and subcellular localization and
containing pathways for over 80 percent of known human genes. This data
comes primarily from two sources: the original publications and expression
data from the Unigene database. MetaCore also provides links between the
pathways (or their elements) and disease states collected from the literature.
Currently, there are more than 32,000 disease links classified into 6 major 
categories from the highest to lowest level verification, namely cause, mani-
festations, hypothesis, animal, treatment, and no relation and provides several
different ways of exploring the data. The major components of MetaCore are
described in more detail below.

Metabolic Component A comprehensive collection of metabolic pathways
with interactive maps of the major functional blocks of human metabolism is
organized in a three-tier architecture.

Cell-Signaling Component Cell-signaling and regulatory pathways important
for diseases such as cancer (see later) are the major experimental content with
approximately 20,000 signaling interactions assigned to over 6000 molecular
objects. Some of these interactions are assigned to classes containing more
than one molecule with signaling vertically integrated with other types of cel-
lular processes.

Pathway Visualization Options Visualization options in MetaCore include
over 300 fixed-curated maps for the major functional blocks of cell signaling
and metabolism, color-coded for subcellular localization, and superimposed on
the graphical images of the various human tissues (Fig. 4.3). In addition, there
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is a pull-down menu with a list of human EST libraries from the Unigene data-
base. Computer-generated signaling and metabolic networks can also be pro-
duced that are highly interactive.

Data Visualization Options Both the curated maps and computer-generated
networks can be used as a framework for visualizing gene expression 
(thermometer-like icons, Fig. 4.3) and other types of high-throughput data
such as Affymetrix and Agilent microarrays, 2D proteomics data, SAGE, DNA
sequence data, and molecular formulas for metabonomics. The visualization
tools allow concurrent comparison of multiple experiments, with custom nor-
malization and filtering features.

PathArt (http://www.jubilantbiosys.com/pd.htm) represents over 600 signal-
ing and metabolic pathways, 5000 molecules and 7500 interactions incorpo-
rating data from peer-reviewed articles and patents enabling pathways and
critical genes to be identified and compared across physiological diseases and
organisms. The data covered is cell, tissue, and organism specific for human
and mouse, with coverage of protein–protein interactions their specific
domains, motifs, key binding residues, and experimental techniques.
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pathways are shown as rectangular icons; the enzymes are tagged with EC numbers.
The differentially expressed genes are uploaded directly from a microarray experiment
and are marked next to the pathways as thermometer objects.



Pathway Assist (http://www.ariadnegenomics.com/products/pathway.html)
is a software tool for pathway creation, expansion, and visualization to allow
the interpretation of gene regulation and protein–protein interactions using
an NLP method (MedScan, described previously) [164] and can be used with
the PathArt database. The software can utilize microarray data, allow data fil-
tering and parsing from many sources, and currently describes more than
100,000 events of regulation, interaction, and modification between proteins,
cell processes, and small molecules.

PathDB (http://www.ncgr.org/pathdb/) is both a data repository and a
system for building and visualizing cellular networks targeted for the gene
expression, proteomics, and metabolic profiling communities. Uses include
finding all pathways and phenotypes associated with genes in a cluster or vali-
dating computational predicted associations with known biological data.

PubGene (http://www.pubgene.org/) can search through the millions of
biology-related studies published for the names of genes and proteins and for
sequence homologies between them. The articles are then searched for the
occurrence of gene pairs. Based on this information, a map of all genes is made,
based on the numerical information of gene pair frequencies. When combined
with results of microarray analysis, the program can then estimate the impor-
tance of the various relationships between genes and proteins, utilizing the
biological knowledge for human, mouse, rat, and yeast genes and proteins,
from such databases as Medline, RefSeq, and PIR. A number of layers of meta-
data from various sources are included to allow for flexible information
content display depending on the user’s preference. PubGene uses in-house
dictionaries of gene and protein names and gives the user synonyms resulting
from a query [134].

VLX Biological Modeler (http://www.teranode.com/applications/pathway
modeling.php) automatically translates pathway models into mathematical
models based on biophysical and biochemical principles.

The Cognia Molecular System (http://www.cognia.com/products_
cm_indepth.htm) comes with a preloaded framework of information parsed
from public data sources on over 100,000 proteins, genes, interactions, 250,000
compounds, and with links to over 35 external databases. This content is broad,
covering many species and functions, roles, locations, and interactions that can
be displayed as networks with NetworkBuilder. The visual output of the Net-
workBuilder is filterable and customizable to extract the dynamically built
output as well as component attributes within the database.

All of these products have unique underlying proprietary pathway data-
bases. These are either human curated (GeneGo MetaCore, Jubilant PathArt)
or are compiled from MEDLINE abstracts using automated text-mining tools
(Ingenuity PathwayAssist). Alternatively, they may contain a combination of
curated and automatically extracted data (Ariadne Pathway Analyst). Their
respective performance obviously varies depending on the flexibility of the
database schemas, the quantity and quality of the assembled data, and the
algorithms implemented into their data-mining tools. To date there has been
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no comparison of the different approaches published, and it is likely that inves-
tigators in the industry may require access to multiple software systems to
balance the overall strengths and weaknesses of individual methods.

4.7 APPLICATIONS OF SYSTEMS BIOLOGY FOR 
DRUG DISCOVERY

The following examples describe applications of gene network analysis 
software and systems reconstruction for particular topics relevant to drug 
discovery.

Glaucoma

Glaucoma is a progressive optic neuropathy characterized by structural
damage to the optic nerve leading to blindness through loss of retinal ganglion
cells. Risk factors in glaucoma include elevated intraocular pressure (IOP),
age, race, family history, myopia, and diabetes. The growing body of evidence
indicates there is a heightened risk of developing glaucoma among individ-
uals with Alzheimer’s disease [165–168]. The pathogenesis of the optic nerve
neuropathy in glaucoma is a matter of debate. It is widely accepted that ele-
vated IOP and a variety of factors may all contribute to primary insult of the
optic nerve [169–171]. Cellular mechanisms involving vascular insufficiency
[172, 173], vasospasm [174, 175], glutamate exitotoxicity [176], neurotoxic
cytokine release [177, 178], abnormal metabolism, and autoimmune reaction
have all been suggested [170]. There are numerous major factors contributing
to the cumulative optic nerve insult and malnutrition in glaucoma (Fig. 4.4).
Ultimately, glaucoma affects an estimated 70 million people worldwide, mostly
40 or older. This represents a fast growing market for pharmaceutical inter-
vention because of the progressively aging population of the Western world.
At present there are neither drugs on the market that address the disease
mechanism or reliable molecular diagnostics for addressing susceptibility or
severity. As is the case with many complex diseases, global gene expression
profiling using microarrays is becoming an important powerful tool in glau-
coma research.

Over the last 2 years, several groups studied differential gene expression in
glaucomous human optic nerve head (ONH) astrocytes [179], monkey [180],
and rat [181] disease models as well as response to corticoid hormones in dif-
ferent eye tissues [182, 183] and the response in normal ONH astrocytes to
high pressure (a key risk factor associated with glaucoma [184]). In the pio-
neering work of Hernandes et al. [179] the expression of genes in cultured
human astrocytes from glaucomous and normal ONH astrocytes were com-
pared using standard Affymetrix U95Av2 arrays consisting of over 12,000
genes. Approximately 1700 genes were differentially regulated in diseased
astrocytes relative to normal ONHs. In 150 of these genes a 5-fold or higher
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difference was noted, and these could be classified according to generic bio-
logical functions, including signal transduction, transcription, cell adhesion,
proliferation, and metabolism. In the follow-up study [184], the same group
interrogated the response of normal cultured astrocytes under increased
hydrostatic pressure (HP) using the same molecular techniques and type of
array. The expression of 596 genes was altered; 38 genes were upregulated and
24 downregulated over time with a threshold of 1.5 or higher. The 38 genes
were also analyzed by hierarchical clustering analysis. The genes were of mul-
tiple cellular functions that were indicative of the systemic effect of high pres-
sure on astrocytes. In two studies on animal models, glaucoma was induced in
the retina of rat [181] and monkey [180] while differential expression was eval-
uated using total mRNA from whole retina as probes. The advantage of these
models is that the genetic background is the same since one eye remains
normal, and disease is induced in the other of the same animal. Sixty-two and
39 genes were differentially expressed in mild and severe glaucoma in monkey,
respectively. In rat 81 genes were differentially expressed, although most were
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Intraocular
Pressure

Trauma to Blood
Vessels

Vasoactive Substance
Release

Vasospasm

Other Factors e.g.,
Hypotension
Hypertension

Disk Hemorrhage
Diabetes

Abnormal Autoregulation

Deformation of Lamina
Cribrosa

Ganglion Cell Axon
Damage

Neuratrophin
Deprivation

Gene Defects Affecting
Lamina Cribrosa

Indirect gene
defects

Optic
Nerve Head
Malnutrition

Figure 4.4 Some possible causes of initial insult to the optic nerve head in different
glaucoma patients [171]. While increased intraocular pressure (IOP) is the most sig-
nificant risk factor for glaucoma, RGCs cell death caused by optic nerve deformation
may provide an explanation for a mechanical cause of glaucoma. While elevated IOP
definitely plays a role in structural displacement of the ONH causing cytosceletal alter-
ation, and loss of microtubules in RGC axons impedes retrograde axonal transport
[258–260], it is conceivable that it also provides indirect insults via reduced blood flow
and reactivation of microglia [178]. The role of vascular factors also is thought to be
of significance to optic nerve and RGCs injury [172–175].



not the same genes. Finally, using dexamethasone the induction of gene
expression was studied in cultured human trabecular meshwork (HTM) cells
[183] and several other eye tissues [182]. Dexamethasone specifically induces
expression of myocilin (TIGR/MYOC) gene in HTM cells and is linked to
several types of glaucoma. When comparing these two studies, the results were
neither consistent nor conclusive: 30 genes were upregulated over 2-fold in
HTM-DEX cells in the Ishibashi study [183] while 249 genes were upregu-
lated 4-fold or greater in the work of Lo et al. [182].

Microarray expression analysis in glaucoma has not as yet been used 
for subcategorizing different types of glaucoma, identifying prognostic gene
lists for predicting disease outcome and response to treatment, or comparing
human and animal studies. The approach of using enriched cell-type-specific
primary cultures has been undertaken by Hernandez and co-authors [179], and
this approach is likely the most promising since it uncovers the contribution
of specific retina cell types in the development of neuropathy and allows the
reconstruction of cell-specific alterations in molecular pathways implicated in
the disease. We have compared the genes expressed in disease tissue (the end-
point of microarray analysis) from four recent studies in glaucoma and showed
a lack of consistency between these different sample sets. Less than 5 percent
of the genes were the same (on average) between any pair of experiments
(Table 4.1). This lack of consistency in genes identified was somewhat sur-
prising since the disease pathologies appear similar among monkey, rat, and
human and because these species share about 99 percent of the same genes.
Even more surprising is the inconsistency between expression in normal
human astrocytes under high pressure (believed to be the key risk factor in
glaucoma) and glaucomatous astrocytes. Since high pressure is believed to be
a key risk factor for glaucoma or, at least, lead to the induction of glaucoma,
a higher percentage of common genes were expected. These conclusions are
based upon signature molecular profiles found when comparing between indi-
viduals for other diseases such as in breast cancer [130]. Although there are
several potential reasons for such inconsistencies, the major problem is the
application of analytical methods to tissues from different genetic back-
grounds with different (and uncontrolled) environmental conditions.

We have performed a comprehensive computational gene network 
analysis of microarray expression in human glaucoma using these previously
published data sets [179]. The raw expression data on about 1700 genes dif-
ferentially regulated in glaucoma astrocytes from 4 glaucoma patients and 4
age-matched normal individuals was loaded in MetaCore. After data normal-
ization and processing, multiple networks were then built using different algo-
rithms and expression threshold ratios. One of many networks is presented on
Figure 4.5. The threshold ratio of 2.5 and higher was set up for this network
before we applied the stringent algorithm called immediate interactions. This
algorithm allows the connection of only proteins (presented as coding genes),
which are: (1) experimentally shown to physically interact pairwise and (2)
being over- or underexpressed above the threshold ratio. The pathways are
highlighted in Figure 4.5 as solid lines.
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Of particular interest are the grossly downregulated pathways of integrins,
actin synthesis, actin-mediated signaling,TGF-beta1, NGF, collagen IV biosyn-
thesis, and microtubule polymerization presented on the left hand of the
network. Underexpression of some elements of these pathways is in good
agreement with the observed phenotypic changes accompanying pathological
reactivation and has been shown as a signature for glaucoma astrocytes [179,
185, 186]. Overexpressed pathways (on the right-hand side on the network)
predominantly includes Nf-kB and AP-1/c-Fos/c-Jun-activated pathways. Both
transcription factors Nf-kB and AP-1/c-Fos/c-Jun are strategically located in
the watershed zone separating the up- and downregulated pathways. These
genes are subsequently linked to the activation of downstream pathways via
activation of transcription factors Rel, c-Myc, HMGY, and CREB, consistent
with their known functions in promoting cell survival and amplification [187].
The network also indicates several activating interactions leading to poten-
tially cytotoxic pathways and compounds such as interleukin-8 (IL-8),
interleukin-6 (IL-6), amyloid precurson protein (APP)/b-amyloid, nitric oxide
synthase (iNOS), and clusterin. The growing body of experimental data links
the upregulation of these pathways with glaucoma and RGC death [188]. Sep-
arate smaller networks showing interactions within these individual nodes
were generated using a smaller subset of genes (Figs. 4.6a–4.6c). Examples of
the types of results and interpretation of the data are described next.
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Figure 4.5 Functional network for differential gene expression in glaucoma. Pathways
are marked in solid lines. Circles on the nodes mark the differentially expressed genes.
The expression ratios and the page with gene/protein/interaction annotations are
hyperlinked with nodes. (This figure is available in full color at ftp://ftp.wiley.com/
public/sci_tech_med/drug_discovery/.)
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The central node APP (Fig. 4.6a) links the upregulation of AP-1, NFkB,
TGF-a2, protein kinase (PKC), and ADAM17/TACE pathways with the acti-
vation of amyloid precursor protein (APP) gene in glaucomatous ONHAs.
The increased APP accumulation is likely to translate into the accumula-
tion of neurotoxic b-amyloid peptide promoted by the c-Jun N-terminal
kinase/mitogen activated protein kinase (JNK/MAPK) pathway, caspase3,
reactive oxygen species (ROS) and b-amyloid itself. Others have reported
similar results to these for reactive astrocytes in the central nervous system
(CNS) [189]. APP/b-amyloid induces cell motility via binding to integrins and
may become neurotoxic via astrocyte-mediated oxidative stress and mito-
chondrial dysfunction in neurons [190]. The interaction between two major
nodes (Fig. 4.6b) also demonstrates the major mechanisms of iNOS induction
in reactive astrocytes where it has been demonstrated to be neurotoxic in vitro
and in vivo [177, 191]. The IL-1, NFkB, and tumor necrosis factor (TNF-a)
pathways have been shown to play a role in iNOS overexpression in ONH
[192]. In addition to a characterized role in complement regulation, clusterin
has several debatable functions in the eye and CNS. Overexpression of clus-
terin is also neurotoxic via an astrocyte-mediated mechanism [193] and is
highly upregulated in glaucomatous ONHAs possibly contributing to neuro-
toxicity either alone or in association with b-amyloid peptide (Fig. 4.6c).

The computational gene network analysis illustrates four proteins that play
a key role in switching NFkB, transcriptional factor AP1, amyloid precursor
protein APP, and misfolded b-amyloid peptide from downregulated pathways
to upregulated pathways. Glaucoma may ultimately result from incorrect
folding of APP, triggering a cascade of events to culminate in the loss of sup-
portive and detoxification functions of ONH astroglia before finally leading
to oxidative stress and apoptosis of retinal ganglion cells. This mechanism is
similar to the cell death of neurons in Alzheimer’s disease (AD) and was not
previously shown experimentally for ONH astrocytes, as it cannot be deduced
from a comparison of the lists of differentially regulated gene clusters. Pos-
sible parallels between neuron death in AD and death of ganglion neurons in
glaucoma has been recently established in experimental studies [194, 195], as
has the role of astrocytes as key mediators of b-amyloid-induced death [190].
The potential role of complement activation and clusterin accumulation have
also been suggested from animal studies [193, 196] and is important to note
that several of the key interactions established in the network analysis were
not previously included in MetaCore.

Breast Cancer

Breast cancer is a complex disease or a group of underlying disease states that
involves many tissues and cell subtypes [197]. Currently, the clinical subtyping
of breast cancers is limited to indexing based on pathological staging and
tumor grading [198, 199] and is carried out by standardized scoring algorithms
[200]. These indexes are neither precise nor individualized, and their broad



(a )

(b )

(c )
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application results in overtreatment of many patients with chemo- and
endocrine therapies [70]. Multiple phenotypical factors influence prognosis 
for breast cancer, including age, histological grade, tumor size, and lymph node
and status of estrogen hormone receptor (ER) and BRCA1 gene expression
[201]. No single factor is a sufficient predictor of disease outcome. Global pro-
filing of gene expression has quickly become the method of choice in breast
cancer research for subcategorization of breast cancer with respect to ER state
[69, 202–204], percentage of cells in the S phase of cell cycle [205], pathologi-
cal staging and tumor grading [206], and a combination of gene expres-
sion/morphology subclasses [68, 207]. Overall, studies (Table 4.2) have shown
microarray expression analysis can separate breast cancers into known and
new categories with distinct pathological features (reviewed in [70]). ER-
positive and ER-negative tumors can be distinguished by several dozen-strong
classifier gene sets [69, 130]. ER-negative tumors can be further subdivided
according to the long-term postoperational prognosis [204], and ER-positive
tumors according to the patients’ ethnic status [201]. More precise subdivision
into five groups according to ERBB2 oncogene overexpression, association
with luminal subtypes, and ER overexpression was revealed in a multiyear
study [68, 207, 208].

Microarray profiling has also proved useful for predicting development of
metastases by detecting the presence of a signature set of differentially
expressed genes in primary tumors [69, 130, 209] and for characterization of
disease progression and tumor grading [206]. This is based on the hypothesis
that cancer samples sharing the same patterns of expression clusters are
expected to be similar in terms of pathology, drug sensitivity, and/or other phe-
notypes. Supervised analysis assumes prior separation of samples into prede-
fined phenotypic classes. The analysis identifies those sets of genes for which
expression is the most distinct between the classes and suffers from the flaws
described previously [210]. This may explain the high rate of false positives 
in breast cancer prognosis based on array clustering [70], the exclusion of 
individual genes with high experimentally determined impact in breast 
cancer from a set of prognostic marker genes [69, 209], and the inconsistency
between classifier gene sets [68]. Although surprisingly no significant differ-
ence between distinct pathological stages of the disease were detected in the
earlier studies, there were altered expression signatures apparent between dif-
ferent tumor grades [206]. A subset of these genes correlated well with pro-
gression from DCIS (ductile carcinoma in situ) to IDC (invasive ductile
carcinoma) stages. Microarray analysis has been used for predicting tumor
sensitivity to chemotherapy treatment with docetaxel [211], adriamycin, and
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Figure 4.6 Smaller networks for glaucoma microarray data. (a) The APP protein node
and its immediate interaction space. (b) iNOS cross-activation network in glaucoma-
tous astrocytes. (c) Potential role of clusterin in glaucoma pathology of astrocytes. The
arrows indicate direction of protein interactions. (This figure is available in full color
at ftp://ftp.wiley.com/public/sci_tech_med/drug_discovery/.)
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cyclophosphamide [212], in spite of the very complex overall expression
response to these drugs [211]. There are further limitations of these microar-
ray studies as different groups have used unique gene sets on their arrays and
no comparison studies or simple tag ID alignments have been performed to
date. The selection of patient cohorts, sample size, experimental and analyti-
cal techniques all vary greatly between these studies. And as in the case of
glaucoma the predictor genes suggested by each study are almost incompara-
ble even when they predict similar outcomes [69, 130].

Not surprisingly, prediction of the disease course including metastasis and
recurrence using prognostic signature gene sets is, however, prone to a high
rate of false positives. The fundamental van’t Veer study [69] had a false-
positive rate of 27 percent in 5 years (nonmetastatic patients were incorrectly
assigned to the metastatic group). Microarray efficiency in these studies is also
questionable with several thousand genes on genomewide arrays displaying
statistically significant differential expression versus healthly tissues, but only
a few dozen of these genes are in the final sets of classifiers.

We have tested the analysis of computationally derived gene network 
signatures as a method of elucidating the relationship between gene expres-
sion changes induced by a compound and cellular endpoints. The approach is
rooted in the idea of modular organization of large-scale networks of biologi-
cal processes proposed by Lee Hartwell and colleagues [144] in which various
types of cellular functionality are provided by relatively small, transient but
tightly connected networks of molecules (5 to 25 nodes) engaged in perform-
ing specific functions. We analyzed the expression data from a study investi-
gating the effects of 4-hydroxytamoxifen and estrogen treatment in MCF-7
breast cancer cell cultures [213]. After importing the data into MetaCore,
filters were applied to retain only those genes that showed the strongest vari-
ance in expression (the top 2 percent, or approximately 40 genes) as a response
to either treatment. The networks that link these strongly responsive genes 
to each other were recreated using the direct interactions algorithm allowing
only genes from the subset to be present in the network. The result is several
small networks of 2 to 15 genes and a handful of nonconnected nodes. The
largest subnetworks for 4-hydroxytamoxifen (a) and estrogen (b) treatments
are shown in Figure 4.7. These networks include mostly cell-cycle-related
genes in agreement with the conclusion of hierarchical clustering showing 
that at the molecular level, both compounds act as agonists of cell prolifera-
tion, evoking very similar patterns of gene expression [213]. Unlike clustering,
however, these computationally derived gene networks show the absence 
of cyclin D1 among 4-hydroxytamoxifen-induced genes, resulting in a signifi-
cant difference in the network topology and overall fingerprint. For estrogen
treatment there is a single large network that encompasses all cell-cycle-
related genes induced by the treatment while the 4-hydroxytamoxifen net-
work breaks into two smaller clusters [214]. These unique network signatures 
may be due to 4-hydroxytamoxifen acting as an antagonist of cell prolifera-
tion, while estrogen is an agonist [213] with network analysis identifying 
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cyclin D1 as a responsible element well known as key for the G1/S transition
[215, 216].

Systems ADME/Tox

Understanding or computationally predicting the ADME/Tox properties of
molecules earlier can help prevent late-stage clinical failure and has attracted
considerable investment for research into developing these methods and
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(a)

(b)

Figure 4.7 Clusters of highly responsive genes for the treatment of MC-7 breast cancer
cells with (a) 4-hydroxytamoxifen and (b) estrogen after 24 hr. Both treatments induce
similar sets of cell-cycle-related genes, but the topology of the networks is different,
correlating with the unique impact of these treatments on cell proliferation. Genes
toward the exterior possess fewer interactions than those located centrally. (This figure
is available in full color at ftp://ftp.wiley.com/public/sci_tech_med/drug_discovery/.)



models [217–219]. The majority of xenobiotics undergo metabolism via the
cytochrome P450 (CYP) enzymes, which are capable of either inactivating 
or activating these molecules. To date specific CYP-substrate/inhibitor re-
cognition interactions have been studied extensively and several quantitative
structure–activity relationships (QSAR) and pharmacophore models have
been built for a limited number of these enzymes in a reductionist manner
[220–222]. It is clear the computational models need to be integrated with the
technologies described earlier for systems biology [6, 217, 223] including meta-
bolic databases and others containing ADME-associated proteins or pathways
such as PharmaGKB [224], the human membrane transporter database [225],
the ADME-AP database [226], and the nuclear receptor database [227].
There is considerable complexity that needs to be incorporated such as mod-
eling of a single enzyme’s catalysis of one molecule to multiple metabolites
[228] that has been shown using commercially available cell-modeling soft-
ware. This study showed that toxicity of a substrate is likely to be minimized
when there are multiple metabolites, and this therefore may represent a bio-
logical advantage. To date the complex interconnections where one molecule
may be metabolized by different enzymes with different kinetic constants and 
then the metabolite cascade may follow a unique pathway has not been
modeled. In addition the complex kinetics [229] and general protein promis-
cuity [218] that have been observed in vitro for many of these drug metabo-
lizing enzymes may be an important mechanism for enabling rapid clearance
of toxins [230], and this in turn may be understood by using a systems biology
approach [231].

Understanding the regulation of these enzymes is also important, with
nuclear receptors identified as central to the many proteins involved in drug
metabolism and transport. The pregnane X-receptor (PXR) is a transcrip-
tional regulator of CYP3A, human MDR1, CYP2C8/9, CYP2B6, and other
genes involved in the transport, metabolism, and biosynthesis of bile acids
[232]. A second orphan nuclear receptor, the constitutive androstane receptor
(CAR), has approximately 40 percent identity with PXR in the ligand binding
domain. CAR accumulates in the nucleus, heterodimerizes with RXR, binds
to the two Phenobarbital-responsive elements, and ultimately activates tran-
scription of the CYP2B6 [233] and other genes in a manner similar to how
PXR can activate CYP2B6 as well as CYP3A4 [232]. The complex interac-
tions and cross-talk of these nuclear interactions urgently requires com-
putational models that can predict binding to these proteins and enable
visualization of connections between different genes and ligands [232, 234].

Global gene expression profiling has a role for evaluation of potential 
toxicity of drug candidates [235, 236]. Two companies have marketed content
databases with patterns of gene expression on whole genome rat arrays in
response to drugs and known toxic molecules. The Iconix Drug Matrix product
(http://www.iconixpharm.com/products/products_drugmatrix.html) represents
a collection of gene expression profiles (Amersham rat arrays with 8000 fea-
tures) from liver of rats treated with about 450 drugs with known toxicologi-
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cal properties. GeneLogic used Affymetrix rat arrays in its ToxExpress 
product (http://www.genelogic.com/solutions/toxexpress/). Paradigm Genetics
(now known as Icoria) is generating toxicogenomic data in collaboration with
NIEHS, which would suggest a large microarray database will be created in
the future that may be accessible. The EDGE2 database, a public effort at the
University of Wisconsin is striving to create a public database of mouse gene
expression profiles after treatment with different toxic molecules [72]. In all
of these efforts different clustering techniques are applied to analyze gene
expression patterns and extract toxicity signatures.

Published studies using microarrays for toxicology include one group that
treated rats with 52 hepatotoxins and used subtractive hybridization to create
a final microarray enriched with liver genes, which was then benchmarked with
3 hepatotoxins. This study suggested hundreds of genes were affected by these
xenobiotics, some of which had not been previously associated with toxicity of
the compounds [237]. For example, phenobarbital treatment in mice affects
the expression of 138 genes when assessed using the NIEHS ToxChip microar-
ray, and approximately half of these genes are regulated by CAR [238]. These
studies and databases of expression profiles will certainly be a valuable start
for understanding the complexities of toxicity.

One product has currently been developed for systems ADME/Tox
(MetaDrug, www.genego.com) that predicts the major metabolites from an
input structure, scores them for the enzymes likely to be involved, and can use
microarray data to visualize gene expression of the genes important for toxi-
cology. A comprehensive set of over 3500 substrate–product reactions for 38
human cytochromes and other enzymes has been assembled. This data has
been used in the assessment of product–substrate specificity for the CYPs
[239], the classification of druglike molecules based on their Km values for
human CYPs [240] and for building models for predicting the rates (Vmax) of
N-dealkylation by CYP3A4 and CYP2D6 [241]. This complete combination
of predictive and visualization tools with literature data is key to explain
metabolism and toxicity for unknown compounds. Ultimately this type of com-
bined approach will enable the prediction of idiosyncratic drug reactions that
are often not detected until the drug has been released onto the market
[242–244]. Our understanding of some of the factors resulting in drug-induced
toxicity has expanded to focus on the molecular mechanisms involved. In 
particular, there has been considerable focus on hepatotoxicity mediated by
drug–drug interactions seen as a major cause of the failure of clinical candi-
dates. We can demonstrate the use of this approach using theophylline, a treat-
ment for asthma. Cimetidine, diltiazem, ciprofloxacin, and enoxacin have all
been shown to impair the elimination of theophyline, while phenytoin induces
its metabolism. The interactions of all of these ligands with CYPs and other
proteins can be visualized with MetaDrug (Fig. 4.8). Theophyline is shown
with connections (as a substrate) to CYP1A1, CYP1A2, CYP1B1, CYP2C9,
CYP2D6, CYP2E1, and CYP3A4 [244b, 244c]. The following would inhibit a
range of these CYPs: cimetidine (CYP1A2, CYP2C9, CYP2D6, CYP2E1,
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CYP3A4 [245]); diltiazem (CYP3A4 [246]); ciprofloxacin (CYP3A4 and
CYP1A2 [247]), and enoxacin (CYP1A2 [248]). Phenytoin is a human PXR
activator [249], which in turn will increase the levels of CYP3A4 and ultimately
increase the clearance of theophylline by this route. Besides showing all these
well-known interactions other potential regulatory and signaling pathways 
can be observed that may be important for further drug interactions with 
theophylline, which might not have been previously considered. Certainly
there is potential for further integration of systems biology approaches into
ADME/Tox [250].

4.8 FUTURE DEVELOPMENT OF PATHWAY 
ANALYSIS SOFTWARE

The merging of currently independent networks for signaling and metabolism
and the enrichment of the mammalian network database with interactions
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Figure 4.8 MetaDrug interaction map of key proteins and ligands linked to theo-
phylline (circled) The network of cell signaling interactions built from the list of genes.
This network has been automatically reconstructed, based on the interactions con-
tained in the database. The genes from the original list are encircled. (This figure is
available in full color at ftp://ftp.wiley.com/public/sci_tech_med/drug_discovery/.)



shown for other organisms will be important for the future development of
pathway analysis. All currently available genomic and proteomic databases are
designed based on molecular entities, such as genes or proteins, as elementary
objects [46, 251]. Recently, several public resources started linking their 
molecular data with the Gene Ontology (GO) “biological process” classifica-
tion (www.geneontology.org) as knowledge of the biological roles of shared
proteins is generally transferable across eukaryotes [252]. Such associations
are useful in retrieving the subsets of molecular objects related to specific GO 
categories, but classification in itself does not provide connectivity among
processes on the same level of hierarchy. Organizing relevant biological 
and chemical information around the core entities related to functional
processes such as pathways, rather than molecular objects, may be advant-
ageous and will require a novel data model (Fig. 4.9). Ultimately, a set of 
flexible many-to-many relationships will link functional and molecular infor-
mation to more adequately capture the dual nature of biological systems. The
physical objects (molecules, ions) and processes (reactions, binding, and trans-
port) are linked as operational units by inputs and outputs exchanging matter
and information.
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New algorithms will also be required for analyzing the networks of intra-
cellular processes and the identification of self-consistent functional modules
in them. In the living cell, the networks (particularly the signaling ones) are
very dynamic and transient as they exist usually for a short time, in particular
cellular compartments and under different conditions. Capturing the transi-
ent nature of cellular networking may be possible by defining the functional
modules and the sets of related subnetworks operating in a concerted way and
by developing an automated protocol for reconstruction of pathways and func-
tional blocks involved in diseases and other conditions. This will produce func-
tionally meaningful modules for cell signaling and metabolism. Recently,
several systems biology teams developed methods for identification of tightly
connected subnetworks as molecular complexes or functional modules [155,
156, 253, 254]. These studies were based on publicly available data on rela-
tively simple yeast and bacterial protein interaction networks. The networks
represented undirected interaction graphs with equal weights assigned to all
interactions. Moreover, most of the data came from Y2H assays, strongly
biased toward physical associations between proteins (such as complex for-
mation), and known for its false-positive rate. The proteins that are related by
other means (e.g., enzymes in a metabolic pathway or transient signal trans-
duction interactions) could be missing from such data.

Future network analysis algorithms may also be based on the curated net-
works of cell signaling and metabolic processes, which contain additional infor-
mation associated with the nodes and edges of the networks. The changes of
expression of two molecules should correspond to the way they are connected
in the network in terms of directionality and type of links between molecules.
For example, in MetaCore this information describes three types of edges
(activation, inhibition, and unspecified), 12 different mechanisms (e.g., phos-
phorylation, binding, and transcriptional regulation), and types of nodes (e.g.,
metabolic enzyme, second messenger, ion channel, and transcription factors).
The previously developed algorithm [155] could then be used to cluster highly
connected nodes found in a large network of protein interactions using an
optimization approach. The sets of nodes are selected to maximize the func-
tion Q(m,n) = 2m/[n(n - 1)], where m is the number of interactions among n
nodes. Thus, a cluster of proteins in which every member interacts with every
other member will score the highest (Q = 1). The Monte Carlo optimization
procedure starts with a randomly selected set of connected nodes and pro-
ceeds by moving selected nodes along the edges of the graph to maximize Q.
Previously, this method was found to be effective in recognizing protein com-
plexes and functional modules in the protein interaction network in yeast [155]
in which the clusters were scored based on connectivity. Figure 4.10 shows
graphs with the same underlying topology but a different directionality of the
edges. In panel (a), one can find several directed paths containing 4 nodes.
Altogether such paths connect 7 out of 9 nodes of the graph (marked by bold
arrows). On panel (b) there are no directed paths of length 3. It is clear that
graph (a) is more likely to represent a functional pathway than graph (b). The
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implementation of this method in a computational algorithm to find subgraphs
containing long ordered paths (containing 4 or more nodes) will be valuable
for gene network modeling in which the criterion for inclusion of a node will
be whether it contributes to a longer directed path or allows new directed
paths of sufficient length. For example, if a cluster of nodes b, d, e, f in Figure
4.10a were used as a seed, then the addition of node a would create a path of
length 4. The consecutive inclusion of nodes c and i would not create longer
paths but would create additional paths of length 4. An important way to
assess the efficiency of the proposed algorithms is to evaluate the statistical
significance of found modules with a random reassignment of the node con-
nections leading to a different distribution of clusters [155]. Tight clusters 
are highly unlikely (P < 10-5) when observing the distribution of clusters in a
randomly connected network.

Comparing relatively small functional network modules of 5 to 25 nodes
will be computationally tractable and several network comparison algorithms
have recently been applied to the analysis of intracellular pathways. Ogata and
co-workers [255] have described a heuristic graph comparison algorithm and
its application for finding functionally related enzymes clusters (FREC) across
10 species of microorganisms [255]. An extension of this method has also 
been applied for finding the similarity between protein and gene expression
networks [256]. More recently, an algorithm has been described that finds
common interaction pathways by global alignment of protein interaction 
networks from the yeast Saccharomyces cerevisiae and a bacterium Heli-
cobacter pylori [257]. New techniques that take advantage of annotated human
interactions in the databases could be based on this algorithm. The construc-
tion of a multiparametric distance function between network modules from

162 SYSTEMS BIOLOGY: APPLICATIONS IN DRUG DISCOVERY

h

g g d

h f

i

e

b

c

a

d

b

e

f

i

c

a

(a) (b)

Figure 4.10 Schematic to demonstrate two graphs with identical topology but differ-
ent directionality of edges. Graph (a) is more likely to represent a functional module
as it contains longer directed paths than graph (b).



different samples would be a first step. Then the computation of a matrix of
distances among all network modules from different samples would be possi-
ble. Once the distances are computed, an appropriate clustering algorithm can
be selected to find modules that correlate with the condition of interest. In
many cases networks from different samples may have similar but nonidenti-
cal compositions but may or may not be substantially different in their topol-
ogy. For example, the difference in just one node can change network topology
as shown in Figure 4.11. It is important to distinguish between network
modules that have similar molecular composition but different topologies. The
distance between nodes could also be used such that A and E is 2 in Figure
4.11a and 4 in Figure 4.11b. Other network descriptors may include global con-
nectivity or the connectivity of differentially expressed genes within the
module, minimal path lengths connecting them (TopNet, 53), directionality of
interactions, or P values for the distribution of highly differentiated genes.
These approaches all represent unique measures of similarity/dissimilarity
between network signatures and could be used to classify them.

Reconstruction of Condition-Specific Molecular and Functional Networks

The development of programs for the custom selection of functional modules
based on the input sets of conditional gene expression data (both mRNA and
protein expression) will be another important progression in computational
gene network analysis software. Such input-related functional network
modules will be relatively small and specific for the particular data set in ques-
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tion. In this case the genes or proteins of interest will be connected by the
shortest, most direct and functionally most relevant interactions. This
approach will rely on the topology of the underlying curated network encod-
ing considerably more information and providing an understanding of affected
genes up or downstream. Capturing the gene network will be more useful than
lists of genes and will point to potential biomarkers. A final goal would be to
use the integrated high-throughput data for the reconstruction of disease-
specific molecular and functional networks (described earlier), analyze their
topology and behavior, and ultimately rank potential drug targets according
to their role in the mechanisms of diseases. This will require testing several
different algorithms for reconstructing disease states and other conditions with
the likely most promising direction coming from a data-intensive consensus
approach. Some data are publicly available from studies with genes that
demonstrate a different expression level between normal and disease states
(http://www.broad.mit.edu/resources.html; www.ebi.ac.uk). This can be used to
identify the gene clusters representing the affected functional pathways, and
these could be grouped based on the connectivity of the underlying network.
For each gene a set of nearest-neighbor genes on the network could be com-
puted before identifying subsets of genes tightly connected either directly to
each other or bridged by no more than one gene that is not a member of the
original list. For every gene at least one of its nearest neighbors (or the central
gene itself) is also a nearest neighbor of at least one other gene from the subset
(Fig. 4.12).

4.9 FUTURE OF SYSTEMS BIOLOGY APPLIED 
TO DRUG DISCOVERY

We have seen in recent years a move toward generating high-throughput
screening data. This has occurred earlier in drug discovery based around mol-
ecules of interest, particularly in terms of their physico-chemical properties
and their biological activities toward both desirable and undesirable targets in
isolation. This data is also being used to derive computational algorithms to
predict these properties from molecular structure. Increasingly, higher content
biological data is also being generated after cell or animal treatment and the
levels of metabolites, genes, and proteins are determined. Combining the
reductionist type of approach for a molecule (does it bind or not to a partic-
ular protein) with the effect on a whole system (what is the global effect on
metabolism, gene expression, and transcription) will be important if we are to
understand and predict efficacy and toxicity reliably. The applications of
systems biology in drug discovery in the future are likely to use the vast
amounts of qualitative and quantitative biological data collated in the various
databases and network building algorithms to build predictive signatures for
diseases and following treatment of cells or tissues with a myriad of molecules.
Such a predictive approach will continue to be developed at the interface of
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cheminformatics and bioinformatics for application from target selection
through clinical data analysis.
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5.1 INTRODUCTION

This chapter describes the creation of a discovery team in an academic 
environment. The team is specifically structured to perform four integrated
activities: (1) expressing and characterizing membrane proteins of interest in
appropriate quantities for analysis, (2) formatting the materials for analysis of
cell physiology and molecular interactions in a novel manner, typically through
solubilization of the components and display on particles, (3) performing
screens of small-molecule activity as well as protein–protein interactions on a
novel high-throughput flow cytometric instrument platform, and (4) integrat-
ing virtual screening and cheminformatics with activity screening to improve
the overall efficiency of the discovery process. The results of the overall
process are intended to provide insight into cell physiology, ligand–receptor
and protein–protein interactions, the discovery of small molecules as probes
for biological systems and, potentially, as leads in drug discovery. The process
itself poses an interesting set of challenges and opportunities. The challenges
arise in part from the need to produce material in appropriate quantity and
with appropriate properties for screening. In addition, the screening needs to
be performed in a mode that is targeted rather than brute force. The oppor-
tunities come not only from the discoveries that result from the research but
are also derived from research into the nature of the discovery process itself
and the insights that result from experiments into discovery. The purpose of
this chapter is twofold: first, to provide a context for our particular approach
to discovery research and, second, to provide specific examples of how the
individual components of the process function in our laboratories.
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5.2 OVERVIEW

Flow cytometry is proving to be a good match for G-protein-coupled recep-
tor (GPCR) drug discovery, taking advantage of its versatility of assays, its
ability to discriminate free and bound molecular complexes, and the incorpo-
ration of microfluidic principles to optimize sample delivery. A number of
recent developments have suggested that flow cytometry would be a good
match for chemical and biological diversity in general. With up to 30,000
human genes that encode proteins, the number of protein species may reach
several hundred thousand including splice variants and posttranslational mod-
ification. In addition, there are upwards of 1 million natural polymorphisms 
in the human genome and other mutations that create protein variants. The
analysis of protein–protein and protein–ligand interactions has broad-ranging
implications for biomedical research.

The GPCRs are the most numerous molecular family in the human genome,
representing 600 or more proteins that allow extracellular signals to induce
cellular responses. Each GPCR could couple to as many as 1620 G-protein
heterotrimers (27a, 5b, and 12g subunits), relatively few of which are charac-
terized. Signaling then proceeds through a host of effectors. The GPCR signals
are terminated through steps involving phosphorylation by a family of kinases,
interaction with arrestin family members, and processing inside the cell. While
cell expression experiments (e.g., one GPCR and one G-protein heterotrimer)
can typically resolve one set of interactions at a time, combinatorial
approaches may resolve many interactions simultaneously. Because of the
multiplicity of components, there has been little systematic cellular approach
to GPCR diversity issues. Flat arrays and the flow cytometric analog, multi-
plex bead-based approaches, are proposed to meet this challenge [1]. Flow
cytometric approaches will prove to be applicable both for understanding
assemblies and mechanisms and, when combined with high-throughput
(HyperCyt) and virtual screening, in small-molecule discovery. Moreover,
these approaches have the potential to replace radioligands and to compete
with the sensitivity and throughput of plasmon resonance. The introduction of
soluble GPCR molecular assemblies in this arena has the potential of opening
the door for other membrane molecules, and other signaling and response
pathways. Here, we will focus on GPCR and related proteins (cell- and bead-
based assemblies), a robust high-throughput (HT) flow cytometry platform
(our HyperCyt), and the integration of virtual screening.

GPCR Signaling Pathways as Discovery Targets

The GPCRs represent the target of ~50 percent of the prescription drugs on
the market. They are involved in virtually every physiological process in the
human body, with ligands including light, odorants, amines, peptides, proteins,
lipids, and nucleotides. GPCRs contain a common structural motif with seven
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transmembrane a helices. With the recent description of the three-dimensional
crystal structure of rhodopsin in its inactive state, a greater, though still incom-
plete, understanding of the functions of this receptor family has been achieved
[2, 3]. In addition to the activation of G proteins and separation of their a and
bg subunits (Fig. 5.1), GPCRs are regulated primarily by kinases, including
second-messenger kinases and the family of G-protein-coupled receptor
kinases (GRKs) [4]. Following GPCR phosphorylation by GRKs, arrestins
associate with GPCRs [5]. The traditional role of arrestins has been to serve
as desensitizing agents, preventing further association of GPCRs with G pro-
teins. However, recent studies have demonstrated that arrestins can serve as
adapters in the process of receptor internalization as well as scaffolds in the
activation of numerous kinase pathways. Interactions between GPCRs and
cellular proteins such as adaptins, rab GTPases, phosphatases, and ion chan-
nels have also been described [6]. The newly described regulators of G-protein
signaling (RGS) proteins are downstream, controlling the kinetics and speci-
ficity of GPCR-mediated G-protein signals [7]. The localized tissue distribu-
tions and diverse structural elements of RGS proteins make them an intriguing
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Figure 5.1 GPCR activation, termination, and processing. When a GPCR binds a
ligand, the a subunit of the G-protein heterotrimer releases bound GDP and binds
GTP, then separates from the bg subunit. The GPCR gets phosphorylated by GRK,
and the phosphorylated receptor binds arrestin. Both of these steps can lead to effec-
tor signaling. The GPCR is then internalized in an endosomal vesicle, from which it
can be degraded or recycled back to the surface of the cell.



target for drug development [8]. Cytometric approaches that we employ for
GPCR and related protein–protein interactions are listed in Table 5.1.

The GPCRs are divided into five major families based on sequence 
homologies. These include the class A (rhodopsin), class B (secretin-like),
class C (metabotropic glutamate), class D (fungal pheromone), and class 
E [cyclic adenosine monophosphate (cAMP) receptors of dicyostelium].
The major class of physiological significance to humans is the class A group
of GPCRs. In this class are the monoamine, peptide, hormone protein,
olfactory, prostanoid, nucleotide-like, cannabinoid, platelet-activating factor,
gonadotropin-releasing hormone, thyrotropin-releasing hormone, melatonin,
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TABLE 5.1 Flow Cytometric Approaches to GPCR Physiology and Molecular
Assembly

Physiology or Assembly Approach

Expression of GPCR or Analysis and sorting of transfected cells based 
signaling partner on cells on fluorescent ligand, antibody, or GFP 
[30–33, 98] fusion protein

GPCR physiology [30–33, 35, Analysis of cell response, GPCR 
36, 98, 99] internalization, GPCR desensitization,

GPCR recycling
Solubilization of GPCR Screen detergent for ability to produce 

[30–33, 35–37, 98, 100] receptor that binds to ligand beads or 
G-protein beads (see below)

Isolation and display of proteins Epitope-tagged proteins/epitope recognizing 
[34–38] beads

Reconstitution of components Form complexes of GPCR and partners on 
for assembly analysis particles

Assembly and disassembly Analyze kinetics with subsecond resolution 
kinetics [36, 37, 101–105] with “rapid mix flow cytometer” (200-ms 

dead time)
GPCR phosphorylation status Ability of GPCR to bind to arrestin beads
Ternary complex formation Assembly of GPCR on G-protein beads with 

on G-protein beads [36, 37, agonist binding (Figs. 5.8b, 5.8c, and 5.8d)
106]

Display of GPCR ligand on Competition of GPCR on ligand beads for 
ligand beads [37] agonist or antagonist binding (Fig. 5.8g)

Duplex assay of ligand beads Single step discrimination of agonist and 
and G-protein beads [37, 38] antagonist

Display of protein domain on Proteomic analysis of binding between 
beads and multiplex [34] domains of partners

G-protein multiplex [106] Proteomic analysis of specificity of receptor 
binding to G proteins; screen for 
solubilization; screen for ligands; screen for 
phosphorylation



viral, lysosphingolipid, LTB4, and related orphan receptors. The largest sub-
families are the monoamine, peptide, and olfactory groups.

We have focused on the formyl peptide receptor (FPR), a member of the
chemoattractant/chemokine subfamily of GPCRs involved in leukocyte traf-
ficking and inflammatory responses to bacterial peptides [9–11]. FPR signals
through Gi proteins and intracellular calcium. The ligands for FPR are short
hydrophobic peptides, typically with an N-formyl group on the amino-
terminal methionine, followed by two to five hydrophobic amino acids such as
leucine, phenylalanine, norleucine, and tyrosine [12]. FPR, with a family of flu-
orescent ligands of varying affinity used to assess its presence and functional
state [12], has been the prototype for the development of most of the assem-
blies and cell responses in Table 5.1. More recently we have examined the b2-
adrenergic receptor (b2AR), the prototypic monoamine receptor. b2AR
signals through Gs and adenylate cyclase. The contrasts between b2AR and
FPR present notable opportunities. b2AR internalization depends on arrestin,
whereas FPR internalization does not. It has been reported that b2AR speci-
ficity for Gs and Gi depend upon its phosphorylation status and ligand. b2AR
has a constitutively active mutant that is predicted to assemble with Gs in the
absence of ligand.

Currently, there are ~200 GPCRs with known ligands and ~150 orphan
GPCRs [13]. There are also ~330 full-length human odorant-like GPCR genes
known to date [14]. Since odorant ligands have been found for only a few of
the potential odorant receptors, the odorant-like classification and terminol-
ogy for a novel receptor are defined primarily by sequence homology [15].
Odorant-like receptor genes have been discovered in the olfactory epithelium,
as might be expected, but they are also expressed in tissues lacking any known
olfactory function, suggesting that some odorant-like GPCRs are not involved
in the chemosensory process. Some GPCRs detect pheromones, and in
humans, many pheromones are derived from steroid hormones. One olfactory-
like GPCR has been shown to be expressed in the prostate (prostate-specific
GPCR, or PSGR), and its expression is greatly increased in prostate tumors,
suggesting a role in the process of carcinogenesis [16]. Another, GPR30,
detects estrogen, previously thought only to activate nuclear receptors. GPR30
was cloned as an orphan receptor and subsequently shown to be activated by
estrogen. A recent report identified a testosterone-activated GPCR [17],
although the sequence has not yet been reported. As hundreds of cloned
GPCRs remain orphans, there is great opportunity in the discovery of their
ligands and drugs that modulate their activity.

Flow Cytometry Well Suited to Diversity Analysis

Biological diversity (numbers of proteins) and chemical diversity (numbers of
compounds) present the analytical challenges of throughput, content, and
informatics (Table 5.2). We anticipate that flow cytometry, which we envi-
sioned as playing a role in drug discovery, can play a larger role in meeting
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the challenges of diversity by creating systems for measuring protein–protein
interactions and cell responses with high throughput and high content. A flow
cytometer is a multiparameter instrument that is normally used in a largely
manual mode, working with individual samples. Literally thousands of differ-
ent assays have been performed with a flow cytometer on cells or particles
ranging from single parameter endpoint assays to time-dependent responses
and complex assays involving multiple cell populations or simultaneous analy-
sis of multiple responses. Because single particles are illuminated in a small
volume and the signal is a pulse above a direct current background, the detec-
tion can resolve fluorescence on the particle from the volume around it
without a wash step. The parameters include scatter signals and up to 10 or
more fluorescence signals depending upon the number of lasers. Multiplexing
is a technique that takes advantage of the multiparameter capability of flow
cytometry. For example, an assay could use the green signal. The particles
could be addressed using the red and orange signals to create a suspension
array. Because flow cytometers are accessible to investigators in nearly all
research environments, we believe that both the biological and instrumental
platforms required for diversity analysis will be within their grasp.

The flow cytometer can be used as a generic platform for molecular assem-
bly by attaching one molecular species to a particle using any number of
tagging schemes (epitope tags, biotinylation, etc.). The particles become bright
when a second species, labeled with a fluorophore, binds to the first. The label-
ing schemes include conjugation, fluorescent protein fusions, and the like.
Tools are available for performing subsecond kinetic analysis. Our experience
suggests that analysis can be extended to pairs of molecules of all types, includ-
ing proteins, peptides, small molecules, deoxyribonucleic acid (DNA), ribonu-
cleic acid (RNA), lipids, toxins, and so forth. The sensitivity is related to the
number of particles, the fluorophores per particle, and the sample volume. It
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TABLE 5.2 Flow Cytometry for Diversity and Discovery Research

Technical Capability Description

Sorting and analysis rates Up to 50,000 events/s; 4.32 billion/day
Sample handling (HyperCyt) Projected to 100,000 endpoint assays/day 

[19–24, 28, 41–43, 49, 103, (100/min), small volume (1 mL); to 
107–109] 30 online mixes/min; to 10 sorted 

samples/min
Assays [18, 20, 21, 30–33, 98, 108] Cell responses and populations, bead-based

assemblies
Molecular assemblies [18, 36, 37, 86, Site numbers, reaction rates, Kd’s, any two 

110–114] molecules
Sensitivity Attomole to femtomole per sample
Number of parameters Up to 12 parameters per assay
Content [35, 103] Multiplex to 100 assays/sample; 10–20 plex 

assay/s (864,000/day)



is practical to sample hundreds of particles in 1-mL volume with tens of thou-
sands of molecules per particle. This translates into attomole quantities, or
picogram amounts of a typical protein.

Challenge of Throughput

For the greatest impact, flow cytometry needs to deliver individual samples
(microliter volumes) from multiwell plates at rates to 100,000 samples/day.
Our HyperCyt system [18, 19] interfaces a flow cytometer and autosampler
(Fig. 5.2). Commercial alternatives are ~30 times slower due to differences in
the way samples are delivered and data is acquired. In HyperCyt, samples are
separated from one another by air bubbles and delivered in a continuous
stream. Likewise, the data are collected in a continuous stream, a plate rep-
resenting a single data file, with the contents of each well separated by a gap
introduced by the air bubble. The data are analyzed by proprietary software
(FCSQuery) developed by Bruce Edwards. HyperCyt is a microsystem where
microfluidic dimensions are at work in transporting samples to the flow
cytometer.

We have addressed problems of mixing and carryover [20–24]. Mixing in
HyperCyt requires breaking laminar flow and can be performed at sample
delivery rates >1 sample/s. However, separation of samples by air bubbles in
microfluidics leads to two types of carryover, of differing significance. Particle
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Figure 5.2 HyperCyt. A laptop PC controls both an autosampler and the cytometer
control computer. Cells in a 96-well plate are kept in suspension with a rotating sus-
pension system, which depends on surface tension to keep the fluid and cells in the
wells while the plate is upside down. A peristaltic pump moves fluid and cells from the
autosampler probe to the flow cytometer sample tube against the sheath flow pressure.



carryover from sample to sample is minimized by bubbles because particles
tend to travel in the middle of the stream. Practically speaking, in an endpoint
assay where the assay contents are premixed and developed in the well, a
sample is contaminated with ~1 percent of the particles from the prior sample.
For higher stringency, a wash plug can be easily added between samples at the
cost of reducing throughput. Of greater significance, particularly for online
assays, is fluid carryover. In this case, the assay (such as a cell response to a
drug compound) develops online, and some of the compound from each
sample is left behind as a thin film.

It is worth noting that flow cytometry is used in protein engineering or
expression of combinatorial molecular libraries. Here, cells expressing a
unique fluorescence phenotype can be analyzed and sorted at rates up to
50,000 per second (4.32 billion separate assays/24h). We have participated in
a project with Novasite Inc. based on identifying protein variants according to
cell responses. Here, each sample is mixed online with a compound and ana-
lyzed for response in a primary screen using HyperCyt. Sorting (cloning the
variants) is performed as a secondary screen with HyperCyt for active com-
pounds. Another drug discovery possibility is the “one-compound, one-bead”
format [25]. In this scenario, appropriately labeled target proteins associate
with a bead expressing a compound specific to the target. A modes-sized
peptide array for nuclear receptors has already been reported [26]. As in the
case of protein variants expressed on cells, the particles that become labeled
could potentially be sorted at rates to 4.32 billion/day. However, particles 
~100mm diameter are required for the mass spectrometry step of identifying
the compound on a particular bead. Sorting of one-bead, one-compound
libraries has been achieved with the COPAS technology (www.unionbio.com)
at rates to tens of thousands of particles/hour, adequate for screening libraries.
This technology is a perfect match for our soluble GPCR-green fluorescent
protein (GFP) fusion proteins, and could be used both in screening for active
compounds and screening for detergents that keep receptors active.

Challenge of Content

Content in discovery research can be based on performing multiple measure-
ments at a single time. High content usually requires multiparameter mea-
surements at which flow cytometry excels. With digital signal processing,
particle analysis rates in flow cytometry can easily reach 10,000 events/s with
particle densities ~104 particles/mL, and sample delivery ~1mL/s at 15psi or
less. High content has been achieved by multiplexing 100 distinct bead sets
using two fluorescent signals from particle sets labeled with 1 of 10 different
levels of brightness for each color (www.luminexcorp.com). Since the particle
statistics could allow for 10- to 20-plex assays in each second of 5000 to 10,000
events, overall multiplex throughput for HyperCyt could approach 1 million
assays/day. For drug discovery, a library of compounds could be tested against
a family of receptors. Thus, a cell mixture could contain 10 sets of cells, each
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with a different GPCR, and each with a different address tag based on fluo-
rescent intensity or color combinations. Each compound could be tested for
specificity with respect to the members of the GPCR family. For clinical diag-
nostics, each well may contain a cell sample characterized by a complex assay
such as immunophenotyping of blood leukocytes. With 10,000 cells stained
with up to 10 fluorescent antibodies for distinct leukocyte subsets, one sample
each second would allow dozens of leukocyte subsets to be identified.

Our team has recently considered one-step discrimination of GPCR ago-
nists and antagonists. Using b2AR as the model receptor, we learned how to
produce GPCR in soluble form as a GFP fusion protein that binds to G pro-
teins displayed on beads (G-protein beads), and simultaneously to ligands dis-
played on distinct beads (ligand beads). The G-protein assembly forms in the
presence of an agonist; the ligand assembly is inhibited by agonist or antago-
nist. A biplex of these two assays conducted simultaneously discriminates an
agonist and antagonist in a single step. Moreover, a proteomic analysis results
from displaying different G proteins as a multiplexed array, each GPCR 
evaluated for its ability to associate with a particular G protein. Content 
could be further enhanced by combining a cell response assay with a molec-
ular assembly in the same sample well to evaluate physiology and assembly
simultaneously.

Challenge of Informatics

To fully realize the potential of flow cytometry to meet the challenges of 
diversity, throughput, and content, informatic systems need to be integrated
with the data collection efforts. Our group has provided persuasive evidence
for acquiring a multiwell plate of samples as a single data file, where each
cluster of events represents the contents of a single well [18–21, 27, 28]. This
challenge is extended by multiplexing where each cluster of events represents
10 or more assays collected each second. In addition, the data need to be
tracked back to the contents of the well, each well potentially containing a
member of a chemical library. The data then need to be output in a format
compatible with cheminformatic analysis of the assay result, the activity of the
compound.

Since Beilstein and Chemical Abstracts Service have indexed ~15 to 20
million molecules to date, it is reasonable to assume that the medicinal chem-
istry space does not exceed 100 million compounds. This number is amenable
to cheminformatics data handling, with computer capacity doubling every 2
years compared to the 5 to 10 percent annual growth of chemical space (note:
this excludes the virtual chemical space). It is safe to assume, therefore, that
tools and methodologies developed in cheminformatics will adequately handle
large problems over the next 5 to 10 years. Chemical diversity, in a drug dis-
covery sense, is one of the key issues in cheminformatics today. It is widely
recognized that computational methods that handle molecular diversity—
regardless of the chosen metric—need to operate under the restrictions
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imposed by pharmacokinetics (e.g., the desired properties of passive transcel-
lular permeability, appropriate tissue distribution, aqueous solubility, meta-
bolic stability, good excretion, and low toxicity profile, or ADMET), in addition
to pharmacodynamics (efficacy, selectivity, potency). With numbers such as
10200 molecules accessible in the universe (attributed to D. Weininger) and 1016

chemicals accessible via combinatorial chemistry reactions (attributed to M.
Geysen), it is not surprising that lead discovery, picking a needle in the
haystack, is daunting.

Chemical vendors began to offer “diverse” chemical libraries in the early
1990s. By 2002, most of these companies had evolved high-quality, leadlike 
and druglike chemicals. Our in-house database, CADB08 (Commercially
Available Data Base version 0.8), started with a collection of offerings from
ChemNavigator (www.chemnavigator.com)—which covers over 100 vendors
worldwide and offers over 7 million unique structures. Following duplicate
removal, elimination of unwanted structures and property filtering, we
obtained a database containing approximately 900,000 small, nonpeptide
chemical structures. At the other end of the spectrum are efforts to mine the
chemical space represented by natural-product-like molecules. This features a
relatively high density of stereo centers, leading to structures of increased 
complexity. ChemBank, an ongoing project organized by the Initiative for
Chemical Genomics (ICG) and being built by the Institute for Chemistry and
Cell Biology (ICCB) (www.chembank.med.harvard.edu) has accumulated
over 300,000 natural-product-like structures, based on the Diversity-oriented
Organic Synthesis (DOS) approach [29]. Taken together, these two chemical
collections represent a balanced, chemically diverse library that can be used
for virtual screening.

Screening

Drug discovery in the last decade has undergone dramatic changes. Given the
relatively low success rate of structure-based drug design in the early 1990s, the
pharmaceutical industry reoriented itself to build the high-throughput screen-
ing (HTS) machine, whereby very large numbers of chemicals were screened
for biological activities. Combinatorial chemistry, developed in part to justify
the HTS machine, led to the development of large sets of chemicals for screen-
ing. At the same time, smaller subsets of libraries are dedicated to high-
throughput (HT) nuclear magnetic resonance (NMR) screening where small
molecules are tested for binding via NMR experiments, or to HT crystallogra-
phy where small molecules are co-crystallized with proteins of interest.
However, these two approaches are not applied, at an industrial scale, for
GPCR targets, as there is only one crystal structure available (bovine
rhodopsin). In the postgenomic era, brute force screening seems to be ramping
down and is being replaced by targeted screens, on smaller, focused libraries.

These efforts now are likely to start with virtual screening, including
docking ligands onto crystal structures. If crystal structures are not available,
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such as for most GPCR, ligands are docked into a homology model. An alter-
native is to perform pharmacophore searches, assuming that enough active
molecules are known a priori to develop such pharmacophores. Selected
members of a large, virtually screened library are then pooled into a sublibrary
for physical screening. The output of the results can be used to select other
compounds, guide further synthesis, and as a tool for predicting the ADMET
characteristics of the active compounds. An iterative process of virtual and
biological screening is within reach of teams that do not have the resources of
biotech companies or pharmaceutical companies.

Technology Associated with HyperCyt

The potential for displaying virtually any molecule or cell response in a format
compatible with HyperCyt (sampling rates >1/s with 10- to 20-plex assays) will
make flow cytometry a powerful option for the real-time analysis of molecu-
lar interactions in drug discovery and diversity research. The strategy to
achieve optimal outcome requires four complementary activities. Component
1 expresses and characterizes proteins relevant to signal transduction and ter-
mination. Component 2 displays functional proteins in a manner compatible
with flow cytometric analysis. Component 3 implements robust HT screening.
Component 4 implements virtual screening tools and selects compound
libraries for HyperCyt. The resulting technological advances will allow us to
define mechanisms of cell activation through GPCRs and to explore the diver-
sity of molecular interactions in GPCR pathways.

5.3 PROTEIN EXPRESSION AND CHARACTERIZATION

There are two major goals of component 1 (protein expression and charac-
terization). The first was to generate and characterize the tools needed to
reconstitute signaling complexes on beads in component 2 (soluble and bead-
based assemblies). To this end, we have engineered many signal transduction
molecules appropriate for reconstitution studies. The second goal was to
develop a battery of flow cytometric assays that could be used to evaluate
GPCR pathways. Thus, the characterization of these expressed molecules in
cells and in soluble systems prior to their display on beads led to significant
biological advances.

GPCR Constructs

A significant fraction of our effort has been directed toward studying com-
plexes between GPCR and G proteins and between GPCR and arrestins. We
have generated wild-type, phosphorylation deficient mutants, and chimeric
proteins including GPCR-GFP, FPR-Gi, FPR-Gi-GFP, and GPCR-Gi. We have

196 HIGH-THROUGHPUT FLOW CYTOMETRY



made receptors with hexahistidine (his6) or Myc tags at the amino terminus
to facilitate purification and immobilization.

Soluble GPCRs Reconstitute with G Proteins

Our earliest studies focused on reconstituting the wild-type FPR with purified
G proteins in solution as a precursor to reconstituting the complexes on beads.
For these experiments we used a fluorometric assay to determine the dissoci-
ation of a fluorescent ligand from the solubilized FPR in detergent (Fig. 5.3a).
The ligand dissociation rate differs between FPR coupled to a G protein and
FPR alone. By determining the sensitivity of the dissociation of a fluorescent
ligand to the presence of guanine nucleotide, which disrupts G-protein cou-
pling, we demonstrated time- and concentration-dependent reconstitution of
FPR with both endogenous and exogenous G proteins. Solubilized FPR with
bound ligand and Gai3 protein interacted with an affinity ~10-6 M.

FPR Assembles with Arrestin

We extended our studies of FPR assemblies to those involving the protein
arrestin. As arrestin predominantly interacts with phosphorylated FPR, we
obtained FPR from cells that had been stimulated with ligand to achieve in
vivo phosphorylation. We demonstrated a concentration- and time-dependent
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Figure 5.3 Fluorescent peptide assay of reconstitution of FPR with (a) G-protein and
(b) arrestin. GTPgS (added at 70 s) distinguishes G-protein coupling, which is sensitive
to the guanine nucleotide analog, from arrestin binding, which is insensitive. The data
were obtained in a stirred fluorometer cuvet by addition of an antibody that quenches
the fluorescence of unbound peptide, added at 20 s. When the receptor is blocked with
excess nonfluorescent peptide (block), the peptide is rapidly quenched to about 0.25
of the initial fluorescence of the mixture. When there is only receptor and fluorescent
peptide (control), the bound peptide remains fluorescent past 25 s, dissociates expo-
nentially, and is immediately quenched. Both G protein and arrestin increase the 
affinity of the receptor for fluorescent ligand, resulting in higher binding and slower
dissociation. Only the G protein is rapidly converted to an inactive state by the intro-
duction of GTPgS at 70 s, and the fluorescent peptide dissociates quickly again [30].



reconstitution of liganded, phosphorylated FPR with exogenous arrestin-2 and
-3 to form a high agonist affinity, nucleotide-insensitive complex with effective
concentration EC50 values of 0.5 and 0.9mM, respectively ([30], Fig. 5.3b).
Moreover, we demonstrated that the addition of G proteins was unable to 
alter the ligand dissociation kinetics or induce a GTPgS-sensitive state of the
phosphorylated FPR. The properties of phosphorylated FPR were reversible
upon phosphatase treatment.

We further investigated the interactions between partially phosphorylated
FPR and G proteins and arrestins. For these studies, we used FPR 
phosphorylation-deficient mutants (DA, DB, DC, DD). The DA and DB mutants
contain only four of eight nonoverlapping potential phosphorylation sites,
whereas the DC and DD each contain six of the eight potential phosphoryla-
tion sites. We demonstrated that phosphorylation of the wild-type FPR lowers
its affinity for G protein, whereas mutant receptors lacking four potential
phosphorylation sites (DA and DB) retain their ability to couple to G protein
[31]. Phosphorylated mutant receptors lacking only two potential phosphory-
lation sites (DC and DD) did not couple to G protein but did bind arrestins.

FPR Colocalization with Arrestin in Cells Parallels FPR Assemblies 
in Solution

To corroborate the assemblies with the physiology of the proteins in vivo, we
used confocal fluorescence microscopy to evaluate the interactions between
FPR, as assessed by fluorescent ligand, and arrestins, as assessed with
arrestin–GFP constructs (Fig. 5.4). We developed a novel series of red fluo-
rescent ligands to allow simultaneous analysis of both proteins [32]. This
approach demonstrated that, whereas stimulated wild-type FPR in whole cells
colocalized with arrestin-2, the stimulated GPCR lacking four potential phos-
phorylation sites displayed no colocalization with arrestin-2 [31]. However,
mutant receptors lacking only two potential phosphorylation sites are restored
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FPR Arrestin Merge

Figure 5.4 Colocalization of FPR (originally red ligand) with arrestin (originally
green GFP) Following stimulation for 10 min with agonist. The brighter overlap demon-
strates colocalization for a large fraction of the FPR [32].



in their ability to colocalize with arrestin-2 in vivo. Thus, we concluded that
there is a submaximal level of FPR phosphorylation that simultaneously
results in an inhibition of G-protein binding and an induction of arrestin
binding. We proposed that phosphorylation alone may be sufficient to desen-
sitize the FPR in vivo, raising the possibility that for certain GPCRs, desensi-
tization may not be the primary function of arrestin.

We have subsequently evaluated mechanisms of arrestin activation and the
role of the activation state of arrestin on the formation and properties of the
FPR complex. Very little was known about the relationships between the sites
of receptor phosphorylation, the resulting affinities of arrestin binding, and the
ensuing mechanisms of receptor regulation for any given GPCR. To investi-
gate these interactions, we used an active truncated mutant of arrestin 
(amino acids 1 to 382) and phosphorylation-deficient mutants of FPR
described above. We demonstrated that the phosphorylation status of residues
between amino acids 328 and 332 of the FPR is a key determinant that 
regulates the affinity of FPR for arrestins, whereas the phosphorylation status
of residues between amino acids 334 and 339 regulates the affinity of FPR 
for agonist when arrestin is bound [32]. Again confocal fluorescence
microscopy confirmed the receptor binding interactions in vivo. The results
indicated that the agonist affinity state of FPR is principally regulated by 
phosphorylation at specific sites and is not simply a consequence of arrestin
binding, contradicting current dogma. Furthermore, these studies were the 
first to demonstrate that GPCR agonist affinity and the affinity of arrestin
binding to the phosphorylated receptor are regulated by distinct receptor
phosphorylation sites.

Arrestin Regulates Intracellular FPR Traffic

Our most recent studies examined the role of arrestins in FPR trafficking in
the cell (Fig. 5.5). Surprisingly, our previous results indicated that FPR inter-
nalization does not require arrestin. To further examine roles for arrestins 
in FPR function, we determined the effects of activating arrestin mutations 
on ternary complex formation (ligand, FPR, arrestin) and cellular trafficking.
One such activating mutation, arrestin-2-3A protein, contains targeted muta-
tions of three hydrophobic residues (I386A, V387A, F388A) in the carboxy-
terminus that contribute to basal inactivity in the wild-type protein. Again
FPR–arrestin interactions were confirmed in vivo by colocalization studies
using confocal microscopy with arrestin–GFP chimeras and a fluorescent FPR
agonist. To assess the effects of activated arrestin expression on receptor 
trafficking, we used a novel quantitative, in vivo flow cytometric assay. We
demonstrated that activated, but not wild-type, arrestin expression inhibits
FPR internalization [32]. We further demonstrated that arrestin-2-3A–GFP
expression inhibits FPR recycling. In contrast to results with FPR, expression
of activated arrestin had no effect on either the internalization or recycling
rate of b2AR, which internalizes in an arrestin-dependent manner. These
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results indicate that arrestin is required for recycling of certain GPCRs, such
as FPR, and that the activation state of arrestin regulates this process.

FPR-Gia2 Fusion Protein Functions Physiologically

As suggested above, phosphorylation of wild-type FPR might be sufficient 
to prevent coupling of GPCRs to G proteins in vivo. We investigated this 
phenomenon using a chimeric protein between FPR and the Gai2 subunit of
heterotrimeric G proteins. The chimeric GPCR-G protein approach for com-
ponent 2 could replace the requirement of providing an exogenous Ga subunit
for each GPCR display. The functional capabilities of this chimeric protein
were evaluated both in vivo, in stably transfected myeloid U937 cells, and in
vitro, using our soluble reconstitution system [33]. The chimeric protein existed
as a soluble complex containing bg subunits. The chimeric protein mobilized
intracellular calcium, desensitized normally in response to agonist, and was
internalized (Fig. 5.6) and recycled at rates similar to those of the wild-type
FPR. Confocal fluorescence microscopy revealed that internalized chimeric
receptors colocalized with arrestin, as well as G protein. Soluble reconstitu-
tion experiments revealed that this chimeric receptor, even in its phosphory-
lated state, existed as a high ligand affinity G-protein complex, only partially
prevented through the addition of arrestins. These results indicated that under
conditions of high local G-protein concentrations, the phosphorylated form of
the FPR is still capable of binding G proteins.
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Figure 5.5 FPR recycling. Cells expressing FPR were stimulated with ligand to bring
surface expression down to about 25 percent in all cases. The ligand was washed away,
and the amount of receptor on the cell surface was measured over time by ligand
binding. The rate of surface receptor reexpression was inhibited by an activated mutant
of arrestin (arrestin-2A:I386A/V387A/F388A), suggesting that arrestin plays a critical
role in receptor recycling in this system, rather than in receptor downregulation as in
the visual system [32].



FPR Tail Assembly (Protein Domain Display)

Because GPCRs are integral membrane proteins, any assay of their function
in solution requires the presence of detergent. As an alternative, we utilized
peptides representing the unphosphorylated and phosphorylated FPR car-
boxyl terminus. These were chemically synthesized (e.g., biotin-MGQDFRE
RLIHALPASLERALTEDS(P)TQT(P)SDT(P)TN(P)STLPSAEVELQAK-
OH) to be homogeneous and bound to polystyrene beads via a biotin/strep-
tavidin (SA) interaction. In experiments that excluded detergents, we chose
fluorescein-conjugated arrestins to examine binding interactions between
arrestins and the bead-bound FPR carboxyl terminus. Analyses were per-
formed by flow cytometry (Fig. 5.7). Arrestin-2 and arrestin-3 bound to the
47mer FPR carboxyl-terminal peptide in a phosphorylation-dependent
manner, with Kd values in the micromolar range [34]. Activated arrestin
mutants that display phosphorylation-independent binding to intact receptors
also bound the bead-bound FPR terminus in a phosphorylation-dependent
manner, but with greater affinity than the full-length arrestins, with Kd values
in the 5 to 50nM range. The results suggested that the carboxyl terminus of
arrestin is a critical determinant in regulating the binding affinity of arrestin
for the phosphorylated domains of GPCRs, and furthermore that non-
detergent-based approaches to investigate GPCR assemblies represent a
viable alternative to approaches utilizing solubilized holo-GPCRs. To this end
we have synthesized a number of carboxy-terminal peptides of varying length,
both phosphorylated and not, from GPCRs including rhodopsin, b2AR, and
vasopressin receptors. Preliminary data indicate that the minimal length for
arrestin binding is between 16 and 21 amino acids. The number of phosphates
and the amino acid sequence specificity remain to be characterized.
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Figure 5.6 FPR internalization depends on phosphorylation. Internalization of wild-
type (WT) FPR, a mutant lacking C-terminal phosphorylation sites, and a chimeric
FPR-Gai2 protein were followed by ligand binding.



Proof of Principle for b2AR and Other GPCRs

To extend studies carried out with FPR to other GPCRs, we have engineered
a group of GPCR-GFP chimeric proteins. To date, the most important of these
has been b2AR. b2AR is arguably the most studied and best understood of
all GPCRs with well over 1000 listings in PubMed. Despite the extensive lit-
erature concerning b2AR, there are still many fundamental issues regarding
its activation and function that remain poorly understood. In addition to
reconstitution studies with FPR, similar studies with b2AR have provided 
significant insights into GPCR function as well as providing a novel screen 
for agonists and antagonists of this receptor. We have used FPR-GFP and
b2AR-GFP chimeric proteins for bead-based assemblies and screening in
component 2.

5.4 SOLUBLE AND BEAD-BASED ASSEMBLIES

Component 2 (soluble and bead-based assemblies) requires several elements.
These include: (1) solubilizing and characterizing GPCRs produced by com-
ponent 1, (2) evaluating and implementing particle chemistry for GPCR
display, (3) validating physiology of expressed GPCRs by comparing cell 
and bead results, (4) analyzing quantitative aspects of each assembly (Kd,
kinetics, etc), and (5) miniaturizing the protocols for each assembly to be 
compatible with screening by component 3. We have now succeeded in dis-
playing solubilized GPCR complexes on beads in several ways (Fig. 5.8) and
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Figure 5.7 Protein domain display. Beads were coated with a synthetic peptide 
representing the 47 C-terminal amino acids of the FPR (phosphorylated or not),
and fluoresceinated arrestin was allowed to bind to each of the beads. Beads with 
the phosphorylated peptide bound more arrestin, as expected from whole protein
experiments.



made some observations regarding the principle of molecular display on par-
ticles (Table 5.3).

1. His6-tagged FPR were directly displayed on Ni-chelate beads and
detected with fluorescent formyl peptides [35] (Fig. 5.8a).

2. G-protein bg subunits were displayed using his6-tags on Ni-chelate beads
or FLAG tags captured with biotinylated anti-FLAG antibody on SA
beads. By adding Ga subunits, FPR and its fluorescent ligand (Fig. 5.8b,
shaded ball) were captured [36, 37].
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Figure 5.8 Representative bead assemblies. The fluorescent moiety in each case is
shaded. Dots represent noncovalent interactions. These assemblies are described in 
the text.

TABLE 5.3 Principles for Protein Display on Particles

Bead surface Hydrophilic preferred (dextran); streptavidin coated (not naked
hydrophobic) latex works; we have not tried to coat 
functionalized latex.

Bead stability Latex or dextran preferred; silica/glass may shatter.
Bead chemistry Dextran compatible with chelated Ni, ligands, GST, fluorescent 

labels for multiplex.
Reagent display Displaying the most expensive pure protein or ligand is 

preferred with nonspecific Ni chelate beads (cost efficient).
Reagent capture GSH and SA beads may be useful to capture proteins in a 

(GSH, biotin) single step from cell lysates and display the protein for 
assembly and flow cytometry analysis.



3. His6-tagged G-protein bg subunits captured the FPR-Gai2 fusion protein
(Fig. 5.8c), which was detected with fluorescent formyl peptide ligand
[36].

4. His6-tagged G-protein bg subunits, displayed with Gai subunits, captured
the GFP-FPR fusion protein in the presence of nonfluorescent ligand
(Fig. 5.8d). This assembly has been used for other GFP-GPCR fusion
proteins [36, 37].

5. Anti-Gai2 antibody was displayed on antibody-capture beads to bind the
FPR-Gai2 fusion protein, and was detected by fluorescent formyl peptide
ligand (Fig. 5.8e). This assembly was used to prove that the FPR and Ga

subunits were in the fusion protein and serves as a representative alter-
native to Western blotting [33].

6. Biotinylated GPCR tail peptides were displayed on streptavidin beads
for analysis of arrestin assembly and phosphorylation [34] (Fig. 5.7 and
Fig. 5.8f).

7. The b2AR antagonist dihydroalprenolol (DHA) was displayed on
dextran beads to capture b2AR-GFP [37] (Fig. 5.8g).

8. FPR and bacteriorhodopsin were reconstituted into lipid bilayers enclos-
ing beads (not shown; unpublished observation).

Taken together, these displays represent an essentially complete proof of
principle set for display of GPCRs with signal transduction and termination
partners. We will discuss FPR and b2AR in more detail.

FPR Assemblies Used to Characterize and Validate the Displays

FPR, our first soluble GPCR, served as a prototype because it allowed direct
comparison between displays obtained with fluorescent peptide ligand and
fusion proteins [36] (Fig. 5.8a to 5.8d). The display was generalizable, demon-
strated with two choices of epitope tags on the bg, two types of beads, three
FPR constructs, three Ga subunits, and two Gbg subunits. The results suggested
that ~100,000Gbg subunits/bead were displayed in appropriate orientation to
bind FPR. We evaluated the time and concentration dependence of ternary
complex formation (G protein, FPR, and ligand). As a result, affinities of
ligand for FPR, ligand–FPR complex for G protein, and FPR-Gia2 fusion
protein for Gbg, were found to be consistent with comparable assemblies in
detergent suspension.

The performance of the assembly was assessed in applications representing
their potential to reveal ternary complex mechanisms [36]. First, we showed
for a family of ligands that the affinity of FPR for its ligands varied in 
parallel with the assembly of FPR and G protein. Second, we showed that 
the beads could be used as a sensor to report the availability of FPR in solu-
tion, measuring competition between G protein on the bead and soluble 
G protein. Third, we showed kinetic discrimination between individual steps
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of ternary complex activation and disassembly. We showed that the disassem-
bly of FPR from G protein in the presence of GTPgS and ligand occurs on 
the subsecond time frame. We also showed that the assembly was sensitive to
the presence of RGS proteins (regulator of G protein signaling) in a manner
consistent with their known ability to stimulate GTPase activity of the G pro-
teins [36, 38].

b2AR Extends the Soluble GPCR on a Bead Concept

We solubilized the b2AR-GFP fusion protein and used it to approach a fun-
damental goal of drug discovery, the discrimination of agonist, antagonist, and
a partial agonist, potentially in a single step [37]. For these assemblies we estab-
lished two novel bead display systems and developed a multiplex approach for
simultaneous analysis of the two assemblies, ligand beads (Fig. 5.8g) and G
protein beads (Fig. 5.8d) using Gsa instead of Gia. We developed a ligand on a
bead assembly by conjugating an antagonist (DHA) to a dextran bead. The
assembly of b2AR-GFP was sensitive to the presence of agonist or antagonist
(Fig. 5.9) and measured ligand affinity. The G-protein assembly (Fig. 5.10) was
sensitive to the presence of agonists and resolved partial and full agonists.
The behavior of the complexes on particles was essentially identical to the
membrane-bound form of the receptor (Table 5.4) indicating that the physio-
logical structure of b2AR is retained after solubilization. By modifying one set
of beads to fluoresce red or using a different size [38] to resolve the two assays,
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Figure 5.9 DHA bead competitive assay. Competition curves were generated as
increasing ligand concentrations competed the b2AR-GFP off DHA beads. Kd values
for nonfluorescent ligands were calculated from these data. The ligands used were
alprenolol (ALP), isoproterenol (ISO), epinephrine (EPI), salbutamol (SAL), dobut-
amine (DOB), and norepinephrine (NE).



we could discriminate agonist and antagonist in a single step [37]. While a
single-step primary screen would resolve agonists and antagonists, a
dose–response secondary screen would resolve full and partial agonists. Mol-
ecules that block interactions between b2AR and G protein, uniquely, would
not be active in the assembly of Fig. 5.9 but would compete with agonist in Fig.
5.10. Mathematical modeling of the ternary complex data with the soluble
receptor systems is consistent with the idea that agonists promote higher affin-
ity interaction of b2AR with G proteins than do partial agonists.

Display of Cell Cycle Proteins Demonstrates Further Generality

We collaborated with Dorota Skowyra (St. Louis University) on the system
that controls cell cycle in yeast and has extensive homology with mammalian
cell cycle control. There are three complexes: a substrate complex including
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Figure 5.10 G-protein beads bind b2AR-GFP in the presence of b2AR agonists.
Dose–response curves were generated as increasing agonist concentrations caused the
b2AR-GFP to form ARG complexes on the G-protein beads. The ligands used were
isoproterenol (ISO), epinephrine (EPI), norepinephrine (NE), salbutamol (SAL), and
dobutamine (DOB).

TABLE 5.4 b2AR Assemblya

LR Kd LRG EC50 LRG
Ligand (nM) (nM) Efficacy

ALP <1.3 NA NA
ISO 220 180 1.0
EPI 680 280 0.9
NE 19,000 19,000 0.9
SAL 2,300 4,000 0.3
DOB 2,400 2,600 0.2

a Data obtained from three experiments as described for Figure 6.9, using DHA beads to obtain
Kd values, and Figure 5.10, using G-protein beads to obtain EC50 values.



Sic, a ubiquitin ligase complex, and the proteasome complex that recognizes
that ubiquitinated substrate, degrades it, and enables cell cycle progress. We
have displayed the GST-tagged ubiquitin ligase through a GSH-bead, and
evaluated binding of a GFP–Sic substrate complex [39]. Not only important
in cell cycle, this display represents an opportunity to bridge the power of yeast
genetics and HyperCyt.

5.5 HIGH-THROUGHPUT FLOW CYTOMETRY TECHNOLOGIES

We have developed two successive generations of HT flow cytometry sampling
technology. The first, designated plug flow cytometry, used a reciprocating 
multiport flow injection valve to execute up to 10 endpoint assays per minute,
4 online mixing experiments per minute, and, in secondary screens, a 15-point
concentration gradient of soluble compound in ~2min [40–43]. The second-
generation technology [19], designated HyperCyt, uses a peristaltic pump in
combination with an autosampler to boost endpoint assay performance to
rates in excess of 1 sample/s (Fig. 5.2). HyperCyt hardware and software have
since been more fully developed and characterized for high content, micro-
fluidic mixing, cell sorting, carryover, and screening.

HyperCyt Exhibits Versatility and Compatibility with High Content

We have validated cell-based endpoint assays for ligand binding, surface antigen
expression, immunophenotyping, and cell adhesion. For example, at analysis
rates of 1.5s/sample a multiparameter (high content) lymphocyte immuno-
phenotyping microassay in 96-well plates provided immunofluorescence results
comparable to manual analysis (Fig. 5.11) [18]. High-content bead assays 
have been prototyped (not shown). In validation experiments with Terasaki
microplates (sixty 10-mL wells per plate),all 60 cell samples were clearly resolved
and reproducibly quantified over a 90-s analysis period [18]. The volume of the
Terasaki wells is large enough that evaporative loss of fluid is not a problem but
small enough that quantity-limited cells and reagents may be used at otherwise
prohibitively high concentrations. Terasaki and 96-well “crystallization”
microplates also enable a novel yet simple solution to the problem of cell 
settling. Uniform particle suspensions are maintained for an hour or more by
periodically inverting the microplates in a “Ferris wheel” apparatus [18] 
(Fig. 5.2). Liquid surface tension prevents sample loss from inverted wells. This
microvolume technology led to the potential application of HyperCyt in disease
endpoint assays (signal transduction intermediates, cell adhesion) that can 
efficiently use limited cell numbers available from patient samples.

HyperCyt Adds Microfluidic Mixing for Analysis of Soluble Compounds

We have described two novel microfluidic mixing approaches for use in con-
junction with HyperCyt. These approaches have been characterized with 

HIGH-THROUGHPUT FLOW CYTOMETRY TECHNOLOGIES 207



fluorescent cell calcium responses to sampled peptides as well as with a novel
bead-based assay [biotin displacement of fluorescein isothiocyanate (FITC)-
biotin on SA beads] that provides a fluorescence response analogous in time
and kinetics to a cell calcium response [44]. The first approach used the pul-
satile delivery of the HyperCyt peristaltic pump to generate mixing of parti-
cles with fluid compounds sampled from microplate wells [20]. The second
approach uses a 100-mm magnetic “flea” contained within the HyperCyt deliv-
ery tubing and a magnetic stirrer [21]. Soluble compounds can be sampled
from microplate wells and processed at rates to 10 samples/min [21].

HyperCyt Cell Sorting Extends Microfluidic Mixing

We have interfaced HyperCyt with a MoFlo flow cytometer and achieved
online mixing combined with sorting of responding cells (Fig. 5.12). A rela-
tively long sample aspiration time (10s) followed by 3 ¥ 3s intersample
washing enabled screening of FPR responses at a rate of 3 peptide concen-
trations/min with ~10,000 cells analyzed/concentration. When cells highly
responsive to peptide were collected by sorting and expanded in culture for
12 to 30 days, the sort-purified cells showed enhanced sensitivity to low peptide
concentrations and more sustained responses to all stimulatory peptide con-
centrations compared to the unsorted cell population from which they were
derived [27]. A major technical advance changed the configuration of a flow
nozzle to be compatible with the air bubbles between samples created by
HyperCyt.
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Figure 5.11 High-content, high-throughput immunophenotyping with HyperCyt.
(Left) One parameter output with time. (Right) Replotted data, with high-content two-
parameter output.



Sample Carryover in Microfluidic Mixing Systems

HyperCyt can deliver fluid samples of soluble compounds to mix with a 
continuous stream of cells at rates as fast as an autosampler can move from
well to well. However, overall sample throughput is limited by unique 
aspects of intersample fluid carryover associated with the air-bubble seg-
mented fluid flow of HyperCyt. Using a system in which samples are delivered
to a spectrofluorometer, it has been possible to isolate and characterize 
factors important in such fluid carryover [23]. The most critical factor 
appears to be tubing internal surface area, while tubing junctions are of lesser
importance (a contrast to particle carryover). Fluid carryover arises from a
thin fluid film left on the inner tubing surface as the sample transits the length
of the tube. The film acts as a transport mechanism to hold a small fraction of
fluid from the sample as it passes by and deposits it into the subsequent
sample.

Software Development

Software development has been central to progress in the automation and
implementation of HyperCyt. FCSQuery, a Visual C++ program, was initially
created to support the novel concept of time-resolved multisample data col-
lection in which flow cytometry data from up to 96 samples are collected and
stored in a single time-resolved data file. The program automatically detects
time-resolved data clusters corresponding to individual samples, quantifies a
range of statistical parameters for each sample and outputs the summary data
to a Microsoft Excel spreadsheet. We are unaware of any commercial flow
cytometry software with this capability.
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Figure 5.12 HyperCyt mixing and sorting to isolate ligand-responsive cells.



A second Visual C++ program, CRFSoft, was created to enable real-time
synchronization of the multiple components of the HyperCyt system. This is
a multithreaded program by which a laptop computer controls the flow
cytometer data acquisition computer, the peristaltic pump, and the autosam-
pler while monitoring fluorescent “feedback” signals directly from the flow
cytometer in real time [45]. In the initial implementation of this software, flu-
orescent beads sampled at the beginning and end of autosampling served as
the synchronization signal to initiate and terminate data acquisition.

FPR Ligand Screening Assay

To validate HyperCyt for compound screening applications, FPR has been
mutated to block internalization. The detection reagent is a fluorescein-
conjugated peptide, fMLFK-FITC, that binds the FPR mutant with a Kd ~3
nM. The objective is to detect potential anti-inflammatory compounds analo-
gous to the anti-inflammatory drug, cyclosporin H, that block binding of
fMLFK-FITC to the FPR. The cells were distributed in a 96-well microplate,
incubated with unlabeled blocking peptides, then added with 1.5nM fMLFK-
FITC to quantify free FPR. To determine the limits of assay sensitivity, two
blocking peptides with low and intermediate FPR affinity were used between
10-7 and 10-4 M: 2Pep (fML, inhibition constant, Ki ~6000nM) and 3Pep (fMLF,
Ki ~170nM). With HyperCyt sampling at 1 well/s, the resulting 96 time-
resolved event clusters (Fig. 5.13a) were analyzed to determine the median
fluorescence intensity (MFI) of FPR-bound fMLFK-FITC in each well 
(Fig. 5.13b). The MFI was 69 ± 10 fluorescence units (FU) in the absence of
blocking peptide (Fig. 5.13b, solid line), while a high FPR affinity blocking
peptide (4Pep, Ki ~3nM) reduced it to 6 ± 1FU (Fig. 5.13b and 5.13c). Block-
ing was considered significant if the MFI was more than 3 standard deviation
(SD) below the mean of unblocked cells (Fig. 5.13b, dashed line) in all 8 repli-
cate wells. This occurred with 10-4 M 2Pep and 10-4 to 10-6 M 3Pep. These
results indicate that our screening assay will reliably detect compounds with
micromolar Ki’s. We have subsequently applied HyperCyt to screen the Prest-
wick Chemical Library (PCL) and found a single positive compound, sulfin-
pyrazone, which was previously identified as a member of a series of FPR
antagonists (see below). This result confirms our approach with respect to the
assay and the technology.

5.6 VIRTUAL SCREENING

Virtual screening [46, 47] is becoming, de facto, a complement to bioactivity
screening [48]. We view the ability to perform virtual screening as relying on
docking compounds and scoring binding interactions in the context of chem-
ical databases and high-performance computing.
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(a)

(b)

(c)

Figure 5.13 FPR ligand screening assay and performance. Two test peptides with low
(2Pep or fML) and intermediate (3Pep or fMLF) FPR binding affinity were assessed
for competitive binding activity in the FPR assay against 4Pep-FITC (fMLFK-FITC),
using FPR-expressing cells. (a) Time-resolved clusters of cell fluorescence data, one
cluster for each well, that were produced in conjunction with HyperCyte analysis.
(b) Plot of the mean fluorescence intensity (MFI) of cells from each of the wells. The
lines below the graph delineate each 12-well series. (c) Setup of the 12-well series:
2 unblocked controls, 1 blocked control, 4 concentrations of each test peptide, and one
last unblocked control. This series was repeated 8 times on a 96-well plate.
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Docking and Scoring

A steroidal scaffold that binds to b-tubulin, an anticancer target previously
known to bind taxol and its derivatives [49], was identified by virtually screen-
ing the NCI (National Cancer Institute) open database. Given a three-
dimensional (3D) structure of the receptor, virtual screening relies on docking
and scoring to provide candidates for further analysis. DOCK [50], GOLD
[51], FlexX [52], AutoDock [53], and FRED (www.eyesopen.com) are among
the most widely used docking programs in the field. Most of these programs
can dock libraries of single structures or even multiconformer libraries and
are thus suitable for high-throughput searches.

Regardless of the choice of the docking software, the ability to score the
ligands in an appropriate manner is limited. There are four major categories
of scoring functions. First, knowledge-based methods [54–56] use Boltzman-
weighted potentials of mean force, derived from statistical analyses of
ligand–receptor interatomic contacts, based on available complexes in the
Protein Data Bank (PDB) [57]. For example, SMoG [58–60], Muegge [61, 62],
and DrugScore [63, 64] are implementations of this approach. Second,“Master
equation” approaches [65] are semiquantitative estimates of the energetic 
contributions of various interaction types. The Williams approach [66, 67] was
targeted at peptide–peptide interactions [68], while Rose devised a scoring
function intended for protein targets [69, 70]. Third, regression-based methods
[71, 72] take advantage of the available biological activity for training sets of
ligand–receptor complexes extracted from the PDB. These include SCORE2
[72], VALIDATE [73], VALIDATEII [74], Pro_Score [75, 76], Jain [77],
Horvath [46], and SCORE [78, 79]. Fourth, Poisson–Boltzman equation
solvers address electrostatics and incorporate solvent effects, for example,
ZAP [80]. Regression-based methods require biological input for parameter-
ization, whereas the other three approaches do not. While perceived as a dis-
advantage, this type of scoring outperforms the others whenever biological
results can capture target-specific information. None of the scoring schemes
has been shown to be general, thus consensus scoring [81] has gained popu-
larity. Recently, pharmacokinetic awareness [82] was also integrated into a
novel scoring scheme [83] that allows for simultaneous optimization of binding
affinity and pharmacokinetic properties.

Generation and Maintenance of Chemical Databases for VS

WOMBAT (WOrld of Molecular BioAcTivity) is a database that captures
chemical structures and biological activities published in the medicinal chem-
istry literature. Its current release, WOMBAT 2003.2, contains 53,126 entries
(47,872 unique structures), totaling 98,662 biological activities on 506 unique
targets. Its activity list also includes 236 inactive compounds, 7982 activities
“less than” and 159 activities “greater than” entries. WOMBAT 2003.2 con-
tains 2148 different series from 2143 papers published in medicinal chemistry
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journals between 1975 and 2002 (over 90 percent coming from Journal of Med-
icinal Chemistry). The target class distribution of WOMBAT, a product from
Sunset Molecular Discovery LLC (www.sunsetmolecular.com), is given in
Table 5.5. A subset of 21,700 entries from WOMBAT, representing the first 40
percent of the database, was used to benchmark virtual screening tools based
on FRED (Fast Rigid Exhaustive Docking), at the UNM High Performance
Computing Center (HPC@UNM, www.hpc.unm.edu/).

CADB08 (Commercially Available Data Base version 0.8) contains 877,876
small, nonpeptide chemical structures. These structures, or their derivatives,
are potentially available for purchase. CADB08 structures were sorted in the
increasing order for rotatable bonds and molecular weight, then converted
from SMILES [84] to 3D structures with Omicron [85], the OpenEye (OE)
3D-structure generator. The Omicron-generated structures were then submit-
ted to OMEGA, the OE multiple-conformer generator, to sample conforma-
tional space for individual molecules, with an increment of 5 structures per
rotor. We applied an energetic cutoff of 5 kcal to ensure that (mostly) room-
temperature accessible conformers, allowing a computational error of 3 kcal,
are represented for each molecule. Multiple conformers (occupying ~30 GB
of disk space) are needed for docking with OE’s FRED since this software is
geared to rigid structures. The 1-conformer version of CADB08 was used to
evaluate the performance of our virtual screening tools.

ChemBank has accumulated over 300,000 natural-product-like structures.
CDLDB is the chemical collection from Chemical Diversity Labs, Inc., (CDL),
from San Diego, CA (www.chemdiv.com). CDL has been marketing GPCR-
focused libraries since 2001. The Prestwick Chemical Library (PCL) is an 880-
compound library produced by Prestwick Chemical of Strasbourg, France. PCL
contains out-of-patent drugs (85 percent) and known alkaloids (15 percent).

Virtual Screening in the Context of High-Performance Computing

CADB08 was virtually screened on Los Lobos, a nationally ranked Linux
cluster with 256 dual-processor IBM Netfinity 4500R (Intel Pentium-III 733
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TABLE 5.5 Target Class Distribution in WOMBAT 2003.2

Target Class Compounds Percentage

G-protein coupled receptors 19,839 37.3
Ion channels 6,090 11.5
Aspartyl proteases 2,656 5.00
Serine proteases 2,582 4.86
Kinases 2,111 3.97
Transporters 1,689 3.18
Cysteine proteases 504 0.95
Nuclear hormone receptors 448 0.84
Others 19,233 36.2



MHz) nodes, with Myrinet connectivity and 2TB of storage space, from
HPC@UNM. The OE software suite was ported to the MPI (message parsing
interface) by Andrew Pineda (HPC@UNM), who wrote an MPI-based
wrapper code in C for this task [86]. We note that virtual screening is con-
sidered an “embarassingly parallel” problem. The OE-MPI wrapper code
manages output files from serial runs, summarizes the results (e.g., RMS values
and scoring from docking runs), and provides a balanced workload across
processors (Fig. 5.14). It handles errors (structures that cannot be docked are
ignored without interrupting the virtual screening run), while making use of
the high-speed communications network (Myrinet) on Los Lobos. OE-MPI is
flexible, since we recently incorporated ROCS (Rapid Overlay of Chemical
Structures [85]) into the VS protocol. ROCS is a Gaussian-shape 
volume overlap filter that limits the number of molecules, or conformers, to
be docked by FRED into the binding site by first matching their 3D shape
with the binding site. This can speed up the calculation by several orders of
magnitude.

The OE-MPI code was benchmarked (Fig. 5.15) by Andy Pineda, Bryan
Shiloff, and Tudor Oprea, against 21,700 molecules from WOMBAT, using the
X-ray structures of the ligand-binding domain of the estradiol receptor a
(complexed with the agonist estradiol) [87] (PDB: 1A52) and with the antag-
onist 4-hydroxy-tamoxifen [88] (PDB: 3ERT) using the protocol described in
Fig. 5.16. SMILES input was sent to OMEGA for 1-conformer generation,
then to FRED for docking and to FredA for scoring. This protocol recovered
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all five ER-a antagonists (nM) present in the 21,700 WOMBAT, in the top 10
FredA results, using the consensus scoring method. All 56 known ER-a actives
from the 21,700 WOMBAT entries were recovered in the top 5000 molecules.
This is not surprising since most of these control molecules are active only at
the  micromolar level. Random screening would require 21,700 experiments
to recover the entire set. Screening <25 percent of the database to recover all
actives is considered a good result, given the inaccuracies of the scoring func-
tions. On the down side, FRED docked one conformer of Raloxifene (a potent
ER-a antagonist) into the 1A52 structure (the agonist binding site), an 
artifact due to the high conformational flexibility of Raloxifene. However,
Raloxifene was recovered among the top 3 hits of the 3ERT (tamoxifen,
ER-a antagonist) docking.

We further evaluated the OE-MPI software on the 1-conformer version of
CADB08, using the same protocol as in Fig. 5.14. The 3 scoring functions from
FredA are: chemscore (regression), Gaussian shape score (steric), and screen-
score (PMF); the +1 refers to the consensus score. OE-MPI generated 147,000
results per day on 198 processors (~30 molecules/CPU/h on <50 percent of 
the Los Lobos cluster). We were able to process 315,000 molecules in 2 
consecutive runs. The difference between the benchmark results shown in 
Fig. 5.15 and the more realistic trials performed with CADB08 is due to
increased chemical diversity and size. Given the combined size of CADB08
and ChemBank (1.2 million structures), and the simplifying assumption that
each molecule has 50 conformers, we would require 408 CPU days on 198
processors per target at the rate described above. We anticipate that the 
introduction of the ROCS shape filter will reduce the VS effort by 50 percent
or more.

FPR Case Study

Preliminary results indicate that it is possible to derive homology models for
GPCRs and use these models to identify from a chemical database candidates
for biological testing. In the absence of co-crystallized inhibitors bound to each
target, we are incorporating additional information (e.g., mutation studies
made possible by component 1) in our binding site definitions. We are using
all available experimental results to further increase the probability that our
models are correct and validate these models against amino acid mutation
studies. Evidence from cross-linking and mutagenesis suggests that the ligand
binding site is located between transmembrane (TM) helices, near the extra-
cellular face of the membrane [89–93]. Sequence alignments of GPCRs have
shown that they share a high degree of homology in the TM domains.
The analysis by Baldwin on ~500 GPCR sequences identified 36 amino acids
that were conserved in >70 percent of GPCRs [94, 95]. Based on these 
highly conserved residues, we derived several homology models of FPR TM
helices and of most of the protein (1 to 337 domain) using as a template the
3D structure of bovine rhodopsin [96]. We refined these models using the
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experimental data from cross-linking and mutagenesis studies (not shown).
The model that best agrees with cross-linking, mutagenesis, and ligand binding
data, including only the 7TM helices, was chosen for docking and pharma-
cophore modeling studies. Three agonists and four antagonists were docked
in the FPR ligand binding site (Fig. 5.18) using AUTODOCK 3.05 [53].
The docking results suggested that antagonists have a different binding mode
than agonists (Fig. 5.16), which allowed us to formulate a 3 point (one hydro-
gen bond, two hydrophobic) pharmacophore hypothesis specific for FPR
antagonists.

Sulfinpyrazone, the PCL hit identified by HyperCyt, ranked eight in the
virtual screening results (Table 5.6). Its measured affinity, 24 mM, confirms a
1991 report by Levesque et al. [97]. Our pharmacophore hypothesis, confirmed
by sulfinpyrazone, formed the basis for selecting 4325 molecules from CDL
collection (except for the GPCR-focused library) as an FPR-targeted subset
that has, so far, yielded 68 primary hits from 9 distinct chemical series, and all
but one are confirmed antagonists. Of these, 10 have measured Ki values below
10mM. When comparing the FPR screening results of PCL, a library where no
target-specific selection was exercised, with ~0.1 percent hit rate, and those of
CDL-based FPR library, where a pharmacophore was used for the selection,
with ~1.6 percent hit rate. The primary hits in the FPR library show consistent
structure–activity relationships, which allow us to further prioritize the devel-
opment of compounds with higher activity.

5.7 SUMMARY

We have developed a team for discovery research that has four highly inte-
grated components. In the first component, expertise in cell and molecular
biology and biochemistry is coupled to research into physiological pathways
that regulate signal transduction and receptor processing. This expertise 
contributes to the expression of proteins, and the creation of cell- and 
particle-based assays for screening and protein–protein interactions. In the
second component, expertise in biophysics, particle chemistry, fluorescence,
flow cytometry, and mathematical modeling is coupled to research into
ligand–receptor and protein–protein interactions. This expertise creates parti-
cle-based assays for multiplexed analysis and discovery of small molecule
activities such as the discrimination of full and partial agonists. In the third
component, expertise in flow cytometry hardware, software, and microfluidics
allowed for the development of a novel instrument platform compatible with
cell- and particle-based analysis. This expertise generated screening capabili-
ties that have high-throughput, high-content, and real-time elements for small-
molecule discovery. In the fourth component, expertise in computing and
cheminformatics couple with the other three components to improve the effi-
ciency of the small-molecule discovery process through the integration of
virtual screening, chemical databases, and high-performance computing.
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6.1 INTRODUCTION

Currently, quantitative structure–activity relationship (QSAR) and struc-
ture–activity relationship (SAR) models are used for drug discovery and to
form ADME (absorption, distribution, metabolism, and excretion) models
[1–4]. Three-dimensional (3D) QSAR models are typically based on physical
fields obtained by superimposing each compound as a whole on a 3D grid;
SAR modeling simplifies the process by breaking large compounds into sec-
ondary structural pieces but does not attempt to provide a physical basis for
modeling the biological activity [1, 5–11]. The calculations used in building
QSAR models depend on physical constants that vary in significance between
structures of different types and may also exhibit nonlinear relationships for
models based on a single structural type. Further, the selection of the most
appropriate 3D structure for each molecule requires a number of assumptions.
By trial and error, one can build a model for a finite number of molecules,
adjusting conformational alignments to determine which orientations give the
model the best relationship to known biological activities from a training set.
However, the same process is much more prone to error when applied to struc-
tures for which the biological activity is unknown. The necessary conforma-
tional and other assumptions can give results that may be inaccurate, especially
when applied for predictive purposes to structures of unknown activity.

This chapter covers an alternative strategy for model building known 
as quantitative spectrometric data–activity relationships (QSDARs).
QSDAR models are based on the correlation between the triangular struc-
ture–spectra–activity relationship, whereas the aforementioned 3D QSAR
models are based on the structure–activity relationship. 3D QSAR results
show that receptor binding of a compound can be modeled successfully, if the
model is carefully constructed and validated. These 3D QSAR models are
based partly on electrostatics and partly on molecular geometry [5–9]. Mass
spectra primarily reflect molecular geometry. Ultraviolet (UV), infrared (IR),
and nuclear magnetic resonance (NMR) spectra reflect quantum mechanically
constrained components that, like QSAR factors, depend on local electrosta-
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tics and geometry. UV, IR, and NMR spectra are all modulated by the princi-
ples of quantum mechanics. For the model-building purposes described here,
an advantage of NMR is that spectral features (chemical shifts) can be
assigned to the specific atom that produces them, whereas this is not gener-
ally possible for UV, IR, or mass spectra (MS).

Nuclear Magnetic Resonance Spectral Information Content

The 13C NMR spectrum of a compound contains a pattern of frequencies that
correspond directly to the quantum mechanical properties of a carbon nuclear
magnetic dipole in a magnetic field. The pattern reflects the local electrosta-
tic environment and electron orbital configuration of each carbon atom. Ab
initio quantum mechanical calculations of 13C chemical shift tensors in pro-
teins reveal that they are dependent on the three-dimensional structural envi-
ronment and electrostatic potential [12]. The NMR chemical shift tensor has
two terms, a diamagnetic term and a paramagnetic term [13]. The diamagnetic
term of an NMR chemical shift tensor is directly related to the electrostatic
potential at its nucleus [13]. The paramagnetic term in the NMR chemical shift
tensor is dependent upon the orbital configuration [13]. For 13C NMR spectra
the differences between the diamagnetic and paramagnetic term are very large
so the spectral regions for different carbon orbital configurations are gener-
ally well-separated from each other.

Typically, 13C NMR chemical shifts in the 0 to 100ppm range are associated
with carbon atoms that have sp3 hybrid orbitals, with the more upfield shifts
having a positive electrostatic potential (e.g., methyl groups) and the down-
field shifts having a more negative electrostatic potential (e.g., ester bonds).
13C NMR chemical shifts in the 100 to 220ppm range are associated with
carbon atoms that are sp2 hybridized, with the more upfield shifts having a pos-
itive electrostatic potential (e.g., benzyl groups) and the downfield shifts
having a more negative electrostatic potential (e.g., carbonyl groups). Super-
imposed on these basic relationships are effects arising from each molecule’s
carbon backbone as well as other carbon or heteroatom substituents. The
effect of substituents on the 13C NMR chemical shifts can be felt from as far
as five bonds away or, depending on how the molecule has folded back upon
itself, at even greater bond numbers directly through space. Thus, the final dis-
position of a molecule’s NMR spectral features depends on structural and
physical elements that, according to SAR theory, also determine the biologi-
cal activity of the molecule. It follows that patterns can be discovered and a
model can be built that correlate a finite training set of NMR spectra with the
known biological characteristics of the compounds in the set. Once the pat-
terns are validated, they can then be used for predicting the strength of the
same biological activity for other compounds not used in the model-building
process. This is the conceptual foundation of QSDAR.

It is possible to build spectrometric data–activity relationship (SDAR) and
QSDAR models without associating the pattern of spectral features to the

INTRODUCTION 229



molecular geometry. Figure 6.1 shows the QSDAR modeling flowchart includ-
ing binning, weighting, and validation steps. First, the structures of a set of com-
pounds are generated and their 13C NMR spectrum are predicted or found in
a database. The set of compounds’ 13C NMR spectra are saved as a set of
ordered pairs: chemical shift frequencies in parts per million and the area
under the peak. The area under a specific chemical shift frequency is first nor-
malized to an integer. A nondegenerate frequency is assigned an area of 100,
a doubly degenerate frequency (two 13C NMR chemical shifts at the same fre-
quency) has an area of 200, and so forth. This initial normalization is done so
that: (1) all the spectra have a similar signal-to-noise ratio and (2) line width
variations due to differences in NMR instrumental field strengths, shimming,
coupling to protons, temperature, pH, or solvent are eliminated. The bins
define the number of chemical shift peaks within a ppm range. The bin width
used in inputting the 13C NMR spectra can be optimized by allowing the spec-
tral window width to vary between 1.0 and 2.0ppm and determining which
width produces the best cross-validated models.

The QSDAR models can be defined using a selection of the most corre-
lated individual bins. Alternatively, the models can use all the spectral bins but
with the most significant ones more heavily weighted. A well-known method
of producing optimal weighting is by calculating principal components (PCs)
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of variation. Each PC contains a linear combination of the original bin inten-
sities. The PCs are orthogonal axes or vectors ranked by rotation and transla-
tion in decreasing order of their capacity to distinguish differences among the
training set spectra. Calculation of PCs produces a better quality model in
cases where multiple spectral features interact to define the global SDAR.

Biological Effect Modeling Based on NMR Spectra and Associated
Structural Features

The patterns in a one-dimensional SDAR or QSDAR model reflect the set of
electrostatic and orbital relationships within a training set of molecules.
However, the spectral features (chemical shifts) are not associated with par-
ticular atomic locations within the molecules. Since atoms in different parts of
a large molecule may have similar chemical shifts and fill the same spectral
bin, it follows that one-dimensional (1D) QSDAR may confound irrelevant
with relevant spectral signals. An additional geometric dimension can be
added to the spectral data, by indicating which chemical shifts are associated
with two adjacent carbon atoms. This would produce a two-dimensional (2D)
QSDAR model. Rather than a model in which bins at 220 and 50ppm are
associated with a particular biological effect, a 2D QSDAR model based on
the same training set might suggest that the effect occurs only when these two
chemical shifts are found on adjacent atoms. This improved basis for pattern
definition is conceptually similar to 3D QSAR but with fundamental advan-
tages. Unlike 3D QSAR, 2D QSDAR and analogous higher dimension models
described later are developed without a hypothesized docking of each mole-
cule onto a 3D grid, in relation to a known enzymatic binding site, or by com-
parison to the shape and size of a particular reference molecule. In 2D
QSDAR, the second dimension simply correlates intramolecular spatial rela-
tions, two atoms at a time. This can be done without defining a standard mol-
ecular type with respect to which all other molecules are regarded as variants.
Further, the energetically optimal conformation of each molecule interacting
with the enzyme or other protein receptor mediating the biological effect does
not need to be known. The subjective assumptions involved in 3D QSAR are
unnecessary for 2D QSDAR. This provides a philosophically objective basis
for modeling. Finally, it avoids the problematic assumption that the energy
minimum conformation best represents each molecule’s capacity to cause the
biological effect. Below we will describe in more detail the modeling quality
produced by the basic 1D QSDARs. Improvements obtained by using higher
dimensions are then explained and discussed.

Previous NMR Comparative Spectral Analysis Modeling Approaches

We have used partial least-squares discriminant analysis (PLS-DA) to form a
relationship between biological activity and experimental 1D 13C NMR spec-
tral data. This modeling technique is called comparative spectral analysis
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(CoSA). We have developed an internally cross-validated and externally
tested SDAR model of 108 diverse compounds binding to the estrogen recep-
tor [14]. SDAR models segregated the 108 compounds into binding classifica-
tions based on relative strength with 20 strong, 15 medium, and 73 weak. Based
only on 13C NMR spectroscopic data, the statistical pattern recognition
program with 22 Fisher-weighted PCs used 89.8 percent of the total variance
and had a cross-validation of 75.0 percent. The first principal component
accounted for 32.5 percent of the cumulative variance.

Advantages of Modeling with Simulated Rather Than Experimental 
NMR Spectra

The success of these first SDAR models based on experimental 1D 13C NMR
spectra led to look into the possibility of using predicted 13C NMR spectra.
13C NMR chemical shifts have been used to predict and refine chemical struc-
tures [15, 16]. Conversely, the chemical structure of a compound has been used
to predict its 1H and 13C NMR chemical shifts [17–19]. The ability to use pre-
dicted over experimental NMR spectra in a QSDAR model is not necessary,
but it saves time, money, and can prevent possible toxic exposures. Predicted
13C NMR data points allow for the spectra to be independent of the solvent
used. ACD/Labs CNMR predictor software (ACD/Labs, Toronto, Canada,
www.acdlabs.com) was used to predict 1D 13C NMR spectra that produced
robust SDAR models of polychlorinated dibenzodioxins (PCDD) and poly-
chlorinated dibenzofurans (PCDF) binding to aryl hydrocarbon receptor
(AhR) [20] and rates of dechlorination for chlorobenzenes, chlorophenols,
and chloroanilines [21].

The early success of qualitative SDAR models led us believe that QSDAR
was feasible. Multiple linear regression (MLR) statistical techniques were
used to form a relationship between predicted 1D 13C NMR data and biolog-
ical activity data. We were able to produce reliable QSDAR models of 30
steroids binding to the corticosterone binding globulin [22]. Another group of
models quantified the tendency of 50 steroids to bind to the aromatase enzyme
[23]. Binding to the aryl hydrocarbon receptor (AhR) was similarly modeled
quantitatively for 26 PCDFs, 14 PCDDs, 12 polychlorinated biphenyls (PCBs),
or for all of these compounds together [24]. These MLR 1D comparative spec-
tral analysis (CoSA) models using simulated 13C NMR data yielded higher
cross-validated correlations than were seen with comparative molecular field
analysis (CoMFA) methods.

Adding Structurally Assigned NMR Chemical Shift Information to 
2D Templates

One limitation with 1D CoSA models is that they lack direct 3D structural
information. The most obvious way to combine structural and spectral infor-
mation is to establish one particular molecule as a best or normal represen-
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tative of those causing a particular biological effect. Each carbon atom in this
compound’s backbone is numbered and all other compounds to be modeled
must use the same backbone numbering system. Then, each compound’s
pattern is defined by the ordered pair (carbon number, chemical shift) rather
than by the previously described system of (chemical shift bin number, occu-
pancy number). This means that the chemical shifts have been assigned to the
carbon atoms that produced them. The pattern as defined is correlated 
with the biological activity of each molecule. The resulting model combines
structural information with the assigned simulated 13C NMR chemical shifts.
We have named this 1D SDAR method comparative structurally assigned
spectra analysis (CoSASA) to distinguish it from the substantially different,
unassigned methods previously described as CoSA. One supposes that the
ability to include spatial relationships in SDAR modeling should improve the
quality of the results. In fact, when used on the same spectral training set, we
observed inferior results by CoSASA compared to CoSA [22, 23]. This unex-
pected result challenged our understanding of the factors affecting model
quality.

Inspiration Based on Extension of Multidimensional NMR Techniques

Another way to combine structural and spectral information is to express geo-
metrical information in spectral space. In the same way that 2D, 3D, and four-
dimensional (4D) NMR experiments use additional spectral dimensions to
reduce spectral overlap [25], we conceptualized an analogous way of corre-
lating spectral and structural dimensions into a single multidimensional
matrix. We hypothesized that spectra defined in such a matrix would produce
improved QSDAR models. We also realized that the matrix definition would
not limit compounds to those sharing the same backbone template. Com-
pounds in the same model could have quite dissimilar structures: They could
differ in the number and connectivity of carbon atoms, as well as the number
and identity of constituents or atoms. Below we describe the way to define a
multidimensional QSDAR data structure matrix.

A molecule’s 3D connectivity matrix can be built by displaying all the pos-
sible carbon-to-carbon connectivities with their assigned carbon NMR chem-
ical shifts on two dimensions and the distance between the two atoms in a
third, orthogonal dimension. Figure 6.2 shows all the atom-to-atom connec-
tivities and the 3D connectivity matrix for 3b-estradiol. The X axis represents
the chemical shifts of carbon i, and the Y axis represents those of carbon j.
The Z axis represents the distance between carbon i and carbon j (rij). By rep-
resenting molecules with this matrix, the subjective superposition of molecules
on a template is avoided. Other parameterization needed to develop typical
3D QSAR models is either avoided or minimized. For flexible molecules, some
atom-to-atom distances can vary, so representations of multiple conformations
in the 3D connectivity matrix format can be accommodated and will be
explained later.
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The connectivity matrix shown in Figure 6.2 is symmetrical about the x-y
diagonal. That is, for every connection between atom i and atom j the identi-
cal relationship is represented across the diagonal at the connection between
atom j and atom i. Along the X-Y diagonal at rij = 0 is the 1D 13C NMR spec-
trum of 3b-estradiol. At rij ª 1.4Å are the nearest neighbor atom-to-atom con-
nections and at rij > 1.4Å are all the other distance related atom-to-atom
connections.

The information in a 3D connectivity matrix determines a compound’s
structure, so the information in the matrix that is actually used for a model
can be reduced to simplify and accelerate computations. One possible way to
reduce the 3D matrix is to cut it into a set, arbitrarily, of four 2D spectral
planes. The first 2D plane is the nearest neighbor through-bond connectivity
plane. The three other 2D planes are constructed by binning or projecting the
actual distances onto the nearest plane. This effectively compresses and greatly
simplifies distance information along the Z axis. In addition to the bond-
connectivity plane, there is a plane for somewhat greater atom-to-atom con-
nections (2.0Å < rij < 3.6Å, perhaps two bond lengths but through space),
another for medium range atom-to-atom connections (3.6Å < rij < 6.0Å), and
a fourth for long-distance atom-to-atom connections (rij > 6.0Å). Figure 6.3
shows the four 2D planes and all the atom-to-atom connections in each 2D
plane for the reduced 3D connectivity matrix of 3b-estradiol. Similarities
between the pattern of 2D spectral data associated with the biological activ-
ity of the training set compounds and the spectral data for the test compound
are detected and used to determine whether the compound is predicted to
exhibit the biological activity. We call this procedure comparative structural
connectivity spectra analysis (CoSCoSA), to distinguish it from CoSA and
CoSASA. We will now compare CoSCoSA modeling to actual or hypotheti-
cal NMR multidimensional analytical methods.

Standard NMR instrumental techniques include 2D 1H-1H correlation spec-
troscopy (COSY) [26] experiments in which connectivity relationships
through three bonds are found for nearest neighbor protons with an off-
diagonal cross peak. The 1H-1H COSY experiment is comparable to a 2D 13C-
13C COSY experiment, though this experiment is not usually practical because

Figure 6.2 The 3D connectivity matrix of 3b-estradiol.



of the low natural abundance of 13C. The shortest distance layer of the con-
nectivity matrix for 13C 3D QSDAR methods described here corresponds in 
layout and information content seen in 13C-13C COSY experiments. Using 
the structurally assigned predicted spectra and adding the nearest neighbor
information as cross peaks produces a simulated 13C-13C COSY layer in the
matrix.

13C-13C COSY experiments have similarities to 2D 1H-13C heteronuclear
single quantum correlation (HSQC) [27] and 1H-13C heteronuclear multiple
quantum coherence (HMQC) [28] NMR experiments, both of which 
represent the connectivity of carbons and their attached protons. In practice,
2D 13C-13C COSY experiments are seldom run because small molecules are
rarely fully 13C labeled. Even if molecules are fully labeled with 13C,
through-bond connections are usually obtained directly from other NMR
experiments like HCCH or indirectly from 1H-1H COSY with 13C-1H HMQC
and HMBC [29].

In 3D QSDAR, 2D 13C-13C distance spectra that contain short-, medium-,
and long-distance through-space connectivity spectral patterns are easily sim-
ulated using predicted spectra. Since the spectra are predicted based on the
compound structures, the atom producing each chemical shift is known. It is
then possible to estimate atom-to-atom distances (rij) for each pair of atoms
and to associate the rij values with the corresponding spectral features. The
shorter distance relationships in 3D QSDAR are analogous to 2D 1H-1H
nuclear Overhauser effect spectroscopy (NOESY) NMR experiments where
correlations through space are found for neighboring protons that are less than
5Å apart. As with COSY, NOESY spectra are expressed as a matrix with off-
diagonal cross peaks [30]. The volumes of the cross peaks in a NOESY exper-
iment are dependent on the distance between the protons, the mixing time of
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the experiment, and the number of different nuclear Overhauser effect (NOE)
spin diffusion pathways available for dipolar magnetization transfer.
The volumes in a NOESY spectrum can be used to solve the three-dimen-
sional structure of a protein by assigning short-range constraints to large
volumes, medium-range constraints to medium volumes, and long-range con-
straints to small volumes [31]. 13C-13C NOESY experiments are for all practi-
cal purposes never executed, again because naturally occurring small
compounds are not fully 13C labeled. Since it is based on simulated spectra,
the corresponding 3D QSDAR matrix is definable and its utility for modeling
is practical.

6.2 METHODS AND EXAMPLES

Predicted NMR Spectra

Simulated 13C NMR spectra were determined using the ACD/Labs CNMR pre-
dictor software (ACD, Toronto, Canada, www.acdlabs.com). In this and other
NMR predictor programs [17–19], NMR spectra are calculated by a substruc-
ture similarity technique called hierarchically ordered spherical description of
environment (HOSE) [32], which correlates similar substructures with similar
NMR chemical shifts. Since some of the compounds were in the predictor soft-
ware spectral database used for the HOSE calculation, their predicted spectra
were equivalent to experimental NMR spectra. Since it used only simulated
13C NMR spectra, QSDAR modeling was driven completely within the com-
puter. No experimental data were acquired. The 13C NMR chemical shift data-
base used by ACD/Labs CNMR predictor contained 1.7 million chemical shifts
from experimental NMR spectra of 140,000 compounds.

Pattern Recognition Methods and Model Development

A simple description of pattern recognition is the ability to discern a pattern
or an analogous set of interrelationships within a set of data (i.e., to model a
set of data). This basic concept underlies most scientific discoveries or theo-
ries. In a practical sense, pattern recognition is the process of creating a numer-
ical model of a system or endpoint based on descriptors of that process or
system. This turns out to be nothing more than mapping or approximating a
function that describes the system. What is being modeled can vary greatly. It
can be as simple as the amount of correction that needs to be applied to several
mechanical parameters of a machine’s arm to maintain a certain manufactur-
ing tolerance, or a complex function such as the etiological interaction between
several hundred biochemical parameters to produce a tumor.

Once it is established that a set of data contains some distinguishable
pattern, a number of examples can be used to model that pattern. This is the
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model development component of the pattern recognition process. Examples
from within data sets, that is, members of a data set containing unique descrip-
tors, are used to establish models that describe the data sets as accurately as
possible. This process is usually referred to as the training or learning stage,
and it consists of training the pattern recognition method with repeated 
examples of input data (descriptors) and associated outcomes or endpoints.
Training continues until the training set is modeled to the desired accuracy.
A sufficient number of examples from a data set are required to enable the
method (any pattern recognition method) to discover the pattern in the 
data and create an accurate model of that data. The number of examples that
must be provided increases as the complexity of the pattern recognition
problem modeled increases. In other words, the harder the question 
being asked is, the more examples that are needed to answer the question.
This concept can be demonstrated with the SDAR and QSDAR techniques.
For example, a simple SDAR model providing binary yes/no classification
results for a biological or physiological endpoint (such as weak or strong
receptor binding for a set of drug molecules) can be developed from a data
set with as few as 10 examples. However, a QSDAR model of an analogous
biological or physiological endpoint for a set of molecules, but producing an
accurate quantitative result, usually requires at least 3 to 4 times that number
of examples.

Pattern recognition model development can be broadly split into two cat-
egories, supervised methods and unsupervised methods. Supervised methods
learn by experiencing multiple examples of both input stimuli and their asso-
ciated outcomes. An example of this type of input–output relationship is the
relation between the number of a patient’s physiological parameters and his
or her outcome after a medical procedure. In this example, the physiological
data and the patient’s outcome can be measured, and both types of data can
be used to develop a model using a supervised method. Generalizations can
be produced using this type of information and used to make predictions.
There are many examples of supervised methods including principal compo-
nents, multiple linear regression methods, and many types of artificial neural
networks [33–35]. Unsupervised methods establish patterns in data differently
compared to supervised methods. Input stimuli for a number of examples are
provided to the method in a similar manner to the supervised method, but the
outcome is not provided. Associations are established within the data between
the examples based on the stimuli, and the result is a clustering of the data
according to similarity. A simple example of this type of data structure is a
population analysis of a community based on people’s occupational parame-
ters (education level, degree, type of job, income level, etc.). Self-organizing
maps, decision trees, and k-means are some examples of frequently used unsu-
pervised methods [33]. Since the SDAR and QSDAR methods are inherently
supervised techniques, the remaining discussion will focus on these types of
methods.
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Linear and Nonlinear Aspects

Most pattern recognition methods fall into two main categories, linear and
nonlinear methods. Linear methods use linear functions to map a relationship,
and nonlinear methods use nonlinear functions to describe patterns. In per-
forming pattern recognition and model development on a data set, it is ideal
to use a method that is most aligned with the data structure (i.e., linear method
to describe linear function, nonlinear method to describe nonlinear behavior
in a data set). Although it is true that both types of methods can be used on
both types of data structures, better generalization and predictive performance
will be obtained from the nonlinear methods even when modeling data that
has only slight nonlinear behavior.

Model Validation: LOO and LNO

The analysis of a developed model can be done using the leave-one-out (LOO)
cross-validation procedure [1]. This procedure consists of excluding each
example systematically from a training set, using the remaining examples to
develop the model, and then using the model to predict the output property
of the excluded example. For example, if a training set consists of a certain
number of drug molecules and their respective binding affinities to a particu-
lar receptor, the LOO procedure would be used to methodically exclude one
molecule and its binding affinity from the training set, and then use the devel-
oped model to predict the binding affinity of the excluded molecule. If the
LOO procedure is performed n times, where n is the total number of exam-
ples in the data set, a cross-validation covariance coefficient can be calculated
using the combined predicted results. The cross-validated r2 (termed q2) can
be derived from

where PRESS is the sum of the differences between the actual and predicted
output data for each example during LOO cross-validation, and SD is the sum
of the squared deviations between the measured and mean outputs of each
example in the training set. We believe that q2 is a more valid measure than
r2 for assessing the reliability of a mathematical model intended for predictive
applications.

A modified version of the LOO cross-validation procedure is the leave-N-
out (LNO) cross-validation procedure [36]. The LNO procedure is identical
to the LOO procedure, but instead of removing only one example at a time
from a data set for validation, N examples are removed from the training set
for testing. The number of examples excluded (N) can be as many as desired,
but typically N is not usually greater than 50 percent of the total data set. LNO
is a more powerful procedure than LOO. It is a brute-force assessment of the

q2 1= -
PRESS

SD
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robustness and ruggedness of a model, especially when N represents a sub-
stantial percentage of the total data. It is a procedure that is not typically used,
and, when used with good results, it is indicative of an exceptional predictive
model.

Procedure for Integrating NMR Spectral Information with 
Molecular Structure

Figure 6.4 shows a flowchart of the procedures that were used to make com-
parative structurally assigned spectral analysis (CoSASA) models. CoSASA
models are produced by using the assigned 13C NMR chemical shifts at the 20
positions in the steroid backbone template as shown in Figure 6.5. CoSASA
modeling is analogous to QSAR modeling in which the 3D grid used in 
QSAR corresponds to the CoSASA’s structural template positions. Each
CoSASA “bin” represents the chemical shift intensity of a particular carbon
atom in the molecule. The structural information is contained in the carbon
backbone numbering system and is readily available without expert interpre-
tation of an NMR spectrum because each simulated 13C NMR chemical shift
is predicted based on an identifiable carbon situated in the molecular struc-
ture. For this mode of data representation, it is possible to develop two types
of CoSASA QSDAR models, one based on the most correlated individual bins
and another on a selection of the PCs calculated from the population levels
of all the bins.
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CoSASA Model of Corticosterone Binding Each of the 30 compounds spec-
ified in Table 6.1 and Figure 6.6 has known binding affinity to the corticos-
terone binding globulin. The assigned 13C NMR spectra of the 30 steroids were
placed in the steroid template positions shown in Figure 6.5 so MLR statisti-
cal analysis could be performed. The CoSASA model of corticosterone
binding gave an explained variance (r2) of 0.80 and a LOO cross-validated
variance (q2) of 0.73 [22]. The steroid backbone CoSASA model was based on
the change in chemical shift frequency of atoms from positions 3, 14, and 20
on the steroid template. Positions 3 and 20 are near the steroid positions that
previous QSAR models have shown are the active regions for corticosterone
binding [37, 38]. The q2 of 0.73 for the CoSASA model is slightly better than
the QSAR q2 of 0.68 but the CoSASA is much easier to build. We did not add
more structurally assigned chemical shifts to the model because we wanted 
to limit the analysis to three variables, so that our CoSASA model would
compare in this regard to the QSAR. This was a tactical choice. Without addi-
tional effort, more atoms could have been included and trends in q2 as a func-
tion of number of bins used indicate that further improvements in predictive
accuracy of the CoSASA model were possible.

CoSASA Model for the Aromatase Enzyme Each of the 50 compounds spec-
ified in Table 6.2 and Figure 6.7 have known binding affinity to the aromatase
enzyme. The assigned 13C NMR spectra of the 50 steroids were placed in the
steroid template positions shown in Figure 6.5 so MLR statistical analysis
could be performed. An aromatase CoSASA model was built by selecting the
five most correlated assigned 13C NMR chemical shifts [23]. The five 13C NMR
chemical shifts used in this model were the steroid template positions 3, 9, 6,
7, and 12. Individual 13C NMR chemical shifts from atoms in the steroid tem-
plate positions 3, 9, 6, and 7 all had correlations greater than 0.6 to the rela-
tive binding activity of the enzyme. The explained correlation to the binding
activity data (r2) of this model is 0.75 and the LOO cross-validated variance
(q2) is 0.66. An aromatase CoSASA model using the 5 most correlated prin-
cipal components had an r2 of 0.75 and the LOO q2 of 0.67. In the 50-
compound training set, position 3 showed the highest correlation to aromatase
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binding. The polar electronegative keto group at position 3 (compounds 20,
23 to 25, 34 to 50) was easily detected and correlated to enzyme inhibition
when the chemical shift of position 3 was between 198 and 200ppm. In a pre-
vious QSAR model, a correlation was found between a polar electronegative
region around positions 2 to 4 and inhibition of the enzyme [7]. The keto group
at position 7 (compounds 1 to 8, 14 to 16) produced chemical shifts between
200 and 201ppm and correlated to weak inhibitor activity. As before, a corre-
lation between the chemical shift from the position 7 keto group and weak
aromatase inhibition was found in the previous QSAR model [7, 23]. The weak
activities of the androst-5-ene compounds were associated with chemical shifts
between 117 and 127ppm from position 6. Again, a similar correlation was
found in QSAR models between all the androst-5-ene compounds and lower
inhibitor activity to the enzyme [7]. In contrast, the strong correlation of the
chemical shift from position 9 with aromatase inhibitor activity was unex-
pected based on the published QSAR model. The chemical shifts between 55
and 58ppm in position 9 come from steroids with 6-akyl substitutions. The 6-
alkyl substituted steroids are strong inhibitors of the enzyme. It is significant
that a correlation around position 9 and inhibitor activity to the enzyme was
not reported in the previous QSAR model, whereas the CoSASA QSDAR
model based on chemical shifts from 5 atoms correctly showed a high corre-
lation of position 9 to inhibitor activity [23]. The q2 of 0.6 for the CoSASA
model is slightly worse than the QSAR q2 of 0.72 but, again, the spectral data
model is substantially easier to build. As before, we did not include more struc-
turally assigned chemical shifts in the model because—for purposes of com-
parison—we wanted to limit the CoSASA analysis to the same number of
variables, 5, used in the corresponding QSAR. As with the coticosterone

242 COMBINING NMR SPECTRAL INFORMATION

R1

R2
R3

R4

R5

R6

R10

R1

R3

R2

R7

R8

R4

R3

R1

R4

R1

R2

R2

R3
R3

R1

R3

R4R2

SC
SB

SD SFSE

Figure 6.6 Corticosteroid binding steroids structures.



METHODS AND EXAMPLES 243

TABLE 6.2 Structures of Steroids Used in QSDAR Models of Binding to
Aromatase Enzyme [7, 23, 41]

Binding
Number Activity Structurea R1 R2 R3 R4 R5

1 -2.92 A CH2OH ¨O
2 -3.54 A CH2OH OH H
3 -3.00 A CHO ¨O
4 -3.26 A H ¨O
5 -2.62 A Me OH H
6 -3.06 B CH2OH ¨O
7 -2.14 B CHO ¨O
8 -2.36 B H ¨O
9 -1.89 D CH2OH ¨O H

10 -2.88 D CH2OH OH H H
11 -2.03 D CHO ¨O H
12 -0.97 D Me ¨O H
13 -2.93 D Me ¨O Br
14 -1.28 A Me ¨O
15 -1.23 B Me ¨O
16 -2.61 B Me OH H
17 -2.36 D Me OH H H
18 -0.65 F ¨O
19 -2.19 F OH H
20 -1.03 H H H H
21 0.00 C Me ¨O H H
22 0.46 C CH2OH ¨O H H
23 -0.84 H CH2OH H H
24 0.15 H Me ¨O
25 -0.13 E ¨O ¨O CF2

26 0.87 E ¨O H H CH2

27 -0.51 E OH H H H CH2

28 -1.35 C Me OH H H H
29 -0.67 C CH2OH OH H H H
30 -0.89 C MeC(O)OCH2 ¨O H H
31 -0.79 C Me ¨O H Br
32 -1.09 C Me ¨O H H
33 -1.08 C CF3 ¨O H H
34 0.56 I Me
35 0.87 J Me
36 1.56 I C2H5

37 0.94 J C2H5

38 0.94 I C3H7

39 0.78 J C3H7

40 0.65 I CnH9

41 0.53 J C4H9

42 0.21 I CH(CH3)2

43 0.04 J CH(CH3)2

44 -0.04 I C6H5

45 0.24 J C6H5

46 -0.24 I CH2C6H5

47 0.61 J CH2C6H5

48 0.91 I CH¨CH2

49 -0.32 I C¨CH
50 0.96 G
a Structure column refer to Figure 5.7.



binding CoSASA, more atoms could have been added to improve model 
predictive accuracy.

CoSASA Model of Aryl Hydrocarbon Receptor Binding Figure 6.8a shows
the backbone numbering system for 14 polychlorinated dibenzo-p-dioxins
(PCDD), and Figure 6.8b shows the numbering system for 26 polychlorinated
dibenzofurans (PCDF). The assigned 13C NMR spectra of the 14 PCDD and
26 PCDF were placed in the template positions shown in Figures 6.8a and 6.8b
so MLR statistical analysis could be performed. CoSASA models for PCDD
and PCDF binding to the aryl hydrocarbon receptor were built from 12
assigned carbon chemical shifts as previously described [24, 38]. The 2D
CoSASA model for the 26 PCDF compounds based on selection of 6 chemi-
cal shifts had an r2 of 0.74 and a q2 of 0.70. The q2 of 0.70 for the CoSASA
model is slightly worse than the QSAR q2 of 0.72 but is much easier to build.
The 2D CoSASA model for the 14 PCDD compounds based on selection of
5 chemical shifts had an r2 of 0.81 and a q2 of 0.53. The q2 of 0.73 for the QSAR
model is much better than the CoSASA q2 of 0.53. The fact that the CoSASA
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model was far worse than the QSAR model may result from the large pro-
portion of compounds in the training set that had 2 or 4 axes of symmetry.
Symmetry information is lost when atoms included in the model are struc-
turally described with respect to template location only.

CoSCoSA Procedure for Incorporating Molecular Structure into 
NMR Spectra

Figure 6.9 shows the flowchart on the comparative structural connectivity
spectral analysis (CoSCoSA) modeling procedure [39–42]. The structures are
used to predict the assigned 1D 13C NMR spectra in this procedure. The res-
olution of the 2D spectra was typically reduced to 2.0ppm in both dimensions
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to produce multiply populated bins for statistical analysis and to reduce the
effects of uncertainties in the simulated spectra. The spectral widths were
chosen because of convenience and prior success. The data in each 2D 13C-13C
NMR spectral plane were saved as two-dimensional bins within a particular
spectral range and normalized. A 2D bin with a single carbon-to-carbon con-
nectivity was assigned an area of 100, and a bin with two carbon-to-carbon
connections in a bin was assigned an area of 200, and so forth. This way of rep-
resenting bin populations assured that all the carbon-to-carbon connections
would have a similar signal-to-noise ratio.

Structural assignments from the predicted 13C NMR spectra were used to
produce predicted 2D 13C-13C COSY and theoretical 2D 13C-13C distance
spectra. The arrows in Figure 6.10a show the through-bond neighboring
carbon-to-carbon connections of a 3b-estradiol molecular backbone without
any side chains. These through-bond carbon-to-carbon connections were used
to simulate a 2D 13C-13C COSY spectrum of the steroid compounds. The
arrows in Figures 6.3a to 6.3d show the short, medium, and long through space
carbon-to-carbon connections. The atom-to-atom connections are broken into
four 2D planes. The bin widths can be set by the model developer. In the case
shown in Figure 6.3, the first plane represented nearest neighbor pairs, the
second plane included short-distance atom-to-atom connections (2.0Å < rij <
3.6Å); the third plane, medium-distance atom-to-atom connections (3.6Å < rij

< 6.0Å); and the fourth plane, all long-distance atom-to-atom connections 
(rij > 6.0Å).
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2D CoSCoSA Model of 130 Compounds Binding to the Estrogen Receptor
Table 6.3 shows the log of the relative binding activity (RBA) data for 130
structurally diverse compounds used to train 2D CoSCoSA models [38]. The
data set was produced at the National Center for Toxicological Research
(NCTR) using a competitive estrogen receptor (ER) binding assay with radi-
olabeled estradiol ([3H]E2 ) in rat uterine cytosol obtained from ovariec-
tomized uteri of Sprague–Dawley rats [8, 43, 44]. This data set spanned 7
orders in magnitude ranging from a log(RBA) value of -4 for a compound
with weak binding affinity to the estrogen receptor, to a log(RBA) of 2 for a
compound with strong binding affinity to the estrogen receptor. For a partic-
ular molecule, the RBA to the estrogen receptor is defined as 100 times the
ratio of the molar concentrations of 17b-estradiol and the competing com-
pound required to decrease the amount of receptor-bound 17b-estradiol by 50
percent. Thus 17b-estradiol had an RBA of 100 and a log10(RBA) of 2.0.

For each of the 130 compounds, the 13C 2D 13C-13C COSY NMR experiment
was simulated using the ACD/Labs CNMR predictor software (ACD,Toronto,
Canada, www.acdlabs.com). Figures 6.3a and 6.10a, shows the carbon-to-
carbon nearest neighbor connections needed to produce the 2D 13C-13C COSY
NMR spectral data to develop a model for 130 diverse compounds whose
RBAs to the estrogen receptor are shown in Table 6.3 [39]. The simulated 2D
13C-13C COSY NMR spectra were formed by using the NMR spectral assign-
ments obtained from predicted carbon chemical shifts to identify nearest
neighboring carbon atoms and establish carbon-to-carbon through-bond con-
nectivity spectral patterns of each compound. The 2D 13C-13C COSY spectra
for all 130 compounds were binned into 2.0ppm by 2.0ppm square bins.

All statistical analysis was performed by Statistica software (Statsoft, Tulsa,
OK). Because this was a very diverse data set for each CoSCoSA model, we
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Figure 6.10 (a) Arrows represent the carbon-to-carbon through nearest-neighbor
bond connections for the backbone of a steroid used in the predicted 2D 13C-13C COSY
spectra. (b) Arrows represent the carbon-to-carbon long-range space connections used
in the theoretical 2D 13C-13C distance spectra.
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TABLE 6.3 130 Compounds and Training Set Predictions of Estrogen Receptor Binding
[35, 39]

15 Bin +
16 Bin L<7.5Å

Compound Exp. CoSCoSA CoSCoSA
Compound Name Number log(RBA) log(RBA) log(RBA)

Diethylstillbesterol 1 2.60 1.44 1.43
meso-Hexestrol 2 2.48 2.86 2.70
Ethinyl estradiol 3 2.28 1.44 1.43
4-Hydroxyestradiol 4 2.24 2.45 2.39
4-Hydroxytamoxifen 5 2.24 0.58 0.58
17b-Estradiol 6 2.00 2.36 1.85
a-Zearalenol 7 1.63 0.51 0.51
ICI182780 8 1.57 1.08 1.12
Dienestrol 9 1.57 1.44 1.43
a-Zearalanol 10 1.48 0.51 0.51
2-Hydroxyestradiol 11 1.47 1.26 1.32
Diethylstilbestrol 12 1.31 1.44 1.43

monomethyl ether
3,3¢-Dihydroxyhestrol 13 1.19 0.75 0.60
Droloxifene 14 1.18 1.63 1.63
Dimethylstibestrol 15 1.16 0.04 0.15
ICI164384 16 1.16 1.08 1.12
Moxestrol 17 1.14 1.44 1.43
17-Deoxyestradiol 18 1.14 0.62 0.79
2,6-Dimethylhexestrol 19 1.11 0.64 0.62
Estriol 20 0.99 0.62 0.79
Monomethyl ether 21 0.97 0.51 0.93

hexestrol
Estrone 22 0.86 0.62 0.79
p-meso-Phenol 23 0.6 1.35 1.26
17a-Estradiol 24 0.49 1.17 0.79
Dihydroxymethoxychlorolefin 25 0.42 -0.10 -0.10
Mestranol 26 0.35 1.44 1.43
Zearalanone 27 0.32 0.51 0.51
Tamoxifen citrate 28 0.21 0.58 0.58
Toremifene citrate 29 0.14 0.58 0.58
a,a-Dimethylbethyl allenolic 30 -0.02 -0.04 -0.02

acid
Coumestrol 31 -0.05 0.43 0.05
4-Ethyl-7-OH- 32 -0.05 0.11 0.15

(p-meoxyphenol) dihydro-
1-benzopyran-2-one

Nafoxidine 33 -0.14 0.58 0.58
Clomiphene citrate 34 -0.14 -0.47 -0.47
1,3,5-Estratrien-3,6a-17b-triol 35 -0.15 -0.60 -0.61
b-Zearalanol 36 -0.19 0.51 0.51
3-OH-estra-1,3,5-trien-16-one 37 -0.29 -0.08 0.25
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TABLE 6.3 Continued

15 Bin +
16 Bin L<7.5Å

Compound Exp. CoSCoSA CoSCoSA
Compound Name Number log (RBA) log (RBA) log (RBA)

3-Deoxyestradiol 38 -0.30 -1.47 -1.55
3,6,4¢-Trihydroxyflavone 39 -0.35 -0.33 -0.35
Denistein 40 -0.36 -2.66 -2.61
4,4¢-Dihroxystilbene 41 -0.55 -0.56 -0.51
Dihydroxymethoxychlor 42 -0.60 -1.47 -2.21

(HPTE)
Monohydroxymethoxychlorolefin 43 -0.63 -0.10 -0.10
2,3,4,5-TetraCl-4¢-biphenylol 44 -0.64 -1.61 -1.56
Norethynodrel 45 -0.67 -2.66 -2.61
2,2¢,4,4¢-Tetrahydroxybenzil 46 -0.68 -0.80 -0.81
b-Zearalenol 47 -0.69 0.51 0.51
4,6-Dihydroxyflavone 48 -0.82 -2.07 -1.95
Equol 49 -0.82 -0.66 0.05
Monohydroxymethoxychlor 50 -0.89 -2.07 -1.95
3b-Androstanediol 51 -0.92 -2.66 -2.61
Bisphenol B 52 -1.07 -2.66 -2.61
Phloretin 53 -1.16 -0.80 -0.81
Dietheylstilbestrol dimethyl 54 -1.25 -0.66 -0.68

ether
2¢,4,4¢-Trihydroxychalcone 55 -1.26 -1.73 -1.71
2,5-Dichloro-4¢-biphenylol 56 -1.44 -1.61 -1.56
4,4¢-[1,2-ethanediyl)bisphenol 57 -1.44 -2.66 -2.61
17b-Estradiol-16b-OH-16- 58 -1.48 -1.34 -1.34

methyl-3-ether
Aurin 59 -1.50 -0.56 -0.51
Nordihydroguariareticacid 60 -1.51 -2.66 -2.61
4-Nonylphenol 61 -1.53 -1.61 -1.56
Apigenin 62 -1.55 -2.07 -1.95
Kaempferol 63 -1.61 -2.66 -2.61
Daidzein 64 -1.65 -1.61 -1.56
3-Methylestriol 65 -1.65 -1.34 -1.34
4-Dodecylphenol 66 -1.73 -2.66 -2.61
2-Ethylhexyl-4-hydroxybenzoate 67 -1.74 -2.66 -2.61
4-tert-Octylphenol 68 -1.82 -2.66 -2.61
Phenolphthalein 69 -1.87 -1.47 -1.30
Kepone 70 -1.89 -2.66 -2.61
Heptyl-4-hydroxybenzoate 71 -2.09 -2.66 -2.61
Bisphenol A 72 -2.11 -2.66 -2.61
Naringenin 73 -2.13 -2.66 -2.61
4-Cl-4¢-biphenylol 74 -2.18 -2.66 -2.61
3-Deoxyestrone 75 -2.2 -1.47 -1.55
4-Octylphenol 76 -2.31 -2.66 -2.61
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TABLE 6.3 Continued

15 Bin +
16 Bin L<7.5Å

Compound Exp. CoSCoSA CoSCoSA
Compound Name Number log (RBA) log (RBA) log (RBA)

Fisetin 77 -2.35 -2.14 -2.09
3¢,4¢,7-Trihydroxyisoflavone 78 -2.35 -2.66 -2.61
Biochanin A 79 -2.37 -2.66 -2.61
4-OH-chalcone 80 -2.43 -2.66 -2.61
4¢-OH-chalcone 81 -2.43 -2.66 -2.61
2,2¢-Methylenebis 82 -2.45 -2.07 -1.95

[4-chlorophenol)
4,4¢-Dihydroxybenzophenone 83 -2.46 -2.66 -2.61
Benzyl-4-hydroxybenzoate 84 -2.54 -2.66 -2.61
2,4-Dihyroxybenzophenone 85 -2.61 -2.66 -2.61
4¢-Hydroxyflavanone 86 -2.65 -3.15 -2.96
3a-Androstanediol 87 -2.67 -2.66 -2.61
4-Phenethylphenol 88 -2.69 -2.66 -2.61
Prunetin 89 -2.74 -2.66 -2.61
Doisynoestrol 90 -2.74 -2.66 -2.61
Myricetin 91 -2.75 -2.66 -2.61
2-Cl-4-biphenylol 92 -2.77 -3.21 -2.61
Triphenylethylene 93 -2.78 -2.66 -2.61
3¢-OH-flavanone 94 -2.78 -3.43 -3.31
Chalcone 95 -2.82 -2.66 -2.61
o,p¢,-DDT 96 -2.85 -2.66 -2.61
4-Heptyloxyphenol 97 -2.88 -2.66 -2.61
Dihydrotestosterone 98 -2.89 -2.66 -2.61
Formononetin 99 -2.98 -2.66 -2.61
bis-[4-Hydroxyphenyl)methane 100 -3.02 -2.66 -2.61
p-Phenylphenol 101 -3.04 -2.66 -2.61
6-Hydroxyflavanone 102 -3.05 -2.14 -2.09
4,4¢-Sulfonyldiphenol 103 -3.07 -1.47 -1.30
Butyl-4-hydroxybenzoate 104 -3.07 -2.66 -2.61
Diphenolic acid 105 -3.13 -2.66 -2.61
1,3- 106 -3.16 -2.66 -2.61

Diphenyltetramethyldisiloxane
Propyl-4-hydroxybenzoate 107 -3.22 -2.66 -2.61
Ethyl-4-hydrobenzoate 108 -3.22 -2.66 -2.61
Phenol red 109 -3.25 -2.66 -2.61
3,3¢,5,5¢-TetraCl-4,4¢-biphenyldiol 110 -3.25 -2.66 -2.61
4-tert-Amylphenol 111 -3.26 -2.66 -3.53
Baicalein 112 -3.35 -2.66 -2.61
Morin 113 -3.35 -2.66 -2.61
4-sec-Butylphenol 114 -3.37 -2.07 -1.95
4-Cl-3-methylphenol 115 -3.38 -2.66 -3.53
6-Hydroxyflavone 116 -3.41 -2.66 -2.61
4-Benzyloxyphenol 117 -3.44 -2.66 -2.61



used forward multiple linear regression (MLR) on a selected subset of spec-
tral bins. After binning all 130 compounds, only 605 from the 7381 bins con-
tained nonzero elements (called hits) in them. Of the 605 populated bins, only
337 contained more than one hit. From the remaining 337 multiply populated
bins, an increasing number of the mostly highly correlated bins were selected
by trial and error and used to construct MLR models until a model was
obtained that had an r2 greater than 0.8 and a F value greater than 30. We
were able to identify 16 bins this way and produce a model that had an r2

greater than 0.82, the F value was still increasing with the addition of a bin,
and the p value of the bin added was significant (p < 0.05). We did not select
any bins that had less than 2 hits. The reason for this is that a bin with one hit
can inappropriately add to the r2 of a model but cannot improve the LOO
cross-validation (q1

2). The use of a large number of very small, singly popu-
lated bins is the reason that Bursi and co-workers [45] had a high r 2 and very
low q1

2. To more rigorously test the validity of the CoSCoSA models, two L13O
[10 percent of the data excluded) cross-validations were performed on each
of the models. In these “leave-multiple-samples-out” experiments, the com-
pounds omitted were varied and the results of the two corresponding experi-
ments were averaged.

Figure 6.11a shows results of a CoSCoSA model based on the MLR analy-
sis of 16 selected 2D bins from the 13C-13C COSY spectral data. The 16-bin
COSY model for the 130 estrogenic compounds had an explained variance 
r2 of 0.827, a LOO q1

2 of 0.78, and an average L13O cross-validated variance
(q13

2) of 0.78 ± 0.01. The CoSCoSA model was based on COSY bins 28-12 
(bin 1), 72-20 (bin 2), 54-28 (bin 3), 50-38 (bin 4), 64-56 (bin 5), 164-104 (bin
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TABLE 6.3 Continued

15 Bin +
16 Bin L<7.5Å

Compound Exp. CoSCoSA CoSCoSA
Compound Name Number log (RBA) log (RBA) log (RBA)

3-Phenylphenol 118 -3.44 -2.14 -2.09
Methyl-4-hydrobenzoate 119 -3.44 -2.66 -3.53
2-sec-Butylphenol 120 -3.54 -3.20 -3.04
2,4¢-Dichlorobiphenyl 121 -3.61 -2.66 -2.61
4-tert-Butylphenol 122 -3.61 -3.75 -3.53
2-Cl-4-methylphenol 123 -3.66 -2.66 -3.53
Phenolphthalin 124 -3.67 -2.66 -2.61
4-Cl-2-methylphenol 125 -3.67 -2.66 -3.53
7-Hydroxyflavanone 126 -3.73 -2.66 -2.61
3-Ethylphenol 127 -3.87 -2.90 -3.70
Rutin 128 -4.09 -2.66 -2.61
4-Ethylphenol 129 -4.17 -3.75 -3.53
4-Methylphenol 130 -4.50 -3.75 -3.53



6), 152-108 (bin 7), 156-110 (bin 8), 126-112 (bin 9), 140-112 (bin 10), 142-112
(bin 11), 154-112 (bin 12), 154-114 (bin 13), 156-114 (bin 14), 128-116 (bin 15),
and 126-120 (bin 16). All 2.0ppm bins were written using the format a-b, where
a and b are the ppm values corresponding to the two “connected” atoms. The
MLR equation for the 16-bin CoSCoSA model is

All bins had more than three hits except for bins 152-108 and 140-112, each
of which had only two hits. The correlation matrix for the 16 bins was calcu-
lated and only two sets of bins had a correlation between them greater than
0.5. The greatest average correlation between any bin with the other 17 bins
was 0.04 and many of the average correlations were much lower than 0.04.
The lack of a large correlation among bins suggests that the resulting patterns
were based on essentially orthogonal data. The COSY bin 28-12 was most
often associated with the CH3 carbon connected to the CH2 in the ethyl groups
in diethylstilbestrol and hexestrol-like compounds. Twelve of the 14 com-
pounds with a COSY hit in 28-12 had a log10(RBA) greater than -0.05. Com-
pounds that populated a COSY bin at 154-112 were most often associated with
the 3-carbon position connected to the 2-carbon position in the A-ring of 17b-
estradiol like compounds. Nine of the 10 compounds with a COSY hit in bin
154-112 had a log10(RBA) greater than -0.05. Fourteen compounds had a hit
in the COSY bin at 128-116. The 128-116 COSY bin was most often associ-
ated with the 2- to 3- and 5- to 6-carbon positions in a phenol ring. Twelve of
the 14 compounds with a COSY hit in bin 128-116 had a log10(RBA) less than
0.60. The 24 compounds that had a hit or multiple hits in the COSY bin at
156-114 were most often associated with the hydroxylated carbon of a phenol
ring connected to its two nearest neighboring carbons. Only 5 of the 24 com-
pounds with a COSY hit in bin 156-114 had log10(RBA) less than -1.65. The
6 compounds that had a COSY bin at 64-56 were most often associated with
the 2 carbons between the oxygen ester and the nitrodimethyl of tamoxifen-
like compounds. Similar spectral-structural associations could be made for the
other COSY bins effectively used in the CoSCoSA models.

Figure 6.11b shows results for the CoSCoSA model that was based on the
MLR analysis of 15 selected 2D 13C-13C COSY bins plus the single distance
variable. The distance variable, L<7.5Å, was assigned a value of 1 when the
maximum distance between nonhydrogen atoms in a compound was less than
7.5Å (compact) and a value of zero for all other compounds. The L<7.5Å vari-
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able replaced the COSY bin at 154-114 (bin 13) in the previous 16-bin
CoSCoSA model. The MLR equation for the 15-bin-with-L<7.5Å CoSCoSA
model is

This 15-bin-with-L<7.5Å model had an r2 of 0.83, a q1
2 of 0.79, and an average 

q13
2 of 0.78 ± 0.01. In this model, the L<7.5Å variable selected 9 compounds, all

of which had a log(RBA) lower than -3.26. Smaller, compact molecules tended
to bind weakly.

In Figures 6.11a and 6.11b, the line of compounds predicted to have a
log10(RBA) of -2.60 is a set of compounds that did not have a hit in any of the
16 bins used to formulate the two CoSCoSA models. There were 56 compounds
in the 16-bin CoSCoSA model that did not have any hit in one of the 16 bins.
The 15-bin-with-L<7.5Å model had 52 compounds that did not have a hit in any
of the 15 bins or L<7.5Å. The removal of compounds with no hits from the
CoSCoSA models did not change the r2 or q2 of the model by more than 2
percent. Three of the compounds in the 16-bin CoSCoSA model had residuals
greater than 2 standard deviations (3b-androstanediol, genistein, and
norethynodrel). In the 16-bin CoSCoSA model, only one other compound had
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Figure 6.11 (a) 16 bin 2D-CoSCoSA model of estrogen binding. (b) 15 + L < 7.5 2D
CoSCoSA model of estrogen binding.



a predicted residual greater than 2 standard deviations and it was 4-hydoxy-
tamoxifen. The 15-bin-with-L<7.5Å model had 4 compounds with no hits that
had residuals greater than 2 standard deviations. They are the same 3 com-
pounds poorly modeled by the 16-bin CoSCoSA model plus 4,4¢-
sulfonyldiphenol. There were two compounds in the 15-bin-with-L<7.5Å

CoSCoSA model with predicted residuals greater than 2 standard deviations,
4-hydoxy-tamoxifen and dihydroxymethoxychlor (HPTE). Almost all of the
compounds with no hits in the 16 bins had experimental log10(RBA) lower than
-1.0.The CoSCoSA models did not find a spectral relationship for these weakly
binding compounds to the estrogen receptor. Most of the other bins in both
CoSCoSA models were used to form a relationship between a spectral bin and
binding to the estrogen receptor with a log10(RBA) stronger than -2.60.

To further test the ruggedness of CoSCoSA models of estrogen receptor
binding, we predicted the log10(RBA)s of compounds from two published
external data sets [46, 47]. The log10(RBA)s from those external data sets pos-
sessed a greater variability in binding activity. So, by a previously published
method, a set of compounds that had their binding activity determined in all
three labs [46, 47] was used to normalize the external data sets to the NCTR
data [8, 48]. We then built the CoSCoSA models as before and used the result-
ing MLR equations to predict the log10(RBA) of the compounds in the test
set. We used the published normalized log10(RBA) for 27 compounds from
Waller and Kuiper data in our external testing of the CoSCoSA models [8].
However, many of the occupied bins for the new compounds from the exter-
nal data set did not fall into the original 605 occupied bins. (The original set
of bins comprised only 8.2 percent of the 2D COSY spectral plane.) We
inferred that, in the different molecular context of the external data sets, NMR
chemical shift information was expressed in adjacent but nonincluded bins.
NMR chemical shifts exist along a continuum, and the process of binning them
for this type of pattern recognition inherently compromises the pattern when
it barely misses a selected bin.

To account for this source of confusion with the external data, we tried
adding various fractions of “near-miss” signals into each compound’s spec-
trum. With this in mind, we used the CoSCoSA model’s MLR equation to
predict the normalized log(RBA) of the compounds in the external test set.
However, compounds from the external test set with bins that were one bin
away (one of 8 bins surrounding a 2D bin) from the original 605 populated
bins were modeled using none, one-quarter, and one-half of that bin’s inten-
sity in the nearest neighboring bin used in the original CoSCoSA model.

Table 6.4 shows the predictions for 27 compounds. The first 21 compounds
show the predictions for Waller’s data set [46] using both the 16-bin and 15-
bin-plus-L<7.5Å model of estrogen binding. To make the predictions, we simu-
lated the 2D spectra of the 21 compounds, again using ACD/Labs CNMR
predictor software (ACD, Toronto, Canada, www.acdlabs.com). The simulated
spectra of the test set were binned into the same 605 bins. However, many of
the occupied bins for these compounds did not fall into the original 605 occu-
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pied bins (8.2 percent of the 2D COSY spectral plane). Therefore, if the sim-
ulated spectra did not fall into one of the original 605 populated bins, we put
none, one-quarter, and one-half of the bin’s intensity into the neighboring bin
or bins used in the CoSCoSA model. We then built the CoSCoSA model as
before and used its MLR equation to predict the log10(RBA) of the com-
pounds in the test set. Only 6 of the 27 compounds from Waller and Kuiper’s
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TABLE 6.4 External Test Set Predictions of Estrogen Receptor Bindinga

Normalized 16- 15+L<7.5Å-
Name log (RBA) CoSASA CoSCoSA CoMFA

2-tert-Butylphenol -4.55 -2.66 -3.53 -3.83
3-tert-Butylphenol -4.82 -1.50 ± 0.64 -2.34 ± 0.66 -3.33
2,4,6,-triCl-4¢-biphenylol -0.16 -1.61 -1.56 -1.60
2-Cl-4,4¢-biphenyldiol -0.61 -1.61 -1.56 -1.49
2,6-Dichloro-4¢-biphenylol -1.11 -1.61 -1.56 -2.41
2,3,5,6,TetraCl-4,4¢- -2.18 -1.61 -1.56 -0.82

biphenyldiol
2,2¢,3,3¢,6,6¢-HexaCl-4- -2.74 -2.14 -2.08 -3.06

biphenylol
2,2¢,3,4¢,6,6¢-HexaCl-4- -2.60 -1.61 -1.56 -2.48

biphenylol
2,2¢,3,6,6¢-PentaCl-4- -1.97 -1.61 -1.56 -3.07

biphenylol
2,2¢5,5¢-TetraCl-biphenyl -2.67 -2.66 -2.61 -2.74
2,2¢,4,4¢,5,5¢-HeaxCl- -2.83 -2.66 -2.61 -1.52

biphenyl
2,2¢,4,4¢,6,6¢-HexaCl- -1.87 -2.66 -2.61 -1.83

biphenyl
2,2¢,3,3¢,5,5¢-HeaxCl-6¢- -2.69 -2.36 -2.29 -3.01

biphenylol
4¢-Deoxyindenestrol -1.37 2.89 ± 0.63 2.96 ± 0.67 -0.53
4¢-Deoxyindenestrol -0.23 2.89 ± 0.63 2.96 ± 0.67 0.111
5¢-Deoxyindenestrol -0.59 -0.61 -0.59 -1.00
5¢-Deoxyindenestrol 0.35 -0.61 -0.59 -0.59
Indenestrol A (R) 1.08 3.95 ± 0.64 4.01 ± 0.67 0.29
Indenestrol A (S) 2.39 3.95 ± 0.64 4.01 ± 0.67 0.62
R 5020 -1.81 -2.45 ± 0.18 -2.48 ± 0.17 -0.70
Zearalenone 0.91 0.51 0.51 -0.12
5-Androstenediol -0.49 -2.66 -2.61 -0.66
16a-Bromoestradiol 1.41 -0.11 0.05 0.33
16-Ketoestradiol -0.38 -0.11 0.05 0.58
17-epi-Estriol 0.98 -0.11 0.05 -0.16
2-OH-estrone -0.19 1.26 1.32 0.36
Raloxifene 1.34 0.17 ± 0.63 0.20 ± 0.66 -0.24

a The plus and minus sign reveals the variation seen when using none and one-half of a bin’s inten-
sity in a neighboring bins used to formulate the CoSCoSA model [35, 39].



external data sets had binned COSY chemical shifts that were within one bin
of those 16 bins used to formulate a CoSCoSA model. In Table 6.4, for these
6 compounds, we predicted the log10(RBA) using one-quarter intensity in a
neighboring bin and plus or minus the deviation seen when predicting the
log10(RBA) when using none and one-half intensity in the neighboring bin
used for a CoSCoSA model. For Waller’s test set and one quarter of a bin’s
intensity in neighboring bins, we achieved a q2

pred of 0.50 for the 16-bin
CoSCoSA model and a q2

pred 0.57 for the 15-bin-plus-L<7.5Å CoSCoSA model.
When using one half of a bin’s intensity in a neighboring bin, we got a q2

pred

of 0.45 for the 16-bin CoSCoSA model and a q2
pred 0.52 for the 15-bin-plus-

L<7.5Å CoSCoSA model. Using none of a bin’s intensity in a neighboring bin,
we got a q2

pred of 0.55 for the 16-bin CoSCoSA model and a q2
pred of 0.62 for the

15-bin-plus-L<7.5Å CoSCoSA model. A comparative mean field analysis
(CoMFA) model had a q2

pred of 0.70 for Waller’s normalized test set [8, 46].
When Indenstrol A (R), Indenestrol A (S), 4¢deoxyindenestrol (R), and 4¢-
deoxyindenestrol (S) are removed from Waller’s test set and none of a bin’s
intensity from neighboring bins, a q2

pred of 0.59 for the 16-bin model and a 
q2

pred 0.74 for the 15-bin-plus-L<7.5Å model are achieved. Further inspection of
the predictions for Indenstrol A (R), Indenestrol A (S), 4¢deoxyindenestrol
(R), and 4¢-deoxyindenestrol (S) revealed that one chemical shift prediction
that was highly suspect (142ppm). When we checked the structures used in
the prediction of this chemical shift, all the compounds had chemical shifts
from 134 to 139ppm and not 142ppm. On closer examination of the spectral
prediction process, we found that the database structures used as the basis for
prediction all had corresponding chemical shifts from 134 to 139ppm, not 142
ppm. It appears that an error in the spectral prediction process may have con-
tributed to poorer modeling results for these outliers.

3D-CoSCoSA Model of Corticosterone Binding A three-dimensional quan-
titative spectrometric data–activity relationship (3D QSDAR) model of 
corticosteroid binding globulin was developed by combining NMR spectral
information with structural information to form a 3D connectivity matrix. The
3D connectivity matrix was built by displaying all possible carbon-to-carbon
connections with their assigned carbon NMR chemical shifts and distances
between the carbons. The matrix was simplified by compressing data into a 2-
D 13C-13C COSY plane and selected theoretical 2D 13C-13C distance connec-
tivity spectral slices to model binding for 30 steroids. Not all the atom-to-atom
connectivity information is needed to develop a good CoSCoSA model. In the
2D CoSCoAS model of estrogen binding just presented, we used only the
nearest neighbor COSY data. It is known for many steroids that the impor-
tant binding sites are near the 3 and 17 positions of the molecule. Therefore,
effective models can be built using only the nearest neighbor information and
the long-range connections between areas surrounding positions 3 and 17 that
are approximately 7.5Å apart. To include information around positions 3 and
7, through-space carbon-to-carbon connections that were greater than 6.0Å
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were included to produce a theoretical 2D 13C-13C distance connectivity spec-
trum that contains cross peaks, for atom i and atom j whenever the two carbons
were greater than 6.0Å apart. The 2D 13C-13C COSY and 2D 13C-13C distance
connectivity spectra are symmetrical across the diagonal and for modeling
purposes, only half of each individual spectrum contains all the necessary
information. One-dimensional 13C NMR spectra were not used in these
CoSCoSA models because the 1D chemical shifts are highly correlated to the
COSY and long-range cross peaks and do not provide additional information.

Structurally assigned 13C NMR spectra of the 30 steroids in Figure 6.6 and
Table 6.1 were used to produce the predicted 2D 13C-13C COSY and theoret-
ical 2D 13C-13C distance spectra [41]. The arrows in Figure 6.3a show the
through-bond neighboring carbon-to-carbon connections of a steroid back-
bone molecule without any side chains. These through-bond carbon-to-carbon
connections were used to simulate 2D 13C-13C COSY spectra of the steroid
compounds. The arrows in Figure 6.10b show all through-space carbon-to-
carbon connections greater than 6.9Å for b-estradiol. These through-space
carbon-to-carbon connections and any other long-distance connections from
side chains were used to produce the theoretical 2D 13C-13C distance connec-
tivity spectra.

Four CoSCoSA models of binding to the corticosteroid binding globulin
were built from the 2D COSY and 2D long-range distance spectra. One model
used only the 2D COSY and the other, only the 2D long-range distance
spectra. Also, COSY and distance spectra were combined in two different
ways, either using the combined raw spectra (3D) or using the combined 
principal components (PCs) from the COSY and distance PCs calculated 
separately.

For the first case, 2D 13C-13C COSY spectra data were reduced to PCs. The
PCs were used by forward multiple linear regression to produce the COSY
model. Similarly, for the second approach, 2D 13C-13C distance connectivity
data were reduced to PCs. These PCs were then used via forward multiple
linear regression to produce a model of the long-distance connectivity data.
The third type of model combined the raw 2D 13C-13C COSY and the 2D 13C-
13C distance connectivity spectra into a single 3D data set before PC extrac-
tion [41]. These PCs were then used for forward multiple linear regression to
produce the model for the three-dimensional representation of the 2D 13C-13C
COSY and 2D 13C-13C distance spectra data. The fourth approach used the
combined PCs from the individual 2D 13C-13C COSY and the 2D 13C-13C dis-
tance connectivity models to produce a combined through-bond and through-
space CoSCoSA model.

The PCs for all CoSCoSA model were produced by evaluating the con-
nectivity bins with forward multiple linear regression analysis and using only
the most correlated PCs. The F test for many of the models continued to rise
as more PCs were included in modeling. This process can lead to overfitting
of the model. To avoid overfitting, we limited the number of PCs to either
three or eight. Three reflected the number of independent components used
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in previous QSAR models for this endpoint. Eight reflected optimal results
for this type of data.

Table 6.5 contains a comparison of the model performance parameters (n,
r2, q2, and number of components) for corticosterone binding models based 
on QSAR [37], HE-state/E-state [52], E-state [52], SOM [53], combination
QSAR/E-state [38], 2D CoSASA [22], 1D CoSA [22], the four multiple linear
regression CoSCoSA models, and a CoSCoSA PD-ANN model validated two
different ways (explained below). All four CoSCoSA models with 8 PCs have
a strong correlation (r2) and cross-validated variance (q2) and are favorable
when compared to the previous published models of binding to the corticos-
teroid binding globulin.

Figure 6.12a is a plot of the predicted binding versus experimental binding
for the CoSCoSA 2.0-ppm resolution model based on 13C-13C COSY data. A
model based on 8 PCs had an explained correlation (r2) of 0.93 and a cross-
validated variance (q2) of 0.88, which indicates self-consistency and excellent
predictive capability. Figure 6.12b is a plot of the predicted binding versus
experimental binding for the CoSCoSA 2.0-ppm resolution model based on
13C-13C distance greater than 6.9Å. Using 8 PCs, the r2 of this model is 
0.89 and the q2 is 0.79. Figure 6.12c is a plot of the predicted binding versus
experimental binding for the CoSCoSA 2.0-ppm resolution model based on
the combined 13C-13C COSY and 13C-13C distance connectivity PCs. The r2

of this model is 0.96 and the q2 of this model is 0.92, which indicates excellent
predictive capability. Finally Figure 6.12d is a plot of the predicted binding
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TABLE 6.5 Corticosterone Model Performance Parameters n, r2, q2 and Number of
Components

Model n r2 q2 Components

QSAR 31 0.72 0.68a 3 (PCs)
HE state/E-state 31 0.98a/0.96b 0.80a/0.76b 3a (PCs)/5b (PCs)
E-state 31 0.96a/0.96b 0.79a/0.67b 3a(PCs)/4b (PCs)
SOM 31 0.85 — 3 (PCs)
QSAR/E-state 30 0.82 0.78 3 (atoms)
2D CoSASA 30 0.80 0.73 3 (atoms)
1D CoSA 30 0.80 0.78 3 (bins)
CoSCoSA COSY 30 0.84/0.93 0.74/0.88 3 (PCs)/8 (PCs)
CoSCoSA distance 30 0.66/0.89 0.38/0.79 3 (PCs)/8 (PCs)
CoSCoSA COSY + distance 30 0.84/0.96 0.74/0.92 3 (PCs)/8 (PCs)
3Dc CoSCoSA 30 0.78/0.92 0.68/0.81 3 (PCs)/8 (PCs)
PD-ANN (3Dc) CoSCoSA 30 0.96 0.78d 593:198:1
PD-ANN (3Dc) CoSCoSA 30 0.96 0.73e 593:198:1

a 1.0-Å models.
b 2.0-Å models.
c 3D is the combination of COSY and distance data before PC extraction.
d A L3O q3

2.
e A L10O q10

2 [22, 36, 37, 40, 51, 52].



versus experimental binding for the CoSCoSA 2.0-ppm resolution model
based on the combined 13C-13C COSY and 13C-13C distance connectivity 
spectral data before principal component extraction. The explained correla-
tion (r2) of this model is 0.92 and the cross-validated variance (q2) of this model
is 0.81.

Artificial Neural Network Model of 3D CoSCoSA Model of Corticosterone
Binding Another model for predicting steroid binding activity to the 
corticosteroid binding globulin was developed using a parallel distributed-
artificial neural network (PD-ANN). The PD-ANN is an algorithm that 
allows for simultaneous training and testing of multiple neural networks. The
drawback to using an ANN is the time required to find an optimal network
configuration. Traditionally this search has been performed in serial fashion,
one configuration at a time, on one computer at a time. The PD-ANN takes
advantage of an Internet-based parallel distribution scheme to perform the
optimization task on multiple machines simultaneously. The result is a dra-
matic decrease in the time required for finding an optimal network configu-
ration. For this study, the ANN consisted of an error back propagating,
feed-forward Java code. The back-propagation algorithm in the PD-ANN was
based on Rummelhart, Hinton, and Williams’ generalized delta rule [49]. It
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Figure 6.12 Plot of the predicted binding versus experimental binding for the corti-
costerone globulin. (a) The 13C-13C COSY data, (b) 13C-13C distance connectivity data
greater than 6.9 Å, (c) the combined 13C-13C COSY and 13C-13C distance connectivity
PCs, (d) the combined 13C-13C COSY and 13C-13C distance connectivity data before PCs
are extracted from the combined data.



was developed “in-house” and parallel distributed using JGravity, a Java-based
parallel distribution platform [50].

More than 100 varying network configurations were evaluated over a
couple of days using four high-speed Pentium personal computers. Two types
of cross-validations were performed. In one case, each distributed neural
network removed three examples and trained on the rest, rotating through the
rest of the data on subsequent training sessions, and thus performing a com-
prehensive series of L3O cross-validations. In another case, 10 examples were
left out, performing a L10O cross-validation.

The configuration consisting of 593 input, 198 hidden, and 1 output nodes
provided the best validated results. This roughly corresponds to a hidden layer
that is equal to 1/3n, where n = number of input nodes. This is a common
optimal input-hidden node relationship for three-layer, feed-forward neural
networks [51]. The best results were obtained when the network was trained
for 3400 cycles, with a learning rate of 0.1, and using a sigmoid transfer func-
tion. A sigmoid transfer function in the back-propagation algorithm required
that the data (input and output) be scaled within a range between 0 and 1.
The raw data for this model was actually scaled from 0.1 to 0.9.

All of the spectral bins based on the combination of 13C-13C COSY and 13C-
13C distance spectra were used to develop the CoSCoSA PD-ANN model. The
explained correlation (r2) of this model is 0.96. Two cross-validated variance
coefficients were calculated for this model. The leave-3-out (q3

2) procedure
yielded a value of 0.78, and the leave-10-out (q10

2) procedure yielded a value
of 0.73. These numbers illustrate a high degree of consistency and predictive
capability for the PD-ANN model. All four CoSCoSA models based on 8 PCs
have a q2 greater than the 0.68 seen for the QSAR model. Three of the 4
CoSCoSA models based on 3 PCs have a q2 greater than the 0.68 seen for the
QSAR model. The only CoSCoSA model that did not have a q2 greater than
0.68 was the 13C-13C distance connectivity model based on only 3 PCs. The HE-
state and E-state models have a greater r2 than all the QSDAR models, but
these models are very computationally intensive with many distance formulas
used for every point in the grid. Still, all the 2.0-ppm resolution CoSCoSA
models based on 8 PCs have an r2 greater than 0.89 and a q2 greater than 0.79.
All the CoSCoSA models with 8 PCs have a predictability that is much better
or comparable to the predictability for QSAR, CoSA, CoSASA, HE-state/E-
state, and E-state models. Our earlier CoSA QSDAR model started with only
256 spectral bins, a number subsequently reduced to 94 when all columns were
removed that consistently had either zero population or only one nonzero
entry. An analogous adjustment was made for these 3D models. The 2.0-ppm
CoSCoSA models started with 6441 bins, a number then reduced to 271 for
the 13C-13C COSY data and 322 for the 13C-13C distance connectivity data when
all the columns with only zeroes were removed. The models used less than 5
percent of the available 2D connectivity spectral space.

A set of rules was used to combine all bins with only one hit into a popu-
lated nearest neighbor bin so that information content from their occupancy
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could be retained in the model. When several bins with multiple hits were
equally close to the bin with one hit, the one-hit bin was added to the bin with
the least number of hits. When all the bins with one hit were treated this way,
the remaining bins for 2.0-ppm 13C-13C COSY modeling were reduced from
271 to 178. Similarly, the number of bins used for 2.0-ppm 13C-13C distance con-
nectivity modeling was reduced from 322 to 194. Using the new data with
treated one-hit bins, the resulting r2 for the 13C-13C COSY model increased
from 0.93 to 0.94 and q2 increased from 0.88 to 0.89. The treated 13C-13C dis-
tance connectivity data produced a model where the r2 increased from 0.89 to
0.91 and q2 from 0.79 to 0.81. Using both the treated 13C-13C COSY and 13C-
13C distance connectivity PCs for the type-four models, the r2 decreased from
0.96 to 0.95 and q2 from 0.92 to 0.90. In contrast, the adjusted spectra, when
13C-13C COSY and 13C-13C distance connectivity raw data were combined
before the extraction of PCs, caused the r2 to increase from 0.92 to 0.93 and
q2 increased from 0.81 to 0.84. The type-four (PC) approach to spectral com-
bination gave superior results, but the effect of retaining information from the
singly populated bins improved type-three (3D) results.

It is interesting to note that a strong predictive model was produced by the
PD-ANN using the combined COSY and distance 13C spectral data. There was
no preprocessing (such as principal components or other types of regression
analysis to extract features or bin population adjustments) performed on the
data prior to its use. The model used the raw spectral information. The strength
of the model is clearly demonstrated with the average q10

2 of 0.73. The total
data set consisted of only 30 compounds. Thus each time 10 compounds were
left out, the data set use to build the model was depleted by 33 percent.

3D CoSCoSA Model of Binding to the Aromatase Enzyme The assigned
13C NMR spectra of 50 steroids shown in Figure 6.7 and Table 6.2 were used
to develop four types of CoSCoSA models of binding to the aromatase
enzyme [42]. These four model types paralleled the four CoSCoSA models of
the corticosteroid binding globulin: one model using nearest neighbor 2D
COSY connectivities, a second model using 2D long-range distance connec-
tivities only, a third model using COSY and long-distance spectra combined
using the combined PCs derived by independent PC analysis of the two dis-
tance ranges, and the fourth model (3D) using the combined raw spectra as
one might expect for a direct 3D representation of each molecule. Methods
of statistical analyses also paralleled the earlier work. In this case, each of the
four types of CoSCoSA model was built using the five most correlated PCs
and, in a variant procedure, rebuilt for comparison using the number of most
correlated PCs that produced a maximum result for the F value.

Table 6.6 contains a comparison of the model performance parameters (n,
r2, q2, and number of components) used for QSAR [7], 1D CoSA [23], 2D
CoSASA [23], and CoSCoSA models [42]. All four CoSCoSA models with
PCs have a strong correlation (r2) and cross-validated variance (q2) and are
favorable when compared to the previously published models of binding to
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the aromatase enzyme. To further validate these results, the statistical process
was tested by randomizing the binding activity data to see whether the
CoSCosCA models could develop an invalid association based on meaning-
less spectral data–aromatase binding correlations. As hoped, excellent statis-
tical correlation occured using actual binding data while the random data
produced models having very low to zero correlations.

Figure 6.13a is a plot of the predicted binding versus experimental binding
for the 2.0-ppm resolution CoSCoSA model based on 13C-13C COSY data and
9 PCs. The COSY model was the best model, and using 9 PCs it had an r2 of
0.89 and a q2 of 0.89, which indicates self-consistency and excellent predictive
capability. Figure 6.13b is a plot of the predicted binding versus experimental
binding for the 2.0-ppm resolution CoSCoSA model based on long-distance
spectral data. The r 2 of this model was 0.72 and the q2 was 0.72. Figure 6.13c
is a plot of the predicted versus experimental binding for the 2.0ppm resolu-
tion (PC) CoSCoSA model based on the combined 13C-13C COSY and 13C-13C
distance connectivity PCs. The model used 10 PCs and had an r 2 of 0.92 and
a q2 of 0.86. Figure 6.13d is a plot of the predicted binding versus experimen-
tal binding for the 2.0-ppm resolution (3D) CoSCoSA model for 13C-13C
COSY and 13C-13C distance connectivity spectral data when the two were 
combined before principal component extraction. The 3D model was based
on 8 PCs and had an r2 of 0.87 and a LOO cross-validated q2 of 0.83 [42]. As
was found for corticosteroid binding, the PC method of representing dis-
tance/chemical shift data associations produces better CoSCoSA models than
the 3D approach.

All four CoSCoSA models of aromatase enzyme binding have a q2 greater
than the 0.72 seen for the QSAR model [7]. We believe it is valid to compare
our models based on more than five PCs to QSAR models based on five com-
ponents. The CoSCoSA models use spectral data in a “digital” or quantized
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TABLE 6.6 Aromatase Model Performance Parameters n, r2, and q2 [7, 23, 41]

Model Number of PCs r2 q2

CoMFA 5 0.94 0.72
1D CoSA 5 0.78 0.71
1D CoSA 5 bins 0.82 0.77
2D CoSASA 5 0.75 0.67
2D CoSASA 5 atoms 0.74 0.66
2D CoSCoSA COSY 5 0.77 0.68
2D CoSCoSA COSY 9 0.89 0.89
2D 6-9Å Distance 5 0.65 0.65
2D CoSCoSA 6-9Å Distance 7 0.72 0.72
2D CoSCoSA COSY + Distance 5 0.77 0.68
2D CoSCoSA COSY + Distance 10 0.92 0.86
3D CoSCoSA 5 0.77 0.77
3D CoSCoSA 8 0.87 0.83



fashion, whereas QSAR models are based on “analog” or continuum format
data. Our CoSCoSA models and QSAR models are based on similar physical
phenomena. Both model types have access to electrostatic molecular features.
The dynamic range of data used to build the modeling association differs sig-
nificantly between these two approaches. However, under cross-validation it 
becomes clear that the CoSCoSA models have a better signal to noise (pre-
dictability) when more components are used. The use of an optimal rather
than identical number of PCs for comparisons compensates for the data struc-
ture difference.

Another significant advantage of QSDAR compared to QSAR models is
that the former require fewer assumptions to produce a model. During the
calculation of electrostatic potentials in 3D QSAR modeling, assumptions 
are made for solvent effects, partial charges, and dielectrics. Further, only one
structural conformation, typically the gas-phase minimum energy conforma-
tion, is assumed to represent each molecule to establish its tendencies with
respect to the structure–activity relationship. Each of the QSAR assumptions
and approximations are prone to produce significant error. Three-dimensional
QSDAR modeling does not rely on those assumptions. 13C NMR spectral data
inherently reflect a Boltzmann’s distribution of structural conformations to
produce a “quantum mechanical energy” that represents the average struc-
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Figure 6.13 Plot of the predicted binding versus experimental binding for the aro-
matase enzyme. (a) The 13C-13C COSY data, (b) all the 13C-13C distance connectivity
data greater than 6.9 Å, (c) the combined 13C-13C COSY and 13C-13C distance connec-
tivity PCs, (d) the combined 13C-13C COSY and 13C-13C distance connectivity data
before PCs are extracted from the combined data.



tural local environment for every carbon atom in the molecule. This average
quantum mechanical environment is obtained for a molecule in solution and
not derived from gas-phase electrostatic interactions. These facts help explain
the superior results of 3D QSDAR models in comparison to 3D QSAR.

Our simpler CoSA aromatase binding model started with 256 spectral bins,
which were reduced to 87 when all the columns with only zeroes or with only
one nonzero entry were removed. Our 2.0-ppm CoSCoSA model started with
6441 bins (3D overall, 2D in space). When all nonpopulated columns were
removed, these were reduced in number to 280 for the 13C-13C COSY data and
397 for the 13C-13C distance connectivity data. These CoSCoSA models, for the
particular training set and a 2.0-ppm resolution spectral bin width, used less
than 6 percent of the available 2D connectivity spectral space.

The 2.0-ppm bins in QSDAR models tend to override errors from using
predicted 13C NMR data. Using bins considerably wider than typical instru-
mental resolution changes the information content of raw spectra and, by
reducing the number of spectral bins, also reduces the computational inten-
sity of modeling. Both results are desirable for modeling purposes. Instrument-
dependent elements (shape, resolution) of the chemical shift peaks do not add
artificial, irrelevant variability. At 2.0-ppm resolution, the CoSCoSA models
retained enough spectral and structural information to represent the impor-
tant activity associations. Also, wide spectral bins increase the number that are
multiply populated, and so produce models of binding to the aromatase
enzyme that have excellent predictive qualities under cross-validation.

3D CoSCoSA Models of Aryl Hydrocarbon Receptor Binding Previously
reported log EC50 (median effective concentration) binding activity data [24,
54–60] were used to develop models of PCDD, PCDF, and PCB compounds.
13C NMR spectra were simulated as before using ACD/Labs CNMR predic-
tor software (ACD,Toronto, Canada, www.acdlabs.com) and used for QSDAR
both CoSASA and CoSCoSA modeling. For these compound types, no 
chemical shift peaks were present outside the 107 to 159ppm range. The use
of predicted rather than experimentally measured NMR chemical shifts is 
not necessary to build the CoSCoSA and CoSASA models, but it saves time,
money, and in this case prevents possible toxic exposures.

CoSCoSA and CoSASA models were produced by using the assigned 13C
NMR chemical shifts at the 12-carbon positions in the PCDF, PCDD, and PCB
molecules, as shown in Figure 6.8. CoSASA models for PCDD and PCDF
compounds were built directly from the 12 assigned carbon chemical shifts in
each predicted spectrum, as previously described. No binning was involved for
CoSASA models.

For 3D CoSCoSA, chemical shifts and atom assignments from the predicted
spectra were used to form 2D through-bond COSY spectra and 2D through-
space medium-range and long-range spectra. We reduced the resolution of 
all 2D spectra by populating 2.0-ppm bins. These dimensions were chosen,
as before, to multiply populate bins for statistical analysis and to reduce 
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the effects of uncertainties from the use of simulated spectra. The 2.0-ppm bin
spectral width was used successfully for AhR binding CoSA models [24].

CoSCoSA models were built from 2D bins in the plane of nearest neigh-
bor through-bond (COSY) plane, a medium-range through-space distance
plane, and a long-range through-space distance plane. The arrows in Figures
6.14a, 6.14b, and 6.14c show the through-bond nearest neighbor carbon-to-
carbon connections of PCDF, PCDD, and PCB molecules. The arrows in
Figures 6.14d and 6.14e show a selection of medium-range through-space con-
nections, in this case from the 2 and 3 or 7 and 8 anchoring positions to the
middle ring carbons in PCDF and PCDD molecules. Likewise for PCB mol-
ecules, in Figure 6.14f, we defined anchoring points as the 3, 4, and 5 positions
and the 3¢, 4¢, and 5¢ positions, so the “middle-ring” atoms consisted in this case
of the two ring-connecting carbons only. The arrows in Figures 6.14g and 6.14h
show the long-range through-space connections from the 2 and 3 or 7 and 8
anchoring positions to the opposite ring carbons in PCDF and PCDD mol-
ecules. Likewise for PCB molecules, in Figure 6.14i, the long-range connection
from the 3, 4, and 5 positions and 3¢, 4¢, and 5¢ positions to the carbons on the
opposite ring. Since this long-range connectivity interaction overlapped the
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two anchoring points for each molecule, we choose only one anchor ring as
the “origin” for which all long-range through-space connections originated.
CoSCoSA models were built using the nearest neighbor 2D spectral plane
only, the two anchoring structural elements through-distance 2D planes, and
a combination of through-bond and through-space information. Since there
were two anchors for every molecule, we might theoretically have separated
the medium-range through-space distance connections from the outer ring
anchors to middle of the compound 14 (Figs. 6.14d, 6.14e, and 6.14f ) into two
separate 2D planes. We did not do so because the training set was small and
increasing the number of degrees of freedom with additional spectral dimen-
sions would risk producing an overfitted model. In the 2D COSY, symmetry
inherent in the nearest neighbor relationship produces a pair of arrows, only
one of which is needed to represent each relationship. Therefore, only half the
2D COSY spectral connections were used. In contrast, the medium-range and
long-range through-space distance spectra, defined using anchoring origins do
not have the same symmetry and duplication. Therefore, the whole 2D spec-
tral plane is needed and was used in model development.

Statistical analysis was performed by Statistica software (Statsoft, Tulsa,
OK). For each CoSCoSA model, we used forward multiple linear regression
(MLR) on the bins. We did not include in the models any bins with fewer 
than 2 hits. For the 26 PCDFs, forward MLR selection of 6 bins from COSY,
through-space distance and combined COSY and through-space distance
ranges were used to produce the corresponding CoSCoSA models. Forward
MLR selection of 3 bins was used for COSY, through-space distance and com-
bined CoSCoSA models of the 14 PCDDs and the 12 PCBs. The CoSCoSA
model of all 52 compounds was built by forward MLR selection of 10 bins
from the combined COSY and through-space distance-generated 2D spectral
planes.

Figures 6.15a to 6.15c show plots of the predicted versus experimental
binding for CoSCoSA models based on MLR of through-bond COSY spec-
tral data for PCDFs, PCDDs, and PCBs, respectively. Figures 6.15d to 6.15f
show graphs of the predicted versus experimental binding for CoSCoSA
models based on MLR of through-space medium-range and long-range spec-
tral data for PCDFs, PCDDs, and PCBs, respectively. Figures 6.15g to 6.15i
show the predicted versus experimental binding for CoSCoSA models based
on MLR of COSY combined with through-space medium-range and long-
range spectral data for PCDFs, PCDDs, and PCBs, respectively. Tables 6.7 to
6.9 contain CoSCoSA parameters n, r2, q2, q4

2, F, and 2D bins for the PCDF,
PCDD, and PCB models, respectively [39].

Population of the COSY bin 153-113 was associated with 10 of the 11
PCDFs that had activities weaker than -7.0. Population of COSY bin 155-119
was associated with 12 of 16 compounds that had binding activities stronger
than -7.0. Bins associated with strong or weak binding, once they are identi-
fied by COSY and other CoSCoSA methods, can be related to the substruc-
ture features that gave rise to the chemical shifts. The recognition of important
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substructure features allows the inference of toxic features and other activity
mechanisms. In this case, COSY bin 155-119 was populated when the ester
oxygen of the furan was connected to the carbon with a chemical shift of 155
ppm. For PCDDs, the COSY bin at 143-123 was populated for all 8 compounds
having binding activities stronger than -6.96. In this case, COSY bin 143-123
was populated when the ester oxygen of the dioxin group was connected to
the carbon with a chemical shift of 143ppm. For PCBs, the COSY bin at 137-
125 was populated for both compounds having a binding activity stronger than
-7.0. For PCDFs, the long-range bin 121-117 marked 4 of the 6 compounds
that had activities weaker than -6.0. In the PCDD distance model, bin 127-
143 was associated with all 8 compounds having binding activities stronger
than -6.96.
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The best COSY and through-space model for PCDFs turned out to be
exactly the same as the COSY model for PCDF compounds. That is, for the
PCDFs, the short-range connections all had better predicative strength than
any of the longer distance associations. For PCDDs, the medium through-
space bin 127-143 correctly identified all eight PCDD compounds with binding
activities stronger than -6.96, as it had done in the less complicated spectral
format. The COSY bin at 137-125 correctly identified both PCBs with a
binding activity stronger than -7.0.

Figure 6.16 shows the predicted versus experimental binding for all 52 
compounds, of all three structural types, using the combined COSY, medium-
and long-range distance spectra. Statistical data for the combined CoSCoSA
model are shown in Table 6.10, along with comparable data based on other
methods. The r2 for the PCDFs is 0.87, for PCDDs is 0.84, and for PCBs is 0.75.
The CoSCoSA model is derived from ten 2D bins: 3 from COSY spectra, 4
from medium-range spectra, and 3 from long-range spectra. It is significant
that each of these ten 2D bins represents peaks of only one compound type.
One of the COSY and one of the medium-range bins have hits only for
PCDDs. Another pair (a COSY and a medium-range bin) are occupied only
for PCBs. The remaining 6 bins have hits only for PCDFs. From the combined
COSY with through-space results, we conclude that the CoSCoSA models for
PCDF, PCDD, and PCB compounds each contained relevant information suf-
ficient to produce accurate models of binding affinity to the AhR. We also infer
that building effective CoSCoSA models for diverse, multistructure-type data
sets will require sufficient bins to represent the binding relationships for each
of the structural types with a minimum of 2 bins each.
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Tables 6.7 to 6.9 address the question of how these CoSCoSA results
compare to those from other QSDAR and QSAR modeling approaches. In
Table 6.7 for PCDFs, two of the three CoSCoSA models had higher r 2 and q2

values than the corresponding 1D CoSA model. All three CoSCoSA models
for PCDFs had higher r2 and q2 than the 2D CoSASA model that associated
spectral chemical shifts with structurally assigned locations. Our previous 
1-ppm resolution CoSA model based on 5 bins for 26 PCDF compounds had
an r 2 of 0.82 and q2 of 0.72 [24]. A structural parameter model by Mekenyan 
and co-workers [61] to produce a 5-component model for 25 PCDF com-
pounds (all 26 PCDF compounds except for 237-trichlorodibenzofuran) 
that had an r2 of 0.85 and q2 of 0.71. The best model for 39 dibenzofurans 
proposed by Turner used three infrared EVA components [62]. Since the
CoSCoSA models were typically giving r2 above 0.9 and q2 above 0.8, we found
a consistent and significant improvement, especially for the prediction accu-
racy, compared to previous art. In Table 6.8 for PCDDs, CoSCoSA results 
were superior to alternative methods in every case but one discussed in
MeKenyan [61], which had approximately equivalent quality. In Table 6.9 
for PCBs, the corresponding CoSCoSA models typically exceeded but at 
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TABLE 6.7 26 PCDF Compound Model Performance Parameters n, r2, q2, q2
4, F,

and 2D binsa [24, 38, 60, 61]

Model n r2 q2 q2
4 F 2D Bins

Structural QSAR 5 0.85 0.72
CoMFA 6 PC 0.85 0.72
EVA 3 PC 0.96 0.73
1D CoSA 5 bins 0.82 0.72 18.6
2D CoSASA 6 atoms 0.74 0.70 9.1
CoSCoSA COSY 6 bins 0.92 0.84 0.84 38.7 C 119-113, C 125-113,

C153-113,
C 127-119,
C 155-119,
C 127-125

CoSCoSA 6 bins 0.83 0.63 0.65 15.1 M 127-115, M 125-117,
Mid + Long M 119-125,

M 125-125,
M 113-127,
L 121-127

CoSCoSA 6 bins 0.92 0.84 0.84 38.7 C 119-113, C 125-113,
COSY + Mid + C153-113,
Long C 127-119,

C 155-119,
C 127-125

a C stands for COSY, M stands for medium-range, and L stands for long-range spectra.



least equaled all previous methods, particularly for predictions from cross-
validation experiments.

Table 6.10 shows the results for all 52 PCDF, PCDD, and PCB compounds.
The combined COSY and through-space CoSCoSA models had a higher q2

than the corresponding 1D CoSA model [39]. Additionally the CoSCoSA
model was based on only ten 2D bins, whereas the CoSA model was based on
fifteen 1D bins. The previous CoSA model for all 52 compounds had an r2 of
0.87 and a q2 of 0.67 [24], whereas the current CoSCoSA model had an r2 of
0.85 and q2 of 0.73 and q4

2 of 0.52. When two outliers are removed from the
cross-validation of the 52-compound CoSCoSA model, the q2 and q4

2 improve
to 0.77. Both outliers occur when a compound has all zeros in every bin except
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TABLE 6.8 14 PCDD Compound Model Performance Parameters Bin n, r2, q2, q2
2,

F, and 2D binsa [24, 38, 60, 61]

Model n r2 q2 q2
2 F 2D Bins

Structural QSAR 5 0.95 0.82
COMFA 2 PC 0.88 0.73
EVA 2 PC 0.85 0.48
1D CoSA 3 bins 0.83 0.74 16.5
2D CoSASA 5 atoms 0.81 0.53 6.7
CoSCoSA COSY 3 bins 0.83 0.75 0.74 15.9 C 127-123, C 141-123,

C 143-123
CoSCoSA 3 bins 0.83 0.75 0.71 16.3 M 123-141, M 125-141,

Mid + Long M 127-141
CoSCoSA 3 bins 0.90 0.79 0.79 16.2 C 141-123, C 143-123,

COSY + M 123-141
Mid + Long

a C stands for COSY, M stands for medium-range, and L stands for long-range spectra.

TABLE 6.9 12 PCB Compound Model Performance Parameters n, r2, q2, q2
2, F, and

2D Binsa [24, 38, 60, 61]

Model n r2 q2 q2
2 F 2D Bins

COMFA 3 PC 0.87 0.49
EVA 1 PC 0.72 0.16
1D CoSA 3 bins 0.66 0.30 5.2
CoSCoSA COSY 3 bins 0.82 0.58 0.58 12.2 C 135-125, C 127-127,

C 133-131
CoSCoSA 3 bins 0.77 0.66 0.47 9.1 M 133-135, L 133-131,

Mid + Long L 133-133
CoSCoSA 3 bins 0.91 0.80 0.80 26.3 C 137-125, M 133-137,

COSY + M 131-139
Mid + Long

a C stands for COSY, M stands for medium-range, and L stands for long-range spectra.



for one column and that column has only two bin hits in it. When a column
with only one remaining hit in it is used during the LOO or L4O cross-
validation process, the linear regression b coefficient can change sign. One
needs to be aware of this fact during CoSCoSa modeling. The CoSCoSA com-
posite model for the 52 compounds represents a significant improvement over
corresponding results from alternative modeling approaches [24, 61, 62].

Producing a 13C and 15N Heteronuclear Connectivity Matrix

Often, particularly for chemicals with potentially useful pharmaceutical value
or toxicity, compound types to be modeled will contain atoms besides carbon,
oxygen, and hydrogen. It that case, NMR spectra besides 13C can be used. The
most prominent atom that is both biologically important and for which accu-
rate NMR prediction software is available is 15N. Other NMR nuclei that could
be used for SDAR or QSDAR modeling are 17O, 19F, and 31P. Which of these
might be useful would depend on the biological endpoint to model and the
availability of an endpoint-characterized training set. Figure 6.17 shows a
typical two-dimensional spectral connectivity layout for a 13C-15N hetero-
nuclear CoSCoSA model. As before for multidimensional 13C-13C models, the
symmetry-based data duplicates mean that only half of the spectra in the array
are necessary to develop a model.

13C-15N Heteronuclear CoSCoSA Model of Antibiotic Cephalosporins
Figure 6.18 shows the structures of 17 cephalosporins, widely used antibiotics
similar in structure and mode of action to penicillin. There are two nitrogen
atoms in the backbone of cephalosporin molecules. These structures were used
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TABLE 6.10 All 52 PCDF, PCDD, and PCB Compound Model Performance
Parameters n (parameters used), r2, q2, q2

4, F, and 2D binsa [24, 38, 60, 61]

Model n r2 q2 q2
4 F 2D Bins

Structural QSAR 5 0.85 0.72
CoMFA 6 PC 0.88 0.71
EVA 3 PC 0.87 0.68
1D CoSA 15 Bins 0.87 0.67 16.6
CoSCoSA 10 Bins 0.85 0.73 0.52 24.0 C 121-117, C 141-123,

COSY + C 137-125,
Mid + Long M 119-117,

M 129-119,
M 133-135,
M 123-141,
L 119-123,
L 119-125,
L 121-127

a C stands for COSY, M stands for medium-range, and L stands for long-range spectra.



272 COMBINING NMR SPECTRAL INFORMATION

15N13C

15
N

13
C

15N13C

15
N

13
C

Figure 6.17 2D 13C-15N heteronuclear connectivity matrix.

1 2

65

9

7
8

10
11

3

12

13

16

15
14

4

17

N

S

Cl

N

N N

NN

N N

S
N

S

N

O

S
N

S
N

N

N

S
N

N S
N

N N

NN

N
S

S

N
O

N

N

S
N

S N
N

N N

N

N

S

S

N

N N

N

S

S

O
N

N

S
N

S
O

O N

NN

N
S

S

N

ON

O

NN

N
S

S

N

N

O

O

N

N
S

N

N

S N

N

O
NN

N

S

S

N

N

O

N

N
S

N

O O

N

O N

S
N

N

O

S
N

S
N

S O

N

N
S

N N

N
S

N

Figure 6.18 Celphasporin structures. Numbering of compounds corresponds to 
Table 6.11.



as an example to examine the potential of heteronuclear CoSCoSA methods
to model the minimum inhibitory concentrations (MIC) of cephalosporin anti-
biotics, using only the through-bond (COSY-type) carbon-to-carbon and
through-bond carbon-to-nitrogen 2D planes. In producing this 2D CoSCoSA
model, for technical reasons we defined the endpoint as log(1/MIC) [63].

We used bin sizes of 3.0 ¥ 3.0ppm for carbon-to-carbon COSY connections
and 10.0 ¥ 3.0ppm for the nitrogen-to-carbon direct connections. Nitrogen
chemical shifts were predicted from software available on the ACD/Labs
ILAB website (ACD,Toronto, Canada, www.acdlabs.com). Carbon shifts were
predicted as before. In building the nitrogen-to-carbon connectivity matrix,
700.0ppm was added to the predicted nitrogen chemical shifts, so that they fell
in the range from 300 to 700ppm. Thus, a single synthetic spectrum could be
defined with carbon-to-carbon connectivity bins occupied from 0 to 240ppm,
and nitrogen-to-carbon from 300 to 700ppm.

Forward regression MLR selected 4 bins from a total of 101 carbon-to-
carbon and 48 carbon-to-nitrogen occupied bins. These were (-230 nitrogen,
156 carbon), (-280 nitrogen, 162 carbon), (-230 nitrogen, 168 carbon), and (135
carbon, 24 carbon). The CoSCoSA models were produced as described in pre-
vious examples, and the results are shown in Table 6.11 and Figure 6.19. Figure
6.19 shows the results of the cephalosporin CoSCoSA model with a correla-
tion r2 = 0.92, F value = 36.2, P < .000005, LOO of q1

2 = 0.88, average L4O of
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TABLE 6.11 Results of Cephalosporin CoSCoSA Modelinga

Leave-1-Out Leave-4-Out
Number in log(1/MIC) log(1/MIC)

Compounds Figure 6.18 MIC log(1/MIC) Predicted Predicted

Cefaclor 1 8 -0.90 -1.22 -1.23
Cefadroxil 2 8 -0.90 -0.90 -0.90
Cefmetazole 3 16 -1.20 -1.15 -1.15
Cefaperazone 4 16 -1.20 -1.15 -1.13
Cefixime 5 8 -0.90 -0.88 -1.20
Cefamandole 6 16 -1.20 -1.15 -1.15
Cefotetan 7 16 -1.20 -1.15 -1.13
Cefoxitin 8 16 -1.20 -1.15 -1.23
Cefotaxime 9 16 -1.20 -1.21 -1.23
Cefpodoxime 10 2 -0.30 -0.32 -0.32
Ceftazidime 11 16 -1.20 -1.21 -1.23
Ceftizoxime 12 8 -0.90 -0.85 -0.83
Cefuroxime 13 4 -0.60 -0.63 -0.42
Cephapirin 14 8 -0.90 -0.90 -0.90
Cephalothin 15 8 -0.90 -0.90 -0.90
Cephalexin 16 8 -0.90 -0.90 -0.90
Cephradine 17 8 -0.90 -0.90 -0.90

a MIC = minimal inhibitory concentration [62].



q4
2 = 0.79, and standard deviation = 0.03. Figure 6.20 shows the structurally

assigned interpretation of the chemical shifts used to formulate the CoSCoSA
model of cephalosporins. The chemical shifts at (-230 nitrogen,168 carbon)
identifies the carbon-to-nitrogen bond where acid hydrolysis occurs and 
allows the celphalosporin to bind to bacterial enzyme transpeptidase, irre-
versibly inactivating the enzyme and stopping growth [64]. The chemical shifts
at (-230 nitrogen,156 carbon) and (-280 nitrogen,162 carbon) identify another
carbon-to-nitrogen bond in the middle of each celphalosporin compound.
Since the enzyme transpeptidase binds to dipeptides, it is reasonable to assume
that the other carbon-to-nitrogen bond [which looks like part of an amino acid
backbone (carbonyl-to-amide-to-alpha carbon)] is involved via a hydrogen
bond to the enzyme. The two different chemical shifts for the same carbon-
to-nitrogen bond can represent the bond in two different configurations, two
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different electrostatic potentials, or more likely a combination of different con-
figurations and associated electrostatic potentials. It has been shown that 
peptides interact with the penicillin binding transpeptidase proteins with
binding energy dependent on the backbone torsion angles [65]. We mention
this because most descriptions of cephalosporin activity mechanisms do not
discuss the critical role of the second carbon-to-nitrogen bond. The CoSCoSA
model including heteronuclear NMR peaks predicted that both carbon-to-
nitrogen bonds contribute significantly to the antibiotic strength of
cephalosporin. We tried modeling cephalosporin activity using 13C COSY data
alone, but the models were very poor with respect to all statistical measures
of goodness of fit and leave-one-out cross-validation (data not shown). In this
case, both 15N and 13C chemical shifts were very important in producing a reli-
able model of biological activity.

Using Molecular Dynamics of Compounds to Produce a 4D Connectivity
Matrix A 4D-connectivity matrix can be defined as the sum of an arbitrary
number, say 100, 3D connectivity matrices. In the simplified version of this 4D
connectivity matrix concept, chemical shifts of atom i and atom j are assumed
not to change as the molecule bends or twists with time, but the distance
between atoms i and atom j would differ as a function of the molecular con-
formation. For any two atoms, molecular dynamics programs can estimate
interatomic distance, a value that may change over some range and for which
the percentage of time that the distance is within a certain bin will vary,
depending on molecular connections, degrees of freedom, and the like. This
concept applied to CoCoSA modeling would treat the distance between atoms
as a potential variable rather than as a constant. A score of 100 in a 4D con-
nectivity matrix will represent unvarying distances between two atoms as seen
in bonds and also between more distant atoms if the molecules are very rigid.
For two atoms in flexible molecules there will be a distribution of distance hits
along the z axis varying from 1 to some maximum (most probable conforma-
tion). For all the possible atom pairs, distance distributions will be Gaussian,
or skewed-Gaussian, functions when there is a single maximum distance.
When there is more than one maximum, more complex distribution will be
seen. In the simplified regime of CoSCoSA distance modeling, the occupancy
pattern for a particular molecule and a particular through-space distance bin
would be 100 if the full range of possible distances lay within that 2D bin. If
30 percent of the time, the molecular shape were such that the atomic dis-
tances lay outside that bin, the bin occupancy would be represented with 70,
and the remaining 2D bin(s) would share the remaining 30 points. We shall
now discuss why this way of representing molecular conformation character-
istics confers a significant advantage when building a CoSCoSA model, par-
ticularly for cases in which the training set includes very diverse compound
types.

Binding of a ligand to a receptor occurs because of a lowering of Gibbs free
energy for the combined ligand–receptor system. As in physical and chemical
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systems, lowered Gibbs free energy of biological systems depends on two
factors: favorable changes in enthalpy and/or entropy changes. Traditional 3D
QSAR approaches are biased to reflect enthalpy changes, which ignore
entropy contributions. Classical 3D QSAR models are based on electrostatic
and stereospecific patterns in space as they correlate with biological activity.
These correlations work because they reflect electrostatic differences and the
corresponding changes of enthalpy that occur during binding. These QSAR
models neglect entropy changes. Entropy calculations are routinely neglected
because they are often misunderstood and because it is not easy to conceive
a way in which such phenomena can be reflected in models that are built
directly using molecular 3D structural conformations. Modelers typically use
only the minimum energy conformer for each compound during model devel-
opment, and this ignores the changes in molecular conformation that are sta-
tistically possible and that certainly occur during the compound’s interaction
with its enzymatic substrate when binding occurs.

Using the 4D Connectivity Matrix to Estimate Configurational Entropy
We have used molecular dynamics of 130 structurally diverse compounds from
the previous 2D CoSCoSA model of estrogen binding to estimate the configu-
rational entropy of each compound. A 4D connectivity matrix allows for mul-
tiple conformations of a molecule to be displayed. The multiple conformations
can be put into an “entropy-like” equation to estimate the effect of configu-
rational entropy [66–68]:

where pij, a probability that must lie between zero and one, is calculated as the
percentage of time the distance between atoms i and j lie within the rij spatial
distance bin, with this percentage then divided by 100 to express the occu-
pancy within the probability range required by the equation.

Representation of entropy effects can and should be simplified, and this is
possible by at least two methods. One method is to calculate the average rij

distance for each molecule and express the entropy surrogate using each pij

value as its number of standard deviations from the average. This type of data
pretreatment is called autoscaling. The second method, analogous to the one
used to simplify 3D connectivity matrices, is to break interatomic distance
space into a number of 2D planes. For the 130 compound set, we used four
2D planes with distances of rij < 2.5 Ǻ, 2.5 Ǻ < rij < 5.0 Ǻ, 5.0 Ǻ < rij < 7.5 Ǻ,
and 7.5 Ǻ < rij. As mentioned above, pij is defined as the percentage of time
the distance between atoms i and j lies within the constraints of the specified
2D plane. A rigid molecule (or through-bond neighbors) will have distances
between atoms that fluctuate very little, and pij for the occupied bin in those
cases will equal to 100/100 = 1.0, with all other ij bins unoccupied. The corre-
sponding configurational entropy will be 0. A flexible molecule will have a 
distribution of pij across several 2D planes in the 4D matrix. The definitions

S N p piji j ija 1
<Â ln

276 COMBINING NMR SPECTRAL INFORMATION



above, applied to the flexible molecule, would be expected to yield a higher
configuration entropy.

Molecular dynamics simulations were run using Hyperchem 7.0 (Hypercube
Inc., Gainsville, FL) for 130 compounds. First, Polak-Ribiere conjugate gradi-
ent energy minimization was executed for 1000 iterations or until a 
minimized structure was obtained. The temperature was slowly raised to 310K
over 12ps. (310K was chosen to estimate an average body temperature, the pre-
sumed condition in which conformational variation is relevant to receptor
binding.) Then, a 100-ps molecular dynamics trajectory was executed at 310K
and a structure was saved every 1ps.The 100 structures from the trajectory were
used to calculate pij for every nonhydrogen-to-nonhydrogen atomic pair.

Figure 6.21 shows the entropy of the unbound free compound versus 
estrogen receptor log(RBA) for the 130 compounds. The plot clearly shows
that the more configurational entropy a compound has, the stronger it binds
to the estrogen receptor. This relationship appears to violate the principles of
physics, at least with respect to the expectations described two paragraphs
above. We understand this counterintuitive relationship to derive from several
interacting phenomena. First, the compounds compared here were initially
selected for a QSAR model, presumably because they could be effectively
modeled by electrostatics (enthalpy). Other compounds for which structure–
activity data were available were not included in this QSAR test set. Some
earlier projects from the same group had included almost 200 estrogens [43].
We, in turn, selected the same test set to facilitate comparisons of our results
to the published QSAR. When one realizes the possible nonrandom nature of
the test set compounds, the plot starts to make sense. If, based on enthalpy, a
molecule has less capability to bind, it cannot have a large entropy loss upon
binding. Likewise, a molecule with substantial enthalpic contribution to recep-
tor binding can maintain binding capacity even with an unfavorable entropy
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Figure 6.21 log(RBA) versus configurational entropy for 130 compounds that bind
to the estrogen receptor. Rutin is shown with a larger circle.



term. We believe our apparently contraphysics entropy trend is a second-order
consequence of the first-order relative relationships inherent in selection of
this set compounds.

In Figure 6.21, rutin appears as a rather dramatic outlier compared to all
other compounds modeled by our 4D QSDAR method. The result might be
an inexplicable artifact. All modeling methods have weaknesses and perform
better for some compounds than for others. There is a possible explanation
for its behavior in the 4D QSDAR model. Experimentally, rutin has very low
receptor binding. The rutin molecule is much larger than the others in this 
130-member comparison set. Because of its size, it has large conformational
entropy in its unbound state and this may be the reason it does not bind
strongly to the estrogen receptor. The 3D QSAR would have us believe that
the reason rutin does not bind strongly to the estrogen receptor is a result of
strong steric hindrance and weak electrostatics. The 2D QSDAR model of
estrogen receptor binding for rutin was fairly weak.

When it is bound, rutin’s total entropy is probably not decreased very much
because the majority of the molecule lies outside the binding site and is still
conformationally free. The model attempts to estimate the entropic effect of
binding as a function of the free state entropy for each test set molecule. For
rutin, the 4D QSDAR model gives a poorer prediction than QSAR, which
ignores entropy altogether. For a complete estimation of configurational
entropy changes upon binding, one would need to compare the molecular
dynamics trajectories of the compounds and the particular enzymatic substrate
in both the free and bound states along with solution effects, rather than use
only the range of free state conformations of the test set molecules.

The results described here illustrate for the first time how entropic phe-
nomena can be realistically incorporated into QSDAR modeling. We intuit
that larger data sets (from which outlier molecules have not been excluded to
compensate for methodological limitations) will benefit from representation
using entropic parameters. We suppose that, for a training set inclusive of the
full range of structural variants, spectral pattern definition using only small
molecule structural connectivity and conformational variability can provide
significant access to entropy term contributions and improve the quality and
utility of biological models. We are also beginning to examine other strategies
that would make the 4D QSDAR spectral representation illustrated above less
sensitive to the type of error demonstrated for rutin.

6.3 FUTURE IMPROVEMENTS

Commercial Software Products

ACD/Labs (ACD, Toronto, Canada, www.acdlabs.com) is the supplier of the
most complete suite of spectroscopy tools allowing both experimental data
processing for all general analytical data as well as the prediction of multinu-
clear 1D and 2D NMR data (H1, C13, N15, F19, P31). ACD/Labs released soft-
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ware modules in 2005 that enable both experimental and predicted 1D and
2D spectra to be passed to an add-on module for SDAR and QSDAR 
modeling. The company also intends to include pattern recognition methods
that will correlate the spectra to biological and toxicological activity. Building
1D and 2D SDARs manually is not a complicated process, and the same is
true in principle for 3D and 4D variants. However, for technical reasons, the
automation of interatomic distance spectral binning, especially when based on
molecular dynamic models, will greatly facilitate an otherwise tedious and
impractical manual process. It is likely that this capability will be incorporated
into a later version of the software.

Improving the Algorithms for Binning Spectral Data

CoSCoSA modeling is a powerful modeling technique because it uniquely
combines quantum mechanical information from the chemical shifts with
internal molecular distances. Optimizing the bin size through smart binning
techniques, the distance cutoffs, multiple conformations of a structure, multi-
ple spectra, and the number of distance connectivity spectra used in a
CoSCoSA model may be needed or helpful for modeling biological, physical,
chemical, ADME, or toxicological endpoints.

Potential Applications We have demonstrated various QSDAR models
capable of predicting the strength of chemical interactions with biological
systems. This kind of prediction is useful for estimating pure chemical toxic-
ity or even risk assessment of environmental contaminants that are compli-
cated mixtures. It is also useful for pharmaceutical lead compound
identification and for qualifying new drugs with respect to side effects or 
unintended toxicity. In that regard, we believe the Food and Drug Adminis-
tration (FDA) and other drug regulatory authorities could use QSDAR for
anticipating problems, to specify the types of toxicity testing required for a
new drug application. We have also shown the predictive value of QSDAR
methods when the endpoint is essentially chemical (decomposition) but the
process is mediated through the enzymatic capabilities of bacteria. This sug-
gests possible QSDAR applicability in relation to bioremediation efforts.

The type of QSDAR method useful for a particular application depends on
the amount of data available for the model training set, the variety of com-
pound types to be modeled, the elemental composition of the compounds in
the training set, and the predictive accuracy required. One-dimensional and
2D models are easier to set up and less computationally intensive to build and
validate than 3D and 4D models. It is possible that some applications, such as
drug lead discovery, may benefit from using the simpler methods early in a
process and the more elaborate ones after the number of candidates has been
reduced and a backbone scaffold has been selected.

The best computational approaches appear to depend less on the particu-
lar application and more on the overall size and character of the data set to
be examined. When all members of the training set are structurally similar, 3D
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QSDAR models can be built from PCs, as was shown for steroids binding to
corticosterone binding globulin or aromatase enzyme or from bins, as was
shown in cephalosporin antibacterial activity. When the training set molecules
are not structurally similar, 3D QSDAR models are best built from selecting
bins in the 2D planes of the 3D connectivity matrix by PLS forward regres-
sion, as was demonstrated for the 130 compounds interacting with the estro-
gen receptor. In the latter case, selected bins represented two chemical shifts
(energies) separated by a specified distance. The chemical shifts typically sig-
nified the atom type in a specific environment. A selected bin in a CoSCoSA
model represents two atom types at a specified distance, which are shown by
the model to be positively or negatively associated with the biological activ-
ity being modeled. The MLR-selected bins can then be used to build a model
of biological activity and to understand the mechanism underlying the bio-
logical activity. The selected bins can be used as structure-spectral anchors in
models for lead identification or lead optimization of new drugs. This approach
was shown for toxicity assessment application using PCDD, PCDF, and PCBs
binding to the ArH receptor, but there is no reason the same concept cannot
be applied to drug discovery.

The CoSCoSA modeling system can be applied to receptor binding systems
for which the structure–activity relationship is unknown, a common situation
faced by new drug discovery or lead optimization programs in the pharma-
ceutical industry. Producing QSAR models without detailed structural 
information is unreliable and is often based on intuition. QSDAR offers, in
contrast, a more objective way of building models. Ironically, the use of 
spectral data–activity relationships allows an unbiased examination of specific
structure–activity relationships, which can suggest a more meaningful way to
discover antibiotics or other pharmaceuticals. This potential was demonstrated
in the heteroatom NMR spectral model of cephalosporin activity.

The inclusion of molecular dynamics entropy information in QSDAR mod-
eling promises access to information not available in QSAR approaches. The
example shown illustrates a potential limitation of the technique when the
molecular complexity of the training set compounds to be predicted is similar
or diverse. If it is not reasonable to build a training set that spans a diverse
range, QSAR methods blind to the deleterious effects of entropy may provide
superior or complimentary models. One way to design compounds that have
stronger binding to a receptor is to lower the configurational entropy in the
unbound state while retaining the positive electrostatic contributions and
minimal steric hindrances needed for strong binding affinity.

6.4 CONCLUSIONS

Structure and chemical shift information from the 3D connectivity matrix was
used to produce very accurate models of biological binding activity. The 3D
connectivity matrix uniquely combines quantum mechanical information from
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the chemical shifts with nearest neighbor and a compound’s internal atom-to-
atom distance information. The combined information from COSY and long-
range distance connectivity information from the 3D connectivity matrix was
used to produce CoSCoSA models that were as accurate or more accurate 
and reliable than QSAR or E-state models based on separate calculations 
for electrostatics and steric interactions. The quality of results obtained 
from CoSCoSA models based on simulated NMR data should improve as
improvement occurs in the spectral simulation software and prediction 
errors are reduced. Three-dimensional QSDAR modeling is a complementary
technique that is unique and has widespread application to many informatics
challenges. It is not intended to replace 3D QSAR and SAR modeling 
but to provide computational model developers a sensitive, alternate per-
spective on biological and toxicological properties. For example, in the case 
of cephalosporins binding to the transpeptidase enzyme, the CoSCoSA 
model can give multiple conformation information about binding mechanisms
that could not be obtained from 3D QSAR or SAR models. The added 
advantage of this approach is that it can produce these kinds of results very
rapidly.

CoSCoSA modeling is based on the unbiased distance-related distribution
of a molecule’s NMR spectral features, which directly corresponds to struc-
tural elements that, according to structure–activity relationship theory, deter-
mine the biological activity of the molecule. The diamagnetic term of 13C NMR
spectra is directly related to the electrostatic potential and has been shown by
QSAR models and physical theory to be directly related to biological activ-
ity. The paramagnetic term of 13C NMR spectra is related to the type of orbitals
around a carbon nucleus. The orbitals around a nucleus have been shown to
be directly related to bond energy, local molecular dynamics, local configura-
tional entropy, and biological activity.

Three-dimensional QSDAR models are in a way a combination of con-
ventional SAR and QSAR modeling methods. Instead of using a 3D grid to
calculate electrostatic energies, the energies in the form of chemical shifts 
are put onto the compound itself in all the possible two-atom connections.
The diamagnetic term of the chemical shift is directly dependent on the 
electrostatic energy of a nucleus; the paramagnetic term of the chemical is
directly dependent on the type of orbital. So in this sense, 3D QSDAR 
models split up the electrostatic energies into electron orbital type. The 
distribution of distances between two atoms is related to molecular shape 
and configuration entropy. Three-dimensional QSDAR modeling is the only
modeling method that can evaluate enthalpy and entropy effects at the same
time.
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7.1 INTRODUCTION

Few and far between are laboratory scientists who have not faced a data man-
agement challenge of some kind in their careers. The chief reason for this is
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that data are, in fact, the primary deliverables from laboratory experiments.
Data management troubles can range from simple tasks such as devising 
a system to store printouts of high-performance liquid chromatography
(HPLC) chromatograms and link them to entries in one’s notebook to com-
plicated scenarios such as creating a data storage and visualization application
for a high-throughput workflow that operates 24h a day. With the advent 
of high-throughput screening (HTS) and high-throughput experimentation
(HTE) strategies and techniques and their prevalence in modern laboratories,
data collection and storage obstacles are more common than ever. In the midst
of this chaotic setting, Excel can be a tremendous asset to someone faced with
a data management predicament. The key to success, however, is knowing
when Excel is the appropriate tool for the job.

This chapter will explore Excel’s utility as a data management tool. We will
look at criteria for selecting Excel as a data management solution, examine
Visual Basic for Applications (Excel’s built-in programming language), discuss
common techniques for manipulating data in Excel, and consider strategies
for automatic reporting of data.

7.2 EXCEL AS A LABORATORY DATA MANAGEMENT TOOL

Deciding If Excel Is the Right Choice for Your Application

Consider the following two data management challenges. Can you determine
which one is appropriate for Excel?

Scenario 1 A chemical engineer wishes to measure the rate of filtration
of a slurry of product in a reaction solvent during an isolation step. She accom-
plishes this by directing the filtrate to a collection vessel that sits atop a
balance. She plots the mass of the collection vessel (which she reads off the
balance display and records in her notebook) as a function of time. The engi-
neer would like to automate this process by having a computer collect the mass
from the balance every minute or so, store the data in a table, and plot the
results on a graph. She would like to be able to e-mail the results to the other
team members.

Scenario 2 A pharmaceutical company desires a compound management
system to facilitate storage and retrieval of its hundreds of thousands of com-
pounds. The data management software should enable tracking of the loca-
tion of each compound, store information about each compound, relate the
usage of each sample back to the original sample entry, and be accessible by
hundreds of users through the company’s intranet.

You probably guessed correctly. Scenario 1 is indeed the challenge that is
appropriate for Excel. How did you choose? What tipped you off? Let us look
more closely at the criteria for choosing Excel as a data management solution.

First and foremost, Excel is not a database management system. Conse-
quently, rule number one is: If your application requires a database manage-

288 USING MICROSOFT EXCEL AS A LABORATORY DATA MANAGEMENT TOOL



ment system, Excel is not appropriate. A database program, such as Access or
Oracle, is a better choice in that case. In fact, Excel and Access share many
things in common. Both allow powerful queries for sorting and filtering, both
run sophisticated calculations on stored data, and both store data in tabular
format. In addition, both allow the generation of reports in multiple formats,
both have a built-in programming language for customizations, and both can
connect to external data sources such as files, databases, and instruments. So,
how does one decide if the application requires a database such as Access or
a spreadsheet such as Excel? There are a few simple guidelines that will help.

A database management system such as Access is appropriate when:

• Your data must be described in multiple tables that are related to each
other. That is, you require a relational database.

• You must store a very large amount of data (thousands of entries).
• Your data include large text fields or binary data such as images.
• Many users will be interacting with and updating the data.

Excel is appropriate when:

• You can describe your data in a single table (you do not require a rela-
tional database).

• You are primarily performing calculations on, statistical comparisons of,
or plotting your data (i.e., your data are primarily numerical).

• Your data set is of reasonable size (no more than 65,536 rows in theory,
no more than a few thousand in practice).

• Only a few users will be interacting with and updating the data.

In addition to the technical guidelines above, there are two additional
important criteria to consider. First, most scientists have Excel installed on
their computers. Second, most scientists know how to use Excel already. Excel
is so common in the scientific laboratory, it has been said that if chemists built
planes, they’d probably be flown using Excel. User familiarity with the appli-
cation environment and user interface is of tremendous benefit to an applica-
tion developer and should be taken advantage of whenever possible.

Revisiting the two hypothetical data management challenges above, it is
now clear that scenario 2 is completely inappropriate for Excel. However,
closer inspection of scenario 1 reveals a few issues that are not addressed by
simply selecting Excel as the data management tool. Recall that, in scenario 1,
the engineer required that Excel collect data from the balance at predefined
time intervals. How will Excel know when and how to get the data from the
balance? The better part of this chapter is dedicated to learning how to get
data into and out of Excel. The key is knowing how to tap into the hidden
power of Excel. That is, learning how to exploit Excel’s built-in programming
language, Visual Basic for Applications.
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7.3 TAPPING INTO THE HIDDEN POWER OF EXCEL: VISUAL
BASIC FOR APPLICATIONS

As a Microsoft Excel user, you have undoubtedly come across Visual Basic
for Applications (VBA) at some point even though you may not have real-
ized it. Have you ever recorded a macro in Excel or used a macro recorded
by someone else? Have you ever installed “software” from an instrument
vendor that modifies Excel by adding a new menu item to the menu bar in
order to expose some specific functionality? In fact, it is the built-in VBA func-
tionality in Excel that enables both of these scenarios. In this section, we’ll
learn how.

Recording a Macro

Getting started with VBA and Excel is actually very easy: you merely create
a macro. A macro is simply a routine or sequence of events (mouse clicks, key
strokes, etc.) that is recorded and then, when the macro is run, played back
exactly. Macros are very useful for lengthy tasks in Excel that are needed fre-
quently. Recording a macro is a cinch. To begin, launch Excel and be sure that
a blank workbook is open. On the Tools menu, point to Macros, and then click
on Record New Macro. If you like, give your macro a name by entering it in
the Macro name box. Click OK. You will see a new toolbar pop up that has a
VCR-style stop button on it. You will need to click this button when you want
to stop recording your macro. Type some numbers into the first five or six cells
in column A on the active worksheet. Highlight those cells and then chart them
using the Excel Chart Wizard (use the default wizard settings for this exam-
ple). Click the Stop button to stop recording the macro. Your worksheet
should look something like Figure 7.1. To test the macro, clear the worksheet
(including the charts) and, on the Tools menu, point to Macro, then click on
Macros. Select your macro from the list box and click Run. Your worksheet
should look exactly as it did before clearing it (Fig. 7.1).

Under the hood, macros are nothing more than VBA subroutines that were
written automatically by the Excel macro recorder as you performed the
actions. In fact, the Excel macro recorder is the single most powerful instru-
ment available to the Excel VBA programmer for learning how to write code
to perform certain tasks. If you do not know how to do something, record a
macro and look at the generated code. It is that simple. To view the code gen-
erated by the macro recorder, you must open the Excel Visual Basic Editor
(VBE). To do this, on the Tools menu, point to Macro, and click on Visual 
Basic Editor. The VBE looks like, and in many ways is, a completely separate
program embedded within Microsoft Excel. With the VBE open, you will 
see a window titled Project in the upper left-hand corner. This is the Pro-
ject Explorer. In this window, you will see a tree structure with one or more
root entries each called VBAProject (Fig. 7.2). In parentheses, after “VBA-
Project,” the name of the workbook will be displayed (e.g., “Book2” in this
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example). Expand the root node that corresponds to the workbook that you
are working with, then expand the node with the name Modules. Double-click
on the node called Module1. This will display the module that contains the
code for your macro. Your screen should look something like Figure 7.2. The
code that is displayed is raw VBA code. If you have never seen VBA code
before, congratulations! You just wrote your first VBA code block without
typing a single line. Now that we have seen VBA code, in the next section we
will delve into the meaning of this code and learn how one can use VBA to
manipulate Excel.

Fundamentals of VBA and Excel

To really become an expert VBA programmer in Excel, it takes a lot of
patience and practice and it helps to have a project or a problem that you are
trying to solve. There are many excellent texts written on the subject and new
books are popping up continuously. The reader is encouraged to consult these
references as his or her education progresses. Although a complete treatment
of the interaction between VBA and Excel is neither feasible nor appropriate
in this chapter, the authors believe that the key to understanding the power
of VBA is appreciating four simple concepts that are fundamental to pro-
gramming with VBA in Excel. These four concepts are:

• Understanding the structure of a VBA application (where the code is
located)
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• Basic VBA language syntax (how to write the code)
• Event-driven code execution (when the code will run)
• Interacting with Excel objects (how to manipulate Excel through code)

In this section we will introduce each of these concepts to familiarize the
reader. Later, we will address the application of these concepts to simple data
management challenges.

Visual Basic Editor: Elements of a VBA Program As you probably have
gleaned from the introduction to Excel macros, Excel VBA code is written in
the Visual Basic Editor (VBE) and the code is stored in code modules. VBA
code modules are associated with an Excel workbook and are actually embed-
ded into the binary “.XLS” file (i.e., they are not stored as separate files). There
are four types of VBA code modules in which you can write code. These are
(1) standard modules, (2) user forms, (3) class modules, and (4) Microsoft
Excel Object modules. Let us look at each of these types of code modules.

1. We have already seen standard modules. The Excel macro recorder
added a standard module called Module1 to your VBA project when you
recorded a new macro in the example above. To add a standard module
to the VBA project yourself, switch to the VBE (ALT+F11) and activate
the VBA project to which you want to add a module (to activate the
project, click on your VBAProject in the project explorer). On the Insert
menu, click on Module. A new module will be added to the Modules
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node in the project explorer. A standard module is a common place to
store procedures and functions for your VBA program. You can orga-
nize your code by using several modules and naming each module
appropriately.

2. UserForms allow the VBA programmer to create custom dialog boxes
that aid in interfacing with the end user. To add a UserForm to your
project, click on UserForm on the Insert menu while in the VBE. A
custom UserForm is a great tool when you need to collect information
from a user in order to move to the next step in a program. A user form
actually consists of two parts: a form designer and a code module. The
form designer is where the programmer lays out the look and feel of the
form and decides where the controls will be located. The code module
is where the programmer writes code to respond to end-user actions on
the form (e.g., when the user selects an item from a drop-down or clicks
a button). Designing custom user forms is very simple, although we will
not discuss them further here.

3. Class modules allow the programmer to create custom objects. A treat-
ment of object-oriented programming is out of the scope of this chapter.

4. Excel Object modules, which are actually class modules, are associated
with Excel workbooks and worksheets. There is one module called This-
Workbook that is associated with each workbook, and each worksheet
in the workbook has an associated sheet object module. You cannot add
and remove sheet object modules in the traditional way. They are 
added and removed along with the actual Excel worksheets. You can-
not delete the ThisWorkbook module ever. These modules can hold 
code in a manner similar to a standard module. These modules are 
especially useful, however, because they allow the programmer to
respond to (write code for) specific events associated with the underly-
ing object. For example, you could run initialization code whenever a
workbook is opened, or run cleanup code when a workbook is closed.
You could also prevent the deletion of a worksheet. We will look more
closely at this topic when we address event-driven programming later in
this chapter.

VBA Language Primer The Visual Basic for Applications language is like
all programming languages at the root. Interim data are stored in variables,
code stored in code modules are organized into callable procedures and func-
tions, and the flow of a sequence of code is controlled by standard execution
control constructs such as loops and conditional statements. In this part,
we will introduce the VBA syntax associated with these core programming
elements.

As mentioned, interim data are stored in variables. In VBA, variables are
declared using the Dim keyword and can hold several different intrinsic data
types. For example, to declare a variable of type integer, one would use a code
statement similar to the one in Listing 7.1:
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Dim intMyInteger As Integer

Listing 7.1 Variable declaration in VBA.

This statement can occur anywhere in a code module and essentially defines
a placeholder for your data called intMyInteger. As we will see, variables
can be used within procedures and functions to manipulate the data the vari-
ables contain. There are several intrinsic data types available to the VBA pro-
grammer; Table 7.1 lists the most common and useful of the lot. When a
variable data type listed in Table 7.1 is found after the As keyword in a vari-
able declaration, it defines the type of data that is stored in the variable. For
example, the variable intMyInteger above could not store the text value
“Visual Basic for Applications”, which is of type String.

When code is executed in VBA, it is actually executed by calling a proce-
dure. The code is contained within the definition of the procedure. For
example, in the macro recording example above, the macro code is contained
within a procedure called “MyMacro” (Fig. 7.2). When the macro is run, the
Excel macro execution engine actually searches for and runs the procedure
that has the same name as the macro requested. VBA offers a number of ways
to define procedures, and we will introduce the two most common: subrou-
tines and functions.

A subroutine is a list of code statements (a code block) that is contained
within Sub and End Sub statements. A subroutine does not return a value
to the caller after its execution. In Listing 7.2, subroutine MyFirstSubrou-
tine declares a variable of type String and then sets the value of that vari-
able to “I love hockey”. If you were to call this subroutine, it would execute
the two statements and then exit uneventfully:

Sub MyFirstSubroutine()

Dim strMyString As String

strMyString = “I love hockey”

End Sub

Listing 7.2 A subroutine.
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TABLE 7.1 Common Intrinsic VBA Data Types

Variable Data Type Data Type Description

Boolean True or False
Integer An integer in the range -32,768 to 32,767
Long An integer in the range -2,147,483,648 to 2,147,483,647
Double A floating-point number roughly in the range

-1.79769313486232E308 to 1.79769313486232E308
String A sequence of characters
Variant A data type that can hold any intrinsic data type



A function, on the other hand, is a code block that is enclosed by Function
and End Function statements. Unlike subroutines, a function returns a
value to the caller after it executes. For example, in Listing 7.3 the function
MyFirstFunction simply returns the String value “I love hockey too”. Note
that the function is defined as a data type (String, in this case). This data type
is the type associated with the returned value. If no type is indicated, the
default type is Variant.

Function MyFirstFunction() As String

MyFirstFunction = “I love hockey too”

End Function

Listing 7.3 A function.

In addition, one procedure can call another procedure. So, in Listing 7.4,
when MySecondSubroutine is executed, strMyString will be set to the
return value of MyFirstFunction, which is, if you recall from Listing 7.3, “I
love hockey too”.

Sub MySecondSubroutine ()

Dim strMyString As String

strMyString = MyFirstFunction()

End Sub

Listing 7.4 Example of a procedure calling another procedure.

As we learned, one procedure can call another and that procedure can call
yet an other procedure, and so on, and so on. But who or what calls the first
procedure in the sequence? The answer to that question is, in fact, one of the
most important concepts associated with learning how to program VBA in
Excel. We will answer that question in the next part of this section, event-
driven programming. But before we move on, there are a few more basic VBA
syntax topics we must cover.

Subroutines can take arguments. Arguments are variables that are defined
right in the declaration of the subroutine and act as a way to pass information
to a subroutine when it is called. For example, in Listing 7.5, function
TimesTwo defines an argument, called MyNumber, of type integer. This func-
tion takes the number held in MyNumber and doubles it. The function then
returns the doubled value to the caller.

Function TimesTwo (MyNumber As Integer) As Integer

TimesTwo = MyNumber * 2

End Function

Listing 7.5 Passing arguments to procedures.

VBA offers standard methods of code execution control as well. These are
code constructs that allow looping (or iteration) and condition evaluation (or
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selection). VBA offers two main looping constructs:For-Next and Do-Loop.
Listing 7.6 demonstrates a For-Next loop that increments a variable named
I from a value of 1 to 5. During each iteration, the value of I is added to
another variable, J. When the code block is finished executing, J holds the
value 15, which is the result of 1 + 2 + 3 + 4 + 5.

Dim I As Integer

Dim J As Integer

For I = 1 to 5

J = J + I

Next I

Listing 7.6 A For-Next Loop example.

A Do-Loop, on the other hand, executes continuously while or until a con-
dition is met. For example, the condition can be checked each time before a
code block is executed as in Listing 7.7.

Dim I As Integer

Do While I < 10

I = I + 1

Loop

Listing 7.7 A Do While-Loop example.

If the condition is verified at the end of each block execution, then the
Until keyword is placed after the Loop keyword as in Listing 7.8. In fact,
While and Until can be used interchangeably in both examples. It is more
readable, however, to use the convention Do While–Loop and Do-Loop
Until.

Dim I As Integer

Do

I = I + 1

Loop Until I < 10

Listing 7.8 A Do-Loop Until example.

In addition to iteration execution control, VBA defines an important con-
ditional construct: If-Then-Else. The If-Then-Else construct may also
include an arbitrary number of conditions by adding Elseif statements. For
example, consider Listing 7.9.
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Dim MyNumber As Integer

MyNumber = 4

If MyNumber = 1 Then

MsgBox “MyNumber is 1”

Elseif MyNumber = 5 Then

MsgBox “MyNumber is 5”

Else

MsgBox “MyNumber is neither 1 nor 5”

End If

Listing 7.9 An If-Then-Else Block.

The code in Listing 7.9 first declares an integer variable and sets its value
to 4. The If-Then-Else block that follows opens with a statement that is
interpreted as “If the number held in the variable MyNumber is equal to 1 then
execute the code right underneath me (but before the next condition).” If the
initial condition is not met (i.e., the number is not 1), the next condition is
evaluated. In this case, the next condition reads “If the number held in the
variable MyNumber is equal to 5 then execute the code right underneath 
me.” If that condition is not met either, the next condition, Else, catches all
remaining conditions. The If-Then-Else construct ends with the End If
statement.

Event-Driven Programming Let us return, for a moment, to the VBA Primer
part above, where we presented the “chicken and egg” scenario for code exe-
cution. We introduced the fact that one procedure can call another and that
that procedure can in turn call another procedure. The question we left
hanging was “Who calls the first procedure?” In VBA, this question is the same
as asking “How do I run my program?” The answer is “by responding to
events.” We have seen an example of event-driven programming already:
running our macro. To run the macro, we know to use the Excel macro player
from the Tools menu. Another way to interpret this is that the macro code was
run as a response to the event associated with the user selecting to play the
macro from the Tools menu. Most of your code in a VBA program will be run
in response to events. Some examples of events that you might code for are a
user clicking a button, a user selecting a custom menu item, or a user closing
or opening a workbook. In short, when and how your code will run will depend
on one main thing: the events for which you coded responses.

Event-driven programming is best illustrated with an example. Let us 
say you wanted to modify Excel’s behavior to include the following features
for your workbook: When a new worksheet is added to the workbook, (a) 
the date and time that workbook was opened is printed in cell A1 of the 
new sheet, and (b) the date and time that the worksheet was created is printed
in cell A2 of the new sheet. Solving the problem in this example involves two
steps:
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1. When the workbook opens, store the current date and time.
2. When a new worksheet is added, print the stored time from (1) in cell

A1 of the new sheet and print the current date and time in cell A2.

Coding for these two steps involves responding to the event associated with
a workbook opening and the event associated with a new worksheet being
added to a workbook. Without programmatic events telling the programmer
when these actions occur, it would be impossible to predict when a new sheet
was added to the workbook, for example. Let us look at a VBA solution to
the problem stated above. To begin, open Excel and switch to the VBE. While
in the VBE, activate the VBAProject associated with your workbook by click-
ing on it in the Project Explorer. From the Insert menu in the VBE, click
Module. In the newly created standard module, type the code in Listing 7.10.

Dim WorkbookOpenTime As Variant

Function GetWorkbookOpenTime() As Variant

GetWorkbookOpenTime = WorkbookOpenTime

End Function

Sub SetWorkbookOpenTime()

WorkbookOpenTime = Now

End Sub

Listing 7.10 Part 1 of the code for event-driven programming example.

The code in Listing 10 first declares a variable called WorkbookOpenTime.
This variable will store the date and time when the workbook was opened.
Next, a function called GetWorkbookOpenTime is defined, which will return
the value of the variable WorkbookOpenTime. Finally, a subroutine, Set-
WorkbookOpenTime, is defined that sets WorkbookOpenTime to the
current date and time. You have probably noticed the use of keyword Now in
the code above. Now is a special function, built into VBA, that returns the
current date and time.

To write code for the workbook events that we need for this example, open
the ThisWorkbook code module by double clicking on it in the Project
Explorer. At the top of the code window, you will see two drop-down boxes.
From the left drop-down box, choose Workbook. With Workbook selected in
the left box, the right drop-down box will list all of the available events that
you can code for in Excel. Select Open from this menu. VBA automatically
adds code to the module for you. The code is the outline (or stub code) for
the event procedure that will be called when the workbook is opened. An
event procedure is no different from the subroutines we discussed previously.
There is one exception, however: The name of an event procedure is very spe-
cific. The name must be in the format Object_Event. In the present case,
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the event procedure name is Workbook_Open. In most cases, as in the present
case, Excel writes the shell of the event procedure for you automatically. To
add the stub code for the other event that we need to respond to, choose Work-
book again from the left drop-down box, then click on NewSheet from the
right drop-down box in the ThisWorkbook code module. This will add the
event procedure shell for the NewSheet event. To respond to an event, all the
programmer must do is write code between the Sub and End Sub statements
in the event procedure. For this example, complete the automatically gener-
ated event procedure shells as in Listing 7.11.

Private Sub Workbook_Open()

SetWorkbookOpenTime

End Sub

Private Sub Workbook_NewSheet(ByVal Sh As Object)

Sh.Range(“A1”).Value = “Workbook Opened: “ & _

GetWorkbookOpenTime

Sh.Range(“A2”).Value = “Sheet Created: “ & Now

End Sub

Listing 7.11 Event procedure code.

That is all that is necessary to code a solution to our problem. In Listing
7.11, the first event procedure fires when the workbook is opened. The sub-
routine SetWorkbookOpenTime is called, which, if you recall from Listing
7.10, sets the variable WorkbookOpenTime to the current time. The second
event procedure fires when any new worksheet is added to the workbook.
Note that the event procedure code for the NewSheet event passes an argu-
ment, Sh, of type Object. This is a reference to an Excel object that represents
the new worksheet that was added. This reference is used to place the work-
book opened date in cell A1 and the worksheet creation date in cell A2. In
the next part, we will explore Excel objects and their use in more detail.

Excel Objects Understanding Excel objects is as essential to programming
in Excel as the steering wheel is to driving your car. Fully appreciating Excel
objects, however, is not a simple task. The final part of this section is dedicated
to presenting Excel objects. In order to properly introduce Excel objects we
must first understand the concept of software objects.

Objects are software entities (blocks of code) that contain certain related
functionality. The term used to describe the containment of this functionality
is encapsulation; objects are said to encapsulate related functionality. In prac-
tice, software objects make their encapsulated functionality available to the
programmer through procedures and variables, just like the procedures and
variables that we introduced earlier in this chapter. With objects, however,
variables are not usually directly accessible and must be read and set through
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properties that the object makes available. By convention, the procedures that
an object makes available are called methods, and not subroutines or func-
tions. In technical lingo, an object is said to expose its methods and properties,
and the specific methods and properties that an object exposes is referred to
as the object’s interface. Syntactically, an object’s interface is addressed
through the so-called dot notation. For example, let us take an arbitrary object
called MyInstrument and assume it exposes one property called Name (that
returns a string containing the instrument name) and one method called
Start (that starts the instrument). In VBA code, the method would be called
using the syntax MyInstrument.Start and the property would be read
using syntax similar to SomeStringVariable = MyInstrument.Name.
In dot notation, the object’s name and the property or method name are sep-
arated by a period.

Oftentimes, software objects correspond to entities that are readily identi-
fiable. This is the case with many of the objects in Excel. For example, two of
the main object types that programmers frequently interact with are the
Workbook and Worksheet objects. These objects encapsulate all of the func-
tionality associated with Excel Workbooks and Worksheets. The Workbook
and Worksheet objects’ interfaces allow the programmer, through VBA, to
interact with, manipulate, and modify the Worksheets in an Excel workbook
and the Workbook in an Excel file. Excel objects represent a bridge between
the VBA core language and the Excel application. For this reason, interacting
with Excel objects is the crux of programming VBA in Excel. There are hun-
dreds of Excel objects and they are arranged in a hierarchical representation
called the Excel object model. The object browser offers an excellent way to
inspect the Excel object model and all of the properties and methods that
Excel objects expose. To open the object browser, while in the VBE click on
Object Browser in the View menu. With the object browser open, select Excel
from the top drop-down menu (this will probably initially say ·All LibrariesÒ
by default). The left pane of the browser lists all of the available Excel objects.
The right pane lists all of the available properties and methods exposed by the
object selected in the left pane.

Let us explore Excel objects more deeply by investigating the Worksheet
object more closely. Every reader of this chapter is likely very familiar with
the Excel worksheet concept. An Excel workbook is made up of a collection
of Excel worksheets and the worksheets are where data, tables, and formulas
are stored. What types of properties and methods can you imagine for the
Worksheet object? The Worksheet object has a Name property, which changes
the text displayed on the worksheet’s tab. It has a Cells property that rep-
resents the cells on the worksheet. We will look at the Cells property when
we address the Excel Range object later in this section. In fact, the Excel
Worksheet object exposes 53 properties to the VBA programmer. Would it
surprise you to learn that, included in its 27 methods, the Worksheet object
exposes a Delete method that removes the worksheet from the workbook
and a CheckSpelling method that verifies the spelling of words located in
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the worksheet’s cells? In actuality, most of the Worksheet object’s interface
should be familiar to the everyday Excel user because it facilitates everyday
worksheet tasks programmatically.

Let us return to the last example of the previous section on event-driven
programming. In Listing 7.11, we wrote code to respond to the Workbook
event, NewSheet, that fires when a new worksheet is added to the Excel work-
book. In the event procedure, we made use of the Worksheet object,Sh, which
is passed to the programmer as an argument when the event procedure is
called by Excel. Sh, in this case is a variable that references a Worksheet
object. The specific worksheet object that it references is the one that was just
added to the workbook. We used the worksheet’s Range property to place
data in the newly added worksheet’s cells. This code illustrates another feature
of objects: An object’s property can be an object too. In the code, we access
the Worksheet object’s Range property. This property returns an object of
type Range (an object we will discus shortly), and it, in turn, exposes a prop-
erty called Value that gives us access to the contents of the specific range or
cell. Syntactically, this is the origin of the “dot-dot” notation that we see in the
event procedure code in Listing 7.11.

When it comes to data management, there is no Excel object more impor-
tant than the Range object. This is, of course, because the whole business of
data management using Excel is getting data into and out of cells, and an Excel
Range object is the object model representation of a cell in a worksheet. In
fact, a Range object can be any collection of cells in a worksheet. It can be
contiguous or disjoint. It can represent an entire row or an entire column. A
range can even represent a random selection of cells on a worksheet. This may
seem complicated at first. It may seem as though, unlike the Workbook and
Worksheet objects, the Range object is not associated with any readily iden-
tifiable Excel component. At closer inspection, however, one sees that a Range
object can be anything that you, as an Excel user, can select on a worksheet.
For example, if you click on cell A1, you have just selected a range that com-
prises one cell. If you hold down the Ctrl key and click on cell B6, you now
have selected a range that comprises two noncontiguous cells. In you click on
the “H” column header, you selected a range that comprises an entire column.
So, in fact, a Range object is identifiable after all.

Using a Range object associated with a worksheet is quite simple. A Work-
sheet exposes two key properties that return Range objects when they are
called. These are the Cells and the Range properties. The key difference
between these two properties is the format of the arguments that they take.
The Cells property accepts two integers that refer to the row and the column
of the cell that you would like to reference. For example, to obtain a reference
to Cell B1, you could use the VBA code in the Listing 7.12.

Dim MyRange As Range

Set MyRange = ActiveSheet.Cells(1,2)

Listing 7.12 Using the Cells property of the Worksheet object.
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Listing 7.12 highlights one of the most frustrating elements of learning how
to program in VBA as a beginner. As a reader, you have just read through thou-
sands of words introducing you to VBA syntax and Excel objects, but in these
two lines of code in Listing 7.12, there are three things that have not been intro-
duced anywhere in this chapter. The reality is that mastering VBA and Excel
takes time, patience, and experience, and no single chapter can do the subject
justice. Specifically, the new material presented here are the use of a Range
type in a variable declaration, the use of the Set keyword, and the use of
ActiveSheet. Just like the declaration of a variable of a type intrinsic to VBA
(Table 7.1), a variable can be declared as any of the Excel objects in the object
model. One can look at Excel objects as data types intrinsic to Excel. For
example, to declare a variable of type Worksheet, one need only type Dim
wsht As Worksheet. In the example above, MyRange is a variable of type
Range. There is one difference between variables that are Excel object types
and variables that are intrinsic data types. The difference is the use of the Set
keyword during assignment. For example consider the code in Listing 7.13:

Dim J as Integer

J = 1000

Listing 7.13 Standard assignment to a VBA variable.

The above code is syntactically correct and will run with no problem.
However, the code in Listing 14 would result in a error:

Dim R as Range

R = ActiveSheet.Cells(1,2)

Listing 7.14 Incorrect assignment of an object to a variable.

The difference is that assignment to object variables requires the Set
keyword. So, the correct syntax for the above code is shown in Listing 7.15:

Dim R as Range

Set R = ActiveSheet.Cells(1,2)

Listing 7.15 Using the Set keyword to assign an object to a variable.

Finally, ActiveSheet is a globally available reference to a Worksheet
object that represents the active worksheet. The active worksheet is the work-
sheet in the foreground of the active workbook. That is, the worksheet cur-
rently being “worked on” by the Excel user.

Getting back to the Range object, we see that the code 
ActiveSheet.Cells(1,2) returns a Range that represents the cell in row
1, column 2 of the active worksheet. That is, the code returns the Range object
corresponding to cell B1. The Range property of the Worksheet object oper-
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ates a little differently. In its most common syntax, the Range property accepts
a string with A1-style notation as the argument. For Excel users, this is a famil-
iar syntax because it is the same as the syntax used to reference cells in Excel
formulas. For example, the following code would be used to reference the six
cells in the Excel range A1:B3:

Set R = ActiveSheet.Range(“A1:B3”)

Listing 7.16 Using the Range property of the Worksheet object.

Like all objects, the Range object exposes properties and methods. The most
useful Range properties to the beginner,however,are the Value and Formula
properties. The Value property allows the programmer to read and write the
contents of a cell represented by a Range. For example, the code in Listing 7.17
sets the contents of the cell A3 to “I just set this programmatically”.

ActiveSheet.Range(“A3”).Value = _

“I just set this programmatically”

Listing 7.17 Putting data into an Excel cell.

Similarly, the code in Listing 7.18 gets the contents of cell C4 and stores the
result in a variable called MyVar:

Dim MyVar as Variant

MyVar = ActiveSheet.Cells(4,3).Value

Listing 7.18 Getting data out of an Excel cell.

The Formula property allows the programmer to set and get a cells formula
through code. For example, the code in Listing 7.19 places the number 10 in
cell A3 and then assigns the Excel formula “=A3/2” to cell A4. The result is
displayed as the number 10 in cell A3 and the number 5 in cell A4.

ActiveSheet.Range(“A3”) = 10

ActiveSheet.Cells(4,1).Formula = “=A3/2”

Listing 7.19 Using the Formula property of the Range object.

In this section, we introduced the hidden power of Excel: Visual Basic for
Applications. We began with macro recording, traveled through basic syntax,
looked at event-driven programming, and culminated with Excel objects,
where we learned how to get data into and out of Excel cells. The heart of
data management programming in Excel is getting data into and out of Excel
cells, and the remainder of this chapter will explore how we can build on what
was introduced in this section to address more intricate data management
challenges.
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7.4 READING, WRITING, AND PRESENTING DATA

Excel has many powerful tools for managing and manipulating data. But,
before these tools can be applied, your data must be moved into the cells of
an Excel worksheet. This task is relatively straightforward for small, conve-
niently formatted data sets. Unfortunately, it can be very difficult for larger
data sets that are stored in a format not recognized by Excel. After complet-
ing the desired data manipulation, frequently it is necessary to insert the data
into a worksheet, display it graphically, or move the data out of Excel, into a
file, another program, or a reporting tool. In this section we will describe how
to move data into and out of Excel, and how to present it.

Clipboard

The simplest way to move data into and out of Excel is through the clipboard,
using the copy and paste functions. When using your favorite program, if you
highlight text, an image, or some other data, and then type Ctrl+C or select
Copy from the Edit menu, the data you have highlighted are copied to the
Windows clipboard. The format of the data on the clipboard will vary. Indeed,
many times multiple formats are stored on the clipboard in order to maximize
the number of ways in which the data can be pasted. For example, when you
highlight and copy data from the cells of an Excel worksheet, the data are
copied to the clipboard in a surprising number of formats. You can see this by
copying data from cells in Excel, then selecting Paste Special from Microsoft
Word’s Edit menu. Multiple formats are listed in the Paste Special dialog that
is displayed, including various formatted and unformatted textual options, and
even the option to paste the data as an image. The more you understand about
the formats used by various programs to write data to the clipboard, the better
you will be able to transfer your data using the clipboard.

For exchanging data with Excel, the most useful clipboard format option is
the basic Unformatted Text format. Understanding this will help you appre-
ciate the result of pasting data copied from an Excel worksheet into a plain
text editor, such as Notepad, or how to format data in a text editor to ensure
that it is copied and pasted properly into Excel. The format used by Excel for
its Unformatted Text paste option is simple: Data items in the cells of a row
are separated by tab characters, and rows are terminated with two characters
in sequence—a carriage return followed by a linefeed. You can see this by
copying data from cells in Excel and pasting into a Microsoft Word document
using the Paste Special option of the Edit menu. Once pasted, your data will
likely be arranged in a nice tabular format. To see the special tab and line ter-
minating symbols in Word, select the paragraph symbol (¶) from Word’s Stan-
dard toolbar. Tab characters will be displayed as right-pointing arrows (Æ)
and the carriage-return+linefeed sequence of two characters will be displayed
as the paragraph symbol (¶). To prove that the data are in a natural format
for Excel, select the text in Word and copy it to the clipboard. Return to Excel,
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highlight an empty cell and paste it. This time there is no need to use Paste
Special. Your data will be separated automatically into the cells of your 
worksheet.

Other options are available for when the data are not in the preferred tab-
delimited Excel format. Let us assume you have a microplate reader that saves
measured data to a text file as eight rows, with each row containing 12 comma-
delimited numbers. For example, consider the file in Figure 7.3, which has been
opened in the Notepad text editor. If you select and copy the contents of the
file, and paste them into Excel, you’ll end up with something that looks like
Figure 7.4. Excel will not automatically split the numerical values among the
cells of the worksheet. Instead, each row in the file will be pasted into the cells
of the first column of the worksheet. To split the data into adjacent cells, select
the data in the first column and choose the Text to Columns option from the
Data menu in Excel. From the wizard that is displayed after this option is
selected, choose Delimited from the first step and click the Next button. On
the second step of the wizard check Command and Space from Delimiters,
and the “Treat consecutive delimiters as one” option (see Fig. 7.5). The
Comma option splits each row at the comma characters. The Space and “Treat

READING, WRITING, AND PRESENTING DATA 305

Figure 7.3 Typical data file generated by a laboratory instrument.

Figure 7.4 Comma-delimited data is pasted into the first cell of each row.



consecutive delimiters as one” options effectively eliminate the extraneous
space that follows each comma in each row. Clicking the Finish button will
cause the data to be split into the adjacent cells of a worksheet. If you paste
data into the worksheet once again before Excel is closed, the same “Text to
Columns . . .” options will be applied. If the copied data are formatted simi-
larly, each line will be split into adjacent cells automatically without the need
to select the “Text to Columns . . .” menu option. Once Excel is closed, the
options are reset to their initial values and will need to be selected again the
next time Excel is opened.

Opening and Saving Data Files

Text Import Wizard Some laboratory instruments have the ability to save
measurements as native Excel files. It is much more common for an instru-
ment to store measured data in plain text files. A data file may contain much
more than a conveniently formatted table of numbers, but often, at some loca-
tion in the file, the data are stored in a simple tabular format. Rather than
open the file in a text editor and copy the data to the clipboard, Excel makes
it possible to open the file directly into a worksheet. When attempting to open
a text file, Excel recognizes that the file is plain text and displays the Text
Import Wizard. Figure 7.6 is the dialog that will be displayed when you attempt
to open the previous data.txt (Fig. 7.3) file directly in Excel using the Open
menu option of the File menu. Note that this wizard is almost identical to the
Text to Columns wizard. The Text Import Wizard gives you a couple of extra
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options, including the ability to skip rows in the file, which can be handy when
you would like to skip over file header information. The Text Import Wizard
process for splitting data into the cells of your worksheet is identical to the
Text to Columns Wizard. This is a convenient option when data are stored in
a file in a simple tabular format.

Saving Text and CSV Files Excel also provides an easy way to save data in
a worksheet to plain text files rather than in Excel’s native binary file format.
Choosing the Save As option from the File menu will display the “Save As”
dialog. In addition to specifying the name and location of the file to save, the
file type can be selected. If the “Text (tab delimited)” option is selected, the
data in the worksheet will be saved to a plain text file, where the data in each
row is stored as a row in the text file, with data items separated by tab char-
acters. The “CSV (comma delimited)” option in the “Save As” dialog will save
the data in a similar format, with the only difference being that the data items
are separated by commas.

Reading and Writing Data Files Using VBA

When plain text instrument files are written in a format that is not amenable
to copy-and-paste or the Import Wizard, we must do the heavy lifting associ-
ated with opening the file, reading its contents, and transferring the data into
the cells of a worksheet. In this section we will cover some of the more
common techniques for opening, closing, reading, and writing data files with
VBA and Excel.
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Selecting Files to Open or Save The first step to accessing a file is to iden-
tify the file’s name. In rare cases the file name will be fixed and can be hard-
coded into a program. More commonly the user must be prompted to select
or enter the file name when the VBA script runs. Excel provides two built-in
functions to accomplish this; both are accessed through the Excel Application
object.

The GetSaveAsFileName method of the Application object will display
a standard Windows file dialog box and allow the user to navigate the file
system and either select or enter a file name into which data can be written.
GetSaveAsFileName takes a number of optional arguments, including 
InitialFileName, FileFilter, and Title. The InitialFileName
argument is used to set the file name that will be displayed when the dialog is
first opened. It is handy to set this to the most commonly used file name in
order to save a few keystrokes. The Title parameter is a string that will be
displayed as the caption of the dialog. It is common to set this argument to
give the user of your script a hint on the kind of file that is expected. The
FileFilter argument is a string that specifies one or more file name filters
to be used by the dialog when selecting which files to be displayed. The func-
tion returns the selected file name, or if the user clicks the Cancel button, it
returns False.

The subroutine in Listing 7.20 illustrates the use of GetSaveAsFilename.
Note that we are using the line continuation character (_) in order to split 
a long command over several lines. In this example the vrnFileName
variable is declared as type Variant. We use a Variant because the 
GetSaveAsFilename method can return multiple data types:When the user
makes a selection, a String is returned representing the complete file path, oth-
erwise the Boolean value False is returned when the dialog is cancelled.

Sub WriteAFile()

Dim vrnFileName As Variant

‘ Ask the user for the file name

vrnFileName = Application.GetSaveAsFilename( _

InitialFileName:=”data.csv”, _

FileFilter:= _

“CSV Files (*.csv),*.csv, All Files (*.*),*.*”, _

Title:=”Select Data File”)

‘ Exit if the dialog is cancelled

If vrnFileName = False Then Exit Sub

‘ Open and write the file here

End Sub

Listing 7.20 A subroutine illustrating the GetSaveAsFilename method of 
Application.
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The GetOpenFilename method of the Application object displays a dialog
that allows the user to enter or select a file that is intended to be opened. The
method is called in a manner very similar to GetSaveAsFilename. One dif-
ference between the two methods is that GetOpenFilename does not accept
the InitialFileName argument.

File Access Types In VBA, there are three ways to access data in a file. These
are called sequential, random, and binary access. The main difference among
these file access types is the way that data are read and written. Random and
binary file access types usually are used to manipulate data stored in files in a
form other than plain text. When a file is opened for random access, data 
must be stored in the file as fixed-size records; these records must be read 
and written as complete units. Binary file access permits individual bytes to be
read and written. A common feature shared by these two file access types is
that the data stored in the file can be accessed and manipulated in random
order.

When a file is opened for sequential access, the data in the file can be read
or written in a sequential manner only, that is, from the beginning of the file
to the end. Unlike the other file access types, it is not possible to move ran-
domly about a file opened for sequential access. Even though the sequential
access type is much more limiting, it is by far the more common of the three
access types because the sequential access type offers more convenient options
for reading and writing plain text file data. We will consider only the sequen-
tial file access type in this section.

Opening and Closing Sequential Access Files Before data in a file can 
be accessed, the file must be opened. This is accomplished with the Open
statement in VBA. The Open statement takes a number of arguments,
including the name of the file to open, the file mode, and a unique file 
number.

In VBA unique numbers (integers) are used for nearly all of its native file-
related commands. These numbers can take on any value between 1 and 511
but cannot be reused for a second file until the first file is closed. File numbers
are assigned when a file is opened with the Open statement. It is possible to
specify unused file numbers for the files that you open, but it is far easier to
use a built-in VBA function called FreeFile to select available file numbers
automatically. FreeFile is guaranteed to return a number that is not cur-
rently being used for another file.

The sequential file access type comes in three flavors, or modes: Input,
Output, and Append. When opening a file with the Input mode keyword, you
only will be able to read data from the file. Opening a file with the Output
mode keyword will erase the file and allow you to start writing from the begin-
ning. The Append mode keyword will open the file for writing but not erase
its contents. Instead, writing will begin immediately after the end of the file.
In other words, you will be appending to the file when you write.
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When one is finished reading or writing a file, it must be closed. Closing a
file is simply a matter of executing the Close statement, optionally followed
by the pound sign (#) and the file number.

Listing 7.21 is a complete VBA subroutine called ReadDataFromAFile.
It illustrates all the code necessary for selecting and opening a file for input,
and closing it when finished. The intFileNum variable is declared as an
integer and is assigned a new file number using the FreeFile statement.
The vrnFileName variable is declared to hold the response from the
GetOpenFilename function. The response will be either the complete 
file path containing the data to be read, or False if the dialog was 
cancelled.

The Open statement takes a number of arguments. The file name is given
first as the vrnFileName variable, the For Input portion of the statement
indicates that the file will be read, and the file number is assigned using the
As #intFileNum portion of the statement. The file is closed at the end of
the subroutine with the Close statement. The specific file to be closed is indi-
cated by specifying the #intFileNum argument. Leaving out the argument
will cause all open files to be closed.

Sub ReadDataFromAFile()

Dim intFileNum As Integer ‘ To hold the file number

Dim vrnFileName As Variant ‘ To hold the file name

intFileNum = FreeFile ‘ Get a file number

‘ Ask the user for the file name

vrnFileName = Application.GetOpenFilename( _

FileFilter:= _

“CSV Files (*.csv),*.csv, All Files (*.*),*.*”, _

Title:=”Read Data File”)

‘ Exit if the dialog is cancelled

If vrnFileName = False Then Exit Sub

‘ Open the file for Input

Open vrnFileName For Input As #intFileNum

‘ Read data here

‘ Close the file before exiting

Close #intFileNum

End Sub

Listing 7.21 Sample code for selecting a file name, opening the file, and closing it.
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This subroutine can be tested by entering it into any code window of Excel’s
Visual Basic Environment. To run the code, move the cursor to a location 
within the subroutine and click the Run toolbar button (the blue right-
pointing arrow on the standard toolbar of the VBE), or press the F5 key. The
code will prompt for a file name, open the selected file, close the file, and 
exit in an uneventful manner. If you enter a file that does not exist, the 
dialog will not close. VBA will not create a file automatically when opening
for Input. Conversely, when you open a file using the Output or Append
modes, VBA will automatically create the file if it does not exist already.

In this section we have discussed how to open and close a file using the
various sequential file access modes. In the next section we will discuss how
to read and write these files.

Reading and Writing Sequential Access Files The most common way to
write data to a file is to use the Print # statement. The first argument
required by Print # is the number of the file used in the Open statement.
Following the file number argument is a sequence of data items to be printed
to the file. The number of data items is not fixed; essentially any number of
items can be written with Print #.

Listing 7.22 includes a subroutine named LogMessage, which is a simple 
but powerful utility for keeping a log file. This subroutine can be very 
handy when there is a need to monitor the processing of a large amount 
of data or the progress of a complex program. Arguments passed to the
LogMessage subroutine include the message to be written to the log file,
followed by the path that identifies the location of the file. Because an 
Open For Append statement will create a file automatically if it does not 
exist, creating and maintaining a log file is as simple as calling the LogMes-
sage subroutine.

In the body of LogMessage, the log file is opened, the message is 
written, and the file is closed. Because the file is opened For Append, the
message will be added to the end of the file without erasing previously 
written data contained in the file. Note that the actual string written to the 
file is more than just the message that was passed to the subroutine.
Concatenated to the front of the message is the current date and time followed
by a colon.

The second subroutine in Listing 7.22 called TestLog simply shows how
to call LogMessage. To run a test, enter both subroutines into any code
module in the VBE, move your cursor to a point within the TestLog func-
tion and hit the F5 key. Check for the log.txt file at the specified location on
your hard drive.
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Sub LogMessage(strMessage As String, _

strLogFile As String)

Dim intFileNum As Integer

intFileNum = FreeFile

Open strLogFile For Append As #intFileNum

Print #intFileNum, Now & “: “ & strMessage

Close #intFileNum

End Sub

Sub TestLog()

LogMessage “Computation complete”, “C:\log.txt”

End Sub

Listing 7.22 A simple subroutine for logging to a file, and a subroutine to test it.

Another statement that can be used to write data to a file is the Write #
statement. Arguments expected by Write # are identical to Print #.
The main difference between these two statements is that Write #will always
write data to a file in a format that guarantees the data can be read in 
again by VBA. For example, all strings written using Write # are surrounded
with double quotes (“), and dates are surrounded with hash symbols (#).
Sometimes, this behavior is exactly what we want. Other times, when the 
file is to be read by humans, or another program that does not understand
these special symbols, using Write # will only introduce unnecessary 
complexity.

Sub TestWriteStatement()

Dim vrnFileName As Variant ‘ File name

Dim intFileNum As Integer ‘ File number

Dim strWell As String ‘ Name of the well

Dim blnRgntAdded As Boolean ‘ True if some

‘ reagent was added

Dim dblMeasurement As Double ‘ Measurement taken

Dim datTime As Date      ‘ Date-time of

‘ measurement

strWell = “A01” ‘ Assign test data

blnRgntAdded = True

dblMeasurement = 1.234

datTime = Now

Listing 7.23 Testing the Write # statement.
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‘ Get file name

vrnFileName = Application.GetSaveAsFilename( _

InitialFileName:=”test.txt”, _

FileFilter:= _

“Text Files (*.txt),*.txt,All Files (*.*),*.*”, _

Title:=”Test Write Statement”)

‘ Exit if cancelled

If vrnFileName = False Then Exit Sub

intFileNum = FreeFile ‘ Set file number

‘ Write data to the file

Open vrnFileName For Output As #intFileNum

Write #intFileNum, strWell, blnRgntAdded, _

dblMeasurement, datTime

Close #intFileNum ‘ Close the file

End Sub

Listing 7.23 Continued

After running the TestWriteStatement subroutine in Listing 7.23, the
contents of the newly written file will look similar to the following:

“A01”,#TRUE#,1.234,#2004-10-24 08:12:50#

The complement to Write # is the Input # statement. In addition to the file
number, the Input # statement takes a list of variables that will be assigned
to the values that are read from the file. The data in the file being read must be
in the proper format—the same format used by the Write # statement.

Enter the code in Listing 7.24 into a code module in the VBE. Before
running it, make sure your Immediate Window is displayed by selecting the
View | Immediate Window menu option in the VBE. This is necessary in order
to see the output that will be printed by the Debug.Print statement, which
is included in the listing. When ready, run your subroutine as usual. Select the
same file that was written by TestWriteStatement subroutine. The data
written to that file will be read and printed in the Immediate Window.

Sub TestInputStatement()

Dim vrnFileName As Variant ‘ File name

Dim intFileNum As Integer ‘ File number

Dim strWell As String ‘ Name of the well

Dim blnRgntAdded As Boolean ‘ True if some

‘ reagent was added

Listing 7.24 Testing the Input # statement.
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Dim dblMeasurement As Double ‘ Measurement taken

Dim datTime As Date       ‘ Date-time of

‘ measurement

‘ Get file name

vrnFileName = Application.GetOpenFilename( _

FileFilter:= _

“Text Files (*.txt),*.txt, All Files (*.*),*.*”, _

Title:=”Test Input Statement”)

‘ Exit if cancelled

If vrnFileName = False Then Exit Sub

‘ Set file number and open

intFileNum = FreeFile

Open vrnFileName For Input As #intFileNum

‘ Read data, close file and print

Input #intFileNum, strWell, blnRgntAdded, _

dblMeasurement, datTime

Close #intFileNum

Debug.Print strWell, blnRgntAdded, _

dblMeasurement, datTime

End Sub

Listing 7.24 Continued

The code in Listing 7.23 and Listing 7.24 write and read a single line of four
data items. In practice, it is more likely that you will write many lines of data
using a loop construct. For example, you may need to write or read 96 lines,
one for each well of a microtiter plate.

When data are written to a file in a format that is not easily read using the
Input # statement, a little more work is required. The entire line of data
must be read as a single string first, and then the individual data items
extracted from the string. We will discuss string manipulation in the next
section. For now, let us look at how an entire line of data can be read using
the Line Input # statement. Listing 7.25 illustrates how to use Line
Input #. It is similar to Input #, with only a single string argument to hold
the data that is read.

If you have a file named C:\test2.txt that contains the following line of data:

1.23; 3.45; 5.67; 7.89

running the code in Listing 7.25 will print that line to the Immediate Window
exactly as it appears in the file. The data values, which are separated by semi-
colons, are not assigned to individual variables, as was the case with Input #
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in Listing 24. Since the Input # statement expects data values to be sepa-
rated by commas, using it on this file would result in a runtime error. Instead,
the entire string of characters on the first line is read and assigned to the
strLine string variable:

Sub TestLineInputStatement()

Dim strFileName As String ‘ File name

Dim intFileNum As Integer ‘ File number

Dim strLine As String    ‘ Entire line of

‘ data

strFileName = “C:\test2.txt” ‘ Set file name

‘ Set file number and open file

intFileNum = FreeFile

Open strFileName For Input As #intFileNum

‘Read the entire line and close the file

Line Input #intFileNum, strLine

Close #intFileNum

‘ Print in the Immediate window

Debug.Print strLine

End Sub

Listing 7.25 Reading an entire line from a file using the Line Input #
statement.

Manipulating and Parsing Data from Strings To extract data from strings
that are read from a file, the characters that represent the data items must be
dissected from the string and possibly converted to the proper VBA data types,
for example, integers or double precision numbers. This dissection process is
called parsing. VBA includes many functions for manipulating strings, which
can be used to parse the desired data from a string. Table 7.2 lists several VBA
functions that are useful for parsing strings. A short description is included
with each function. For more detailed information, refer to the VBA Help doc-
umentation, which can be displayed from the Help menu in the VBE.

An Example Let us consider a realistic example. Assume we have a file, the
first few lines of which appear as in Figure 7.7. This is a sample data file written
by an instrument that takes a single measurement from each well of a
microtiter plate. Unfortunately, due to the way in which the instrument oper-
ates, the file starts with an unknown number of blank lines. The actual plate
data section is initiated with a line that begins with the string “Plate:”, and is
followed by a bar code that has been assigned to the plate. The well 
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TABLE 7.2 VBA Functions Useful for Parsing Strings

Function Description

InStr Search one string looking for a specified substring contained within it.
If found, return the position of the substring.

InStrRev Similar to InStr, only search for the substring starting from the end of 
the string and proceeding back to the beginning.

Replace Search a string, replacing all occurrences of one substring with another
substring. Return the substituted string.

Split Split a string on a specified delimiting substring, returning an array of 
delimited strings.

Join Join an array of strings and return a single string. Optionally insert a 
specified delimiter between each string element in the joined string.

Trim Remove all spaces from the beginning and end of a string and return 
the result.

Left Return a substring composed of the specified number of characters at 
beginning of a string.

Right Return a substring composed of the specified number of characters at 
end of a string.

Mid Return a substring composed of a specified number of characters 
starting from a specified position within a string.

IsNumeric Returns True if the argument (possibly a string) can be converted to a 
number.

CInt Convert the argument (possibly a string) to an integer.
CLong Convert the argument (possibly a string) to a long integer.
CDbl Convert the argument (possibly a string) to a double precision number.
CDate Convert the argument (possibly a string) to a date.

Figure 7.7 Sample Plate Data File.



measurements are formatted as three columns. The first column corresponds
to the well row, the second column to the well column, and the last column to
the measured well data. The challenge is to read the file and parse the data
into the cells of an Excel spreadsheet. The data should be displayed in the
spreadsheet in an 8 by 12 block of cells rather than in columns. The layout
should correspond to that of a microtiter plate in a landscape orientation. In
the following example we tackle the problem using the following three steps:

1. Finding the data section in the file
2. Reading and parsing the data from the file
3. Converting the strings to numbers.

In the next section we’ll discuss how to transfer the data to the cells of a work-
sheet, and to format the worksheet to enhance the data presentation.

Listing 7.26 provides a complete subroutine for parsing, converting, and dis-
playing all data in the Immediate Window. Subroutine comments help iden-
tify exactly what is being done. Note the use of several functions listed in Table
7.2.

After variables are declared, a file is selected and opened. First, all blank
lines are read, trimmed of white space, tested, and discarded. The first non-
blank line is checked for the proper format, and the bar code is removed using
the Mid and Trim functions. Immediately following, 96 lines of data are read
and split on the semicolon character into the arrLine string array using the
Split function. The row and column designation are converted to Integers
using the CInt conversion function. The measurements are converted to
Doubles using the CDbl function and stored in the proper location of the
arrData array. The subroutine completes with a couple of nested loops that
print the data in the array to the Immediate Window.

Sub ParsePlateData1()

‘ Parse data into an array

Dim vrnFileName As Variant ‘ File name

Dim intFileNum As Integer ‘ File number

Dim strLine As String    ‘ Line read

‘ from the file

Dim strBarcode As String  ‘ Parsed bar code

Dim arrLine() As String  ‘ Array to hold result

‘ of Split command

Dim intRow As Integer    ‘ Current row

Dim intCol As Integer    ‘ Current column

‘ Array to hold parsed plate data

Dim arrData(1 To 8, 1 To 12) As Double

Listing 7.26 Parse plate data from a file.
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‘ Loop counters

Dim I As Integer, J As Integer

‘ Select the file

vrnFileName = Application.GetOpenFilename( _

FileFilter:= _

“Text Files (*.dat),*.dat, All Files (*.*),*.*”, _

Title:=”Select Data File”)

‘ Exit if cancelled

If vrnFileName = False Then Exit Sub

‘ Get file number and open

intFileNum = FreeFile

Open vrnFileName For Input As #intFileNum

Line Input #intFileNum, strLine ‘ Read line

strLine = Trim(strLine) ‘ Trim whitespace

‘ Discard any blank lines

Do While strLine = “”

Line Input #intFileNum, strLine

strLine = Trim(strLine)

Loop

‘ Parse barcode

If Left(strLine, 6) = “Plate:” Then

strBarcode = Trim(Mid(strLine, 7))

Else

Debug.Print “Invalid file format”

Exit Sub

End If

‘ Parse data

For I = 1 To 96 ‘ Loop over all Lines

‘ Read line

Line Input #intFileNum, strLine

‘ Split on semicolon

arrLine = Split(strLine, “;”)

‘ Convert row ...

intRow = CInt(arrLine(0))

‘ Convert column ...

intCol = CInt(arrLine(1))

Listing 7.26 Continued
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‘ Convert well data ...

arrData(intRow, intCol) = _

CDbl(arrLine(2))

Next I

Close #intFileNum ‘ Close file

For I = 1 To 8 ‘ Print data

For J = 1 To 11

Debug.Print arrData(I, J);

Next J

Debug.Print arrData(I, J)

Next I

End Sub

Listing 7.26 Continued

Importing Data from External Databases

Another way to move data into Excel is to import it from an external data-
base. A common practice of an organization is to store large amounts of
diverse data in centralized databases. These data can form the basis of calcu-
lations that you may need to perform. Fortunately, Excel makes it easy to
import data into a Worksheet from a centralized database.

Understanding Databases Databases come in many flavors and speak many
languages. Perhaps the most common database type is the relational database.
Microsoft Access, SQL Server, Oracle, and other databases are examples. A
relational database is a collection of tables, where each table consists of a two-
dimensional array of data organized as rows (records) and columns (fields).
Tables 7.3 and 7.4 present data that make up two sample tables in a hypo-
thetical relational database. The sample tables are named Compound_Data
and Inventory_Data, respectively. Compound_Data holds data that describe
compounds in a compound store. Inventory_Data holds data that describe the
current inventory of each compound.

The two sample tables have a common field called Compound_ID. The data
in this field are used to relate the records in the two tables, hence the name
relational database. It is possible to query the tables in this sample database
in order to select all inventory information from compounds with a molecu-
lar weight greater than 500. This requires an inspection of data in both tables,
which is accomplished by joining the two tables on the common Com-
pound_ID field values.

Another way to get a sense for the important elements of a relational data-
base is to compare them to similar elements in Excel. Table 7.5 presents such
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a comparison. Even though we can make this comparison, it is important to
remember that Excel is not relational in nature; it is not possible to join data
in the columns of Worksheets using standard Excel capabilities.

Accessing Databases using Excel and ODBC The multitude of languages
spoken by the various database engines can make importing data a complex
endeavor. Fortunately, there is a common language through which many data-
base engines can be accessed. This common language is called Open DataBase
Connectivity (ODBC). An ODBC driver is software that accepts a command
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TABLE 7.3 Sample Table Named Compound_Data

Compound_ID Name MW

100001 Compound1 504.07
100002 Compound2 576.81
100003 Compound3 331.49
100004 Compound4 371.09
100005 Compound5 454.52
100006 Compound6 488.36
100007 Compound7 405.04
100008 Compound8 568.20

TABLE 7.4 Sample Table Named Inventory_Data

Compound_ID Barcode Tare_Weight Current_Weight

100001 9999901 8.01 27.74
100001 9999902 8.57 14.90
100001 9999903 8.27 15.84
100002 9999904 8.11 28.02
100003 9999905 8.03 27.25
100004 9999906 8.82 11.05
100005 9999907 8.74 18.37
100006 9999908 8.74 17.48
100006 9999909 8.91 14.42
100007 9999910 8.03 21.05

TABLE 7.5 Similar Excel and Relational Database
Elements

Excel Relational Database

Workbook Database files
Worksheet Table
Column Field
Row Record



in the common ODBC language and translates it into a database-specific 
form. Data obtained from a database-specific command is repackaged and
returned in a common format. Almost all major relational database engines
provide an ODBC driver. In fact, there are even ODBC drivers that expose
data in properly formatted nonrelational databases, such as Excel Workbooks
and flat files.

Early in this chapter, we stated that Excel is not a database management
system. We used this statement as an argument against using Excel in circum-
stance that call for a database management system. Nevertheless, for illustra-
tion purposes we will show how to set up Excel as a simple database and access
it through an ODBC connection. Due to the common language of ODBC, the
method for importing data is identical for more powerful relational database
engines.

Creating an Excel database is simple. As an example, open up a new Excel
Workbook and rename one Worksheet by double clicking on its tab and enter-
ing Compound_Data. Enter data into the cells of this Worksheet, as shown in
Figure 7.8. Do not forget to enter the field names in the first row. Rename
another Worksheet to Inventory_Data and enter the data shown in Figure 7.9.
Save the Workbook with the file name InvDatabase.xls.

The only remaining step necessary to turn the data in this Workbook into
an ODBC-accessible database is to name the ranges in each Worksheet that
contain table data. Highlight the range of cells containing data to be treated
as a single table and enter the table name in the Name box, which is just to
the left of the formula bar above the Worksheet area (See the circled element
in Fig. 7.10). Once the name is entered, make sure to hit the Enter key, other-
wise the name will not be assigned to the range. Set the name of the data range
on the first sheet to Compound_Data, and the data range on the second sheet
to Inventory_Data. Resave and close the modified Workbook.
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Importing Data into Excel Data can be imported right into an Excel Work-
sheet from an external database using menu options. To see this in action, open
a new Workbook and select the Data | Import External Data | Import Data
. . . menu option. You will see the Select Data Source dialog, similar to that
shown in Figure 7.11. The dialog will show all the available data sources,
including Data Source Names (DSN). A DSN contains all the information nec-
essary for Excel to make an ODBC connection with an external data source.
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Figure 7.9 Inventory Data worksheet.

Figure 7.10 Creating an ODBC-accessible table in Excel by naming a range of 
cells.



Excel is distributed with several preconfigured DSNs, including one for Excel
itself.

Select the Excel Files DSN and click the Open button. Navigate to and
select the InvDatabase.xls Excel file, and click OK. You should see a dialog
that shows all tables in the Excel database (Fig. 7.12). Select one of the tables
and click OK to view the Import Data dialog. If you click OK again, all the
data from this table will be imported into your new Workbook. Instead, if you
click the Edit Query. . . button from the Import Data dialog, Excel will display
the Query Wizard from a helper application called Microsoft Query. The
Microsoft Excel installation package includes Microsoft Query, but it is not
installed by default. You may need to install this application from your Excel
installation CDs before continuing.

READING, WRITING, AND PRESENTING DATA 323

Figure 7.11 Select Data Source Dialog.
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Follow the Query Wizard prompts. Select different fields from the available
tables and filter the records to match your specified criteria. In Figure 7.13 we
are restricting records from the Inventory_Data table to those with a Com-
pound_ID field value of 100001. After proceeding through all the remaining
Query Wizard prompts, the filtered records can be returned to your Excel
Worksheet, as shown in Figure 7.14.

In fact, using the Query Wizard, it is possible to join data in multiple tables
of the external Excel database, even though Excel is not relational. It is the
Excel ODBC driver that imparts the relational capabilities on top of the Excel
database—truly a nice added benefit.
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Figure 7.13 Filtering records of the Inventory_Data table to those with a Com-
pound_ID of 100001.

Figure 7.14 Records returned from the external database import.



Importing Data from an External Database with VBA We can make 
use of the Macro Recorder to learn how to automate the external data import
process using VBA. By repeating the process of the previous section with the
Macro Recorder activated, you will generate a subroutine that looks like the one
in Listing 7.27. This listing has been edited slightly to make it more readable.

Listing 7.27 shows that three important strings were generated: a connec-
tion string, a path to a DSN, and a Structured Query Language (SQL) query.
The connection string includes the pertinent information to locate the data-
base. In this case, it is our InvDatabase.xls file stored in the root of the C drive.
The DSN string is a path to the appropriate DSN file. In this case it points to
the Excel File DSN installed with Excel.

The last string is the SQL query that tells the ODBC driver how to remove
the data from the database. SQL is a standard language for manipulating data
in a relational database. There are four basic statements used to manipulate
data in a database using SQL.

SELECT—retrieves data
UPDATE—modifies existing data
INSERT—adds data
DELETE—removes data

The particular SQL query generated in this example is a SELECT statement.
The basic syntax for a SELECT statement is as follows:

SELECT [Field Name(s)] FROM [Table Name(s)] WHERE [Criteria]

This requests that the data in [Field Name(s)] be returned from the tables in
[Table Name(s)], subject to the conditions in [Criteria]. It is beyond the scope
of this chapter to describe SQL in detail. A search of the Internet will reveal
many good sources of information about SQL. Modifications of the SQL
query in Listing 7.27 will allow you to customize the data import process, and
rerun it as necessary.

Sub Macro1()

Dim strConn As String

Dim strSQL As String

Dim strDSN As String

‘ Connection string

strConn = _

“ODBC;DSN=Excel Files;DBQ=C:\InvDatabase.xls;”

Listing 7.27 An automatically generated VBA Macro to select data from an external
database.
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strConn = strConn & _

“DefaultDir=C:\;DriverId=790;”

strConn = strConn & _

“MaxBufferSize=2048;PageTimeout=5;”

‘ DSN File

strDSN = _

“C:\Program Files\Common Files\ODBC\Data Sources\”

strDSN = strDSN & “Excel Files (not sharable).dsn”

‘ SQL Query

strSQL = “SELECT Inventory_Data.Compound_ID, “

strSQL = strSQL & “Inventory_Data.Barcode, “

strSQL = strSQL & “Inventory_Data.Tare_Weight, “

strSQL = strSQL & “Inventory_Data.Current_Weight “

strSQL = strSQL & “FROM `C:\InvDatabase`.Inventory_Data “

strSQL = strSQL & “Inventory_Data “

strSQL = strSQL & _

“WHERE (Inventory_Data.Compound_ID=100001)”

With ActiveSheet.QueryTables.Add( _

Connection:=strConn, Destination:=Range(“A1”))

.CommandText = Array(strSQL)

.Name = “Excel Files (not sharable)”

.FieldNames = True

.RowNumbers = False

.FillAdjacentFormulas = False

.PreserveFormatting = True

.RefreshOnFileOpen = False

.BackgroundQuery = True

.RefreshStyle = xlInsertDeleteCells

.SavePassword = True

.SaveData = True

.AdjustColumnWidth = True

.RefreshPeriod = 0

.PreserveColumnInfo = True

.SourceConnectionFile = strDSN

.Refresh BackgroundQuery:=False

End With

End Sub

Listing 7.27 Continued
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Setting up an Oracle ODBC connection As mentioned, ODBC can be used
to access other databases, such a Microsoft Access or Oracle. It is only a matter
of having the appropriate drivers installed and setting up the proper DSN. The
following shows how to setup an ODBC connection for Oracle.

From the Windows Task Bar, select Start | Settings | Control Panel | Admin-
strative Tools | Data Sources (ODBC). Click the Add . . . button and select an
ODBC driver. In this example we will use the driver named Microsoft ODBC
for Oracle (Fig. 7.15). Click Finish and complete the installation.

After this step you have the option to create an associated DSN. In the
Create New Data Source dialog, enter a name, a description, your user name,
and the Oracle server information (Fig. 7.16). If you are unsure of the proper
parameters, try contacting your database administrator.

From this point you can access data in the Oracle database in a manner
identical to the way in which data was accessed in the external Excel database.
Make sure to use the Macro Recorder to regenerate the VBA in order to
capture the proper connection string and DSN.

Automating the Generation of Reports

Reports are generated in Excel by inserting data into the cells of a Worksheet
and formatting the cells to create an informative and pleasing presentation.
In a previous section we saw how to read and write the value of a cell using
the Range object’s Value property. The next step is to take a closer look at
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how to change a cell’s appearance, and how to use that to convey important
information about the data being reported.

Formatting Worksheets Everything about the way a Worksheet is formatted
can be changed programmatically using VBA. This includes the way cell values
are formatted, their alignment, and the font used, as well as cell borders and
colors. This topic is much too large to cover in any detail here. Instead, we will
investigate a few useful topics, and recommend that the interested reader
make use of the Macro Recorder as a way to discovery how to programmat-
ically change the appearance of a Worksheet.

When dealing with data that are associated with a microtiter plate or rack
of tubes, it helps to display those data in a format that mimics the layout of
the plate of tubes. Such displays are natural in Excel since the rectangular
array of containers maps nicely onto a rectangular array of cells. The display
can be enhanced by formatting the cells that delineate the plate or rack data,
and marking the rows and columns with appropriate labels.

We are interested in formatting an 8 by 12 range of cells to hold an array
of data associated with the wells of a 96-well microtiter plate. The goal is to
outline the range with a thick border, to label columns above with the numbers
“1” through “12” centered on the column, and the rows on the left with the
letters “A” through “H,” right justified. We want to encapsulate the formatting
commands in a separate VBA subroutine so that it is possible to format 
any 8 by 12 Range as a plate. By taking this approach, we will be able to reuse
the formatting function on any Range of cells. To get started, a macro was
recorded while formatting a range of cells in accordance with our specifica-
tions. When finished, the generated subroutine was edited to make it more effi-
cient and reusable—Listing 7.28 is the result.

Unlike a generated macro, first note that the subroutine in Listing 7.28 
takes a Range object as an argument. This was added to the generated 
macro and represents the Range to be formatted. We make use of the With
statement in the subroutine since all commands will be applied to the same
Range.

328 USING MICROSOFT EXCEL AS A LABORATORY DATA MANAGEMENT TOOL
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The first formatting step is on the borders. Notice that a Range has a sub-
ordinate collection of Border objects appropriately called Borders. Each
Border object itself has LineStyle and Weight properties. Each of the four
Border objects in the Borders collection is accessed using a predefined con-
stant, then their LineStyle and Weight properties are set appropriately.
Note that we did not have to look up these objects, properties, or constants,
since the Macro Recorder generated the code for us with all the appropriate 
keywords.

Following border formatting, we set the format of the numbers displayed
within the Range. The Range object has a NumberFormat property, which
takes a string that defines the format. Again, the Macro Recorder identified
the property to set and its proper value. We only added a little editing.

Setting up column and row labels took a bit more work. The Macro
Recorder gave us the HorizontalAlignment property and constants, but
we added the loops and cell access using the Cells method of the Range
object. One thing to note about the indexes of the Cells method is the ability
to reach cells that fall outside the Range. The FormatPlateDisplay sub-
routine takes a Range argument that defines the 8 by 12 array of cells. To gen-
erate column and row labels we need to format cells in the row above the
Range as well as cells in the column to the left of the Range. The column label
format loop uses the loop index to set column values in the Cells method,
but the row index is set to “0.” The Cells method provides access to the cells
in the parent Range starting at index “1.”An index of “0” can be used to access
cells just prior to the parent Range. In the column label format loop the row
index of “0” provides access to the row above the parent Range that defines
the plate display. Similarly, the row label format loop uses a column index of
“0,” which provides access to the column to the left of the parent Range. The 
final trick to note is the use of the Chr$ function in the row label format 
loop. Chr$ takes an integer and returns the corresponding ASCII encoded
character. A capital “A” has an ASCII value of 65, with subsequent capital
letters following in numeric order. We use this fact to generate the letters “A”
through “H” by adding 64 to the row number, and passing this to the Chr$
function.

To test the FormatPlateDisplay function we called it with an argument
of Sheet1.Range(“B2:M9”). The result is displayed in Figure 7.17.

Sub FormatPlateDisplay(Plate As Range)

‘ Format an 8x12 Range as a plate display

Dim I As Integer

With Plate

‘ Draw a thick border around the plate Range

.Borders(xlEdgeLeft).LineStyle = xlContinuous

Listing 7.28 Subroutine to format a Range as a plate display.
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.Borders(xlEdgeLeft).Weight = xlThick

.Borders(xlEdgeTop).LineStyle = xlContinuous

.Borders(xlEdgeTop).Weight = xlThick

.Borders(xlEdgeBottom).LineStyle = xlContinuous

.Borders(xlEdgeBottom).Weight = xlThick

.Borders(xlEdgeRight).LineStyle = xlContinuous

.Borders(xlEdgeRight).Weight = xlThick

‘ Set number format for all cells in Range

.NumberFormat = “0.00”

‘ Set column labels

For I = 1 To 12

.Cells(0, I).Value = I

.Cells(0, I).HorizontalAlignment = xlCenter

Next I

‘ Set row labels

For I = 1 To 8

.Cells(I, 0).Value = Chr$(I + 64)

.Cells(I, 0).HorizontalAlignment = xlRight

Next I

End With

End Sub

Listing 7.28 Continued
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Generating a Heat Map Display One simple but powerful way to display
data is through the use of a “heat map.” In a heat map display, data values are
rendered graphically using varying shades of two colors. The lower half of a
numerical range is represented using shades that vary from a “cool” color to
a neutral one, and the upper half of the range from the neutral color to “hot”
color. In a sense, the colors indicate a level of heat associated with each data
value. We will generate heat maps that use blue as the cool color, white as the
neutral color, and red as the hot color.

To generate a heat map in Excel, the problem that we must solve is one 
of changing the background color of a cell based on the cell’s value. It is pos-
sible do this in a rudimentary manner through the use of a feature in Excel
called Conditional Formatting. Conditional Formats can be set for each cell
through Excel’s standard menu options. A maximum of three formats can be
specified along with the conditions that must be satisfied in order for the asso-
ciated format to be applied to the cell. Unfortunately, this is insufficient for
generating a heat map because many more color shades and conditions can
be required. VBA must be used to achieve the enhanced functionality neces-
sary for generating a heat map.

Once again, by using the Macro Recorder to change a cell’s background
color, we learn that a Range object contains another object called Interior,
which itself has a property called ColorIndex. Excel has a set of colors that
can be used on various objects throughout its display. These colors are iden-
tified with an integer called a ColorIndex. Setting the ColorIndex prop-
erty of the Range’s Interior object will cause the background color of a cell
to change to the one identified by the index value. With this in mind, we
selected color indexes for five shades of blue, five shades of red, and white.

The HeatMap subroutine in Listing 7.29 is a complete procedure for insert-
ing data values into the cells of a worksheet and overlying that with a heat
map display. The subroutine takes two arguments: a Range object that repre-
sents the 8 by 12 block of cells on which to create the heat map and an 8 by
12 array of data values.

The first step of the HeatMap subroutine is to build an array of the color
indexes identified for the heat map display. These color indexes are stored in
an array called arrClrIdx. The color index to be used for a cell is deter-
mined by translating a cell’s data value into an array index of the arrClrIdx
array. The next two steps of the HeatMap subroutine are to set the data range
that maps into the color gradient, and to call the FormatPlateDisplay sub-
routine given in Listing 7.28 in order to initialize the plate display. Following
all initialization, a doubly nested loop over all data in the provided data array
inserts the raw data value into the associated cell and then maps the data value
into an index in the color index array, and uses that index to set the back-
ground color of the cell using the ColorIndex property of the Cell’s Interior
object.

In Listing 7.26 we parsed data from a file and loaded it into an array. The
loaded data were printed to the Immediate Window. We can now modify this
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example to display the data as a Heat Map. Listing 7.30 modifies Listing 7.26
by removing the print statements and calling the HeatMap subroutine with
appropriate arguments. Figure 7.18 illustrates the result of running the code
in Listing 7.30 and selecting an appropriate data file.

Sub HeatMap(Plate As Range, arrData() As Double)

Dim I As Integer ‘ Loop counter

Dim J As Integer ‘ Loop counter

Dim dblMax As Double ‘ Maximum value in range

Dim dblMin As Double ‘ Minimum value in range

Dim intVal As Integer ‘ Color index

Dim arrClrIdx(10) As Integer ‘ Color index array

‘ Set color indexes that define color gradient

arrClrIdx(0) = 11 ‘ Blue (coolest)

arrClrIdx(1) = 32

arrClrIdx(2) = 41

arrClrIdx(3) = 33

arrClrIdx(4) = 34

arrClrIdx(5) = 2  ‘ White

arrClrIdx(6) = 27

arrClrIdx(7) = 44

arrClrIdx(8) = 45

arrClrIdx(9) = 46

arrClrIdx(10) = 3 ‘ Red (hottest)

‘ Set data range to map into color gradient

dblMin = -100

dblMax = 100

‘ Call the sheet formatting routine

Listing 7.29 Heat Map generation subroutine.
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FormatPlateDisplay Plate

‘ Insert data into cells, and color

‘ cells based on data Values

For I = 1 To 8

For J = 1 To 12

‘ Display data value in cell

Plate.Cells(I, J).Value = _

arrData(I, J)

‘ Map value into color index array

intVal = CInt( _

10# * (arrData(I, J) - dblMin) / _

(dblMax - dblMin))

‘ Set cell background color

Plate.Cells(I, J).Interior.ColorIndex = _

arrClrIdx(intVal)

Next J

Next I

End Sub

Listing 7.29 Continued

Sub ParsePlateData()

‘ Parse data into an array

‘ and display as a heat map

Dim vrnFileName As Variant ‘ File name

Dim intFileNum As Integer ‘ File number

‘ Line read from the file

Dim strLine As String

Dim strBarcode As String ‘ Parsed bar code

‘ Result of Split Command

Dim arrLine() As String

Dim intRow As Integer ‘ Current row

Dim intCol As Integer ‘ Current column

‘ Parsed plate data

Dim arrData(1 To 8, 1 To 12) _

As Double

‘ Loop counters

Dim I As Integer, J As Integer

‘ Select the file

vrnFileName = Application.GetOpenFilename( _

FileFilter:= _

Listing 7.30 Generate a Heat Map display using data loaded from a file.

READING, WRITING, AND PRESENTING DATA 333



“Text Files (*.dat),*.dat, “ & _

“ All Files (*.*),*.*”, _

Title:=”Select Data File”)

‘ Exit if cancelled

If vrnFileName = False Then Exit Sub

intFileNum = FreeFile ‘ Get file number and open

Open vrnFileName For Input As #intFileNum

Line Input #intFileNum, strLine ‘ Read line

strLine = Trim(strLine) ‘ Trim whitespace

Do While strLine = “” ‘ Discard any blank Lines

Line Input #intFileNum, strLine

strLine = Trim(strLine)

Loop

‘ Parse bar code

If Left(strLine, 6) = “Plate:” Then

strBarcode = Trim(Mid(strLine, 7))

Else

Debug.Print “Invalid file format”

Exit Sub

End If

‘ Parse data

For I = 1 To 96 ‘ Loop over all Lines

Line Input #intFileNum, strLine ‘ Read line

‘ Split on semicolon

arrLine = Split(strLine, “;”)

‘ Convert row ...

intRow = CInt(arrLine(0))

‘ Convert column ...

intCol = CInt(arrLine(1))

‘ Convert well data ...

arrData(intRow, intCol) = _

CDbl(arrLine(2))

Next I

Close #intFileNum ‘ Close file

‘ Generate the HeatMap

HeatMap Sheet1.Range(“B2:M9”), arrData

End Sub

Listing 7.30 Continued
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7.5 SUMMARY AND CONCLUSION

In this chapter we only have touched upon the power and utility of the pairing
between Excel and the VBA programming language. Even though a complete
discussion of the features of Excel and VBA would span several volumes and
many thousands of pages, it should be clear that Excel is a vastly underutilized
tool for managing data generated in a life sciences laboratory. There is an
underappreciation for the wide diversity of data management tasks that can
be handled by Excel and VBA.

It should also be clear that Excel is not a panacea; there are many labora-
tory data management situations for which Excel is not suited. As VBA and
the functionality behind Excel are mastered, there is a tendency to attempt to
use it to solve problems that require more sophisticated tools, such as a full-
blown multiuser enterprise data management system, a document workflow
system, or a collection of highly refined data mining utilities. Excel can be an
excellent prototyping tool for these situations, but the skilled laboratory data
manager will recognize when the time has come to benefit from more power-
ful tools.

For several years now Microsoft has been putting their efforts into the 
creation and enhancement of a new software development technology called
.Net. The .Net Framework allows different programming languages and
libraries to work together seamlessly. Microsoft Excel programming has been
brought under the .Net Framework through a technology called Visual Studio
for Applications (VSA). VSA will allow Excel scripting to be performed from
one of the many .Net languages. Nevertheless, Microsoft has recognized that
VBA is a powerful tool and that there are millions of lines of VBA code that
have been written for Excel, and are in daily use. Given this reality, Microsoft
has stated that it will continue to support VBA in Excel and other applica-
tions into the future.

As a powerful, full featured, and fully integrated programming environment
for Excel, VBA remains a preferred choice for building Excel-based applica-
tions for managing laboratory data.
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8.1 INTRODUCTION

In examining regulations, often it is easy to become inundated with the com-
plexity of existing rules and regulations. Like being in a maze, we travel
through the twist and turns of current Food and Drug Administration 
(FDA) regulations often leading us in directions where a clear path is 
difficult to find. The number, import, and intricacy of the U.S. FDA regula-
tions, requirements, guidelines, and draft documents are often so overwhelm-
ing as to make it difficult to see the underlying ideology that directs so many
FDA measures.

As we travel this maze of regulations, there are three underlying precepts
that together provide a foundation for and an understanding of all the myriad
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of FDA procedures: (1) proximal causality, (2) risk assessment, and (3) self-
regulation. Having a clear understanding of these three precepts can help one
understand future FDA actions.

Proximal causality is probably the most basic of FDA regulatory models.
Let us consider a consumer who buys a product clearly labeled as containing
dehydrated corn. The consumer has an expectation that the box contains pure
corn kernels that are free from contaminants such as mice or rat droppings
and also free from insect parts. Public health and consumer confidence are
maintained as long as the label is accurate and the product is in fact free of
contaminants. Consumers also need the assurance that this final product was
processed properly from the beginning.

To ensure that this really does occur, regulators are authorized to investi-
gate the packing plant itself to be certain that it is free of infestation. If the
packing plant processes raw materials to eliminate those contaminants, regu-
lators need to focus their attention on the cleanliness and operation of the
processing procedure. It would also be necessary to inspect and regulate any
and all equipment used in the process as well as the records of operation and
maintenance of that equipment. And in the computerized world we live in, the
computer systems too are subject to the eye of regulation.

Regulatory attention focuses over time on the earlier, inner steps of ground-
work and progression, always moving backward to more proximal causalities
of safety threats and associated problems. In part, that movement is a func-
tion of satisfaction with the more surface levels of control; in part, it is a func-
tion of deeper understanding of the ultimate causes of problems. Arguably an
underlying causality of the trend derives from the reality that once investiga-
tors have achieved a satisfactory level of control for a surface issue they have
the time and resources to dig deeper. It is clear that the trend to move back-
ward to proximal causality is a response to consumer demand—standards of
cleanliness are continually raised in response to public understanding. The
same trend applies to the performance of drugs and their side effects, the reli-
ability and therapeutic value of medical devices (heart pacemakers, dialysis
machines), the purity of biologics (vaccines, blood products, etc.), and the
quality and safety of all the other FDA regulated products (such as X-ray
machines and microwave ovens) and their processes.

As we move through the regulatory maze, there is an ever-mounting cost
to ensure the safety and quality of these various products. But does the cost
of such regulations ever become a limiting factor?

Human blood provides an interesting example. While most blood transfu-
sion donors are unpaid, there is a cost associated with the collection. As the
screening cost rises, the resulting expense rises proportionately. To put it
simply, if it cost $1.00 to collect a unit of blood, and only one in five units pass
the screening process, the cost of a usable unit of blood now becomes $5.00.
If the public health and safety is significantly increased, then the dollar factor
is well worth it. But, if the screening provides only minimal value, do we not
then need to look at a second method of regulation—risk assessment. It is
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clear that over the history of the FDA no regulated product is absolutely “risk
free.” So we must look at “benefits vs. risks.”

Risk assessment is the second regulatory trend today. Simply put—it is the
balancing of increased safety against the limited effect of the cost of imple-
menting that safety factor. Having its origin in the medical device area, the
concept of risk analysis considers the probability and potential severity of an
adverse patient reaction, the overall performance of the system, and the
process of manufacturing. Regulatory scrutiny is then assigned, and support-
ing evidence collected, in proportion to the degree of risk inherent in a given
situation. Remembering that no regulated product is risk free and so consid-
eration is given to a product with an eye toward risk vs. benefits especially in
products used in life-threatening situations.

Self-regulation in the pharma industries is the ability to police oneself. The
FDA has taken the consistent position that the industry is self-regulated and
that it is the agency’s job to oversee and police this self-regulation.

All companies and products falling under the wide umbrella of the FDA
are subject to internal quality assurance requirements. Even if a product per-
formed flawlessly, without any side effects, purity defects, or adverse reactions,
the manufacturer would be justly criticized if it did not have in place a quality
assurance program. It is the goal of the FDA and its industry partners to con-
tinually improve and oversee the minimization of potential problems.

Working in conjunction with the proximity causality and risk assessment
trends, this emphasis on self-regulation results in a continuing shift of atten-
tion backwards in the laboratory and manufacturing processes. Users of la-
boratory information management systems (LIMS) now routinely investigate
their software suppliers since the internal quality of an automated laboratory
is dependent increasingly on the accuracy of the software that manages and
interprets experimental results. In much the same way manufacturers extend
their quality assurance to reach vendors of raw materials, of manufacturers
equipment, and software control systems. The self-regulation, tempered by a
risk assessment to put priority on areas of greatest potential danger, forces a
proximal causality shift.

It is clear that we live in a world of regulation. Promoting public health 
and protecting consumers have placed us on the road to ensuring that effec-
tive and safe products reach the market place. All in all we are concerned 
with the quality of life expected by each member of our society. But how did
all this come about? Let us take a step back and look into the history of the
FDA.

8.2 ORIGINS OF THE FDA

It seems that the quality of life has been a major concern of people from the
beginning of time. What they ate, how it was prepared, how they lived, concern
over medical care and obviously the medications and drugs they took, and, of
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course, the medical devices that were recommended and used have been scru-
tinized over the history of humankind.

It has become a trend over this history of humans to look for help from
authorities to ensure not only the safety of these devices and drugs but also
the purity of products consumed and the effectiveness of the products as well.

How a product is prepared and how it is packaged and labeled are ques-
tions frequently asked over time. Is the product safe? All this has eventually
laid the groundwork for future regulation laws. The cry to reform was loud
and clear.

As far back as 1202, King John of England proclaimed the first English food
law, the Assize of Bread, which prohibited adulteration of bread with such
ingredients as ground peas or beans. By 1820, eleven physicians met in Wash-
ington, D.C., and established the U.S. Pharmacopeia, the first compendium of
standard drugs for the United States. And it was President Lincoln who
appointed a chemist, Charles M. Wetherill, to serve in the new Department of
Agriculture, the beginning of the Bureau of Chemistry and the forerunner of
the Food and Drug Administration. Since President Lincoln’s time, there have
been 100 major developments in the history of the FDA.

From the 1902 Biologics Control Act (passed to ensure purity and safety of
serums, vaccines, and similar products used to prevent and treat humans) to
the Food and Drugs Act (1906) passed to deal with misbranded and adulter-
ated foods, drinks, and drugs to the 1938 Federal Food, Drug and Cosmetic
Act (requiring new drugs to be shown safe before marketing) down to today
where concern is questioned over temporary tattoos, each development has
continued to lay the foundation of regulatory laws.

Today we question the members of Congress over the importation of drugs
that may not have passed all the checks and balances in place here and ask
ourselves how effective they are and is the risk worth taking based on the price
of the drugs. The questions continue but the fundamental mission of the FDA
is well defined.

The FDA’s mission is clear:

1. To promote the public health by promptly and efficiently reviewing clini-
cal research and taking appropriate action on the marketing of regulated
products in a timely manner.

2. With respect to such products, protect the public health by ensuring that
foods are safe, wholesome, sanitary, and properly labeled; human and
veterinary drugs are safe and effective; there is reasonable assurance of
the safety and effectiveness of devices intended for human use; cosmet-
ics are safe and properly labeled; and public health and safety are pro-
tected from electronic product radiation.

3. Participate through appropriate processes with representatives of other
countries to reduce the burden of regulation, harmonize regulatory
requirements, and achieve appropriate reciprocal arrangements.
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It is quite clear that the history of the FDA is rich, varied, and intercon-
nected with the major political reformist trends of the last century. Buried in
the detail of significant dates, regulatory revisions, and personalities are five
aspects of the regulatory structure:

1. Accuracy of labeling
2. Growth
3. Oppositional
4. Speed the approval
5. Risk assessment

What is in a product, how those ingredients affect humans, what a product
may be called, and how effective it is have laid a foundation of labeling accu-
racy at the very heart of the FDA’s labeling concerns. The FDA has been most
concerned with making certain that consumers as well as health-care profes-
sionals are provided with accurate information on consumer products.

In an article—“The Rise and Fall of Federal Food Standards in the United
States: The Case of the Peanut Butter and Jelly Sandwich,” Society for the
Social History of Medicine, Spring Conference, 1999, Aberdeen, Scotland—
Suzanne White Junod writes: “In 1906, Congress passed the U.S. Pure Food
and Drugs Act. It was one of the first consumer protection acts passed in the
United States.” Dr. Junod further stated:

For an act propelled into law through a focus on Food, the law was surprisingly and
seriously flawed in its food provision. The first flaw was apparent even before the
law was passed. Offshoots of the food industry (principally manufactures of recti-
fied or blended whiskey and chemical preservatives including formaldehyde,borax,
copper salts, salicylated, saccharin, and sodium benzoates) defeated a provision
which would have allowed the Government to set standards for food products.

She continued:

The second flaw was not quite so obvious until 1920s brought a heyday in inven-
tive advertising, and the Great Depression of the 1930s created a market for
cheap, inferior products. And this is where jelly first enters my sandwich stan-
dards analogy.

Concerned over strict food standards—these food industries inserted a so-
called “Distinctive Name Proviso” into law. Dr. Junod stated in the article that
this distinctive name proviso permitted the marketing of foods that would
have otherwise been illegal under the 1906 act. She further stated in the case
of jam and jelly, they would have been considered adulterated or misbranded
under the law since they had so little fruit. Beautiful food dye hues, artificial
pectin, and grass seeds, accompanied by expensive yet tasteful packaging, and
promotion through clever advertising, all created a new kind of fabricated
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product. This product was given a fanciful and distinctive yet meaningless
name—BRED-SPREAD. This product typifies the kind of inferior product
that began to gain a foothold in the U.S. marketplace beginning in the 1920s.

Consumers were faced with a problem in labeling appearing on market
products. Could one depend on the label to tell one the quality of food and
how much of a certain product was really in the can?

But it was the FDA in 1933 that started the process of rewriting the 
1906 Pure Food and Drugs Act in its efforts to rescue a potentially harmful
industry.

The FDA writes: “Consumers rely on product labels to know what the
product is and how it is to be used. The agency regulates what’s on these labels
to ensure that they are truthful and that they provide useable information that
helps consumers make healthy, safe decisions when using the product” (FDA
presentation entitled “Protecting Consumer”, Protecting Public Health—PPT
Slide 13 of 34).

From fake medical devices to almost jelly to patent medicines that claimed
to heal just about everything, the FDA has continually launched a truth-in-
labeling campaign to protect consumers from false claims to not only the
purity of the product but to the effectiveness and safety of the product. Accu-
racy of labeling emerged as a significant FDA historical trend.

The second aspect of the regulation structure is “growth.” Whether or not
there has been a general growth of “big government” or of the quality of regu-
lations is a matter of ongoing political debate. It is obvious that the growth of
the number and variety of products and companies subject to FDA regula-
tions is a matter of record. Through the history of the FDA we see an agency
that constantly needs to respond to the challenges presented to the consumer
by highly complex industries often producing highly complex products. The
development of biotechnology, the discovery of new classes of pharmaceuti-
cals, and the invention of new medical devices have all swollen the U.S. Phar-
macopoeia in and lists of potential treatments.

The results of increasing demand and all but static supply (of regulations
and regulatory budgets) has resulted in increasing long review times, decreas-
ing common field investigation and inspection, and a need to find ways of
rationing regulators energies without compromising public safety and health,
a complex problem in itself.

But yet another aspect that gives rise to a regulatory pattern is the rela-
tionship of the product industry to the FDA. Is it an oppositional relationship
by choice or history? Does a history of false claims from the early 1920s of
certain product manufacturers to cure just about anything and the need to
protect the consumer give rise to an oppositional relationship?

Have a sequence of events led to an oppositional atmosphere or has the
development of the FDA over its history simply led it to the status of being
the “watchdog?”

It is a fact that the FDA is the consumer watchdog. It stands in opposition
to industry excesses, cut corners, and of course false claims.
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The need of consumers for quick access to new products and, of course,
scandals about unsafe or ineffective treatments has laid the groundwork for
yet another aspect of the regulatory structure—speed the approval.

The problem of consumer demand for rapid release of promising and safe
cures and treatments without regard to the science of testing and review rep-
resents another historical trend in the FDA. Whenever a new disease receives
significant public attention, the FDA feels the pressure to accelerate the
approval process. In recent years the tendency has been seen in human
immunodeficiency virsus/acquired immunodeficiency syndrome (HIV/AIDS)
treatments, in terrorist-response vaccines and treatments, in Alzheimer’s treat-
ments, and in severe acute respiratory syndrome (SARS) diagnostics. The call
to speed up the process is heard. But it is obvious to the industry that the FDA
represents only a minor portion of the lengthy approval process that certainly
can take up to 10 years.

We would rush to judgment to find fault only with the FDA. It is the range
of quality and safety studies that take time, and while the FDA does have
responsibilities to review and analyze those studies, blaming the FDA for the
time required for approval and acceptance is nonproductive.

These four aspects have produced the final trend that is only recently
receiving widespread attention. The first four trends force a rationing of regu-
latory effort and argue for focusing those limited efforts on areas of greatest
quality concern to bring safe and effective products to market as rapidly as
possible. The current course to use “risk assessment” as the rationing deter-
minant is the result of those pressures.

The potential ultimate effect of adverse events, measuring both probability
and severity, is used in risk assessment as a rationing factor.

8.3 21 CFR PART 11

Part 11 of section 21 of the Code of Federal Regulations (CFR) is an evolu-
tionary result of the historical trends affecting the Food and Drug Adminis-
tration. Part 11 deals with electronic records, with the systems that produce
those records in automated laboratories, clinical testing environments, and
manufacturing facilities, and with the electronic approvals and signatures of
those records. The regulation includes specifications for the validation and
testing of systems, for archiving and retrieval of records, and for training and
standard operating support of user personnel.

In the proximal causality trend, Part 11 represents the regulation of a tool
used in support of Good Manufacturing Practices (GMP), Good Laboratory
Practices (GLP), and Good Clinical Practices (GCP) guidelines. In the risk
assessment trend, Part 11 is clearly subject to a rationing of regulatory energy
and evidence in accordance with the probability and severity of adverse
events. Conventionally in the self-regulation trend, Part 11 requires that an
organization establish standards for quality and prove conformity to those

21 CFR PART II 343



standards. In the development of the regulatory world we live in, Part 11 con-
forms with the initial focus on labeling (here, the accurate description of
system requirements), with the growth of regulation (in response to the growth
of automation), with the independence from and opposition to industry,
imposing standards of quality and testing on the computer industry, with
attempts at speeding the time to market (spearheaded by automating the
review process), and with the use of risk assessment as the rationing factor,
previously discussed in the blending of historical and regulatory trends.

In the remainder of this chapter you will find the six steps of conducting a
risk assessment, a check list that outlines the broad scope of 21 CFR Part 11
and a drug discovery regulation checklist.

8.4 RISK ASSESSMENT

Risk assessment is the other side of benefits analysis. It examines the prob-
ability and severity of “negative” outcomes of a process, applicable to drug
discovery, utilization of a pacemaker, manufacture of a drug, or any other
process. However, risk assessment has a unique role: it can help determine the
amount of compliance evidence required for acceptance. How closely the
FDA will examine and how much time, energy, and expense should be invested
in proving compliance will be determined by a risk assessment of the drug dis-
covery process (or any other process).

To conduct a risk assessment, integrate these six steps into the process of
planning and implementing a compliance strategy:

1. Utilizing the written requirement documentation for a specified system,
device, computerized equipment, component, or application, identify the
desired performance under each of the defined requirement application.

2. Utilizing historical experiences with the specified system, device, com-
puterized equipment, component, or application, and/or utilizing his-
torical experiences related to predicate systems, devices, computerized
equipment, components, or applications, and/or utilizing industry stan-
dards related to the specified system, device, computerized equipment,
component, or application, determine the alternate undesired perfor-
mances for each defined requirement application.

3. Determine the probability of each occurrence performance, for both the
desired performance and the undesired performances for each defined
requirement. Probability of occurrence can be calculated utilizing his-
torical experiences with the specified system, device, computerized
equipment, component, or application, and/or utilizing historical experi-
ences related to predicate systems, devices, computerized equipment,
components, or applications, and/or utilizing industry standards related
to the specified system, device, computerized equipment, component, or
application.
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4. Analyze each of the undesired performances to characterize the sever-
ity of that performance in terms of risk to human life, health, and/or
safety.
a. “High severity” is generally defined as loss of life, substantial loss of

quality of life, and/or substantial disabling effect.
b. “Medium severity” is generally defined as compromise of quality of

life and/or some disabling effect.
c. “Low severity” is generally defined as little or no effect on quality 

of life or on normal life activities.
5. For each undesired result calculate the risk according to the following

grid:

SEVERITY PROBABILITY RISK

High severity High probability High risk
High severity Medium probability High risk
High severity Low probability Medium risk
Medium severity High probability Medium risk
Medium severity Medium probability Medium risk
Medium severity Low probability Low risk
Low severity High probability Medium risk
Low severity Medium probability Low risk
Low severity Low probability Low risk

6. Apply the table results to the validation protocol or policy to determine
the appropriate level of testing and validation.

8.5 RISK ASSESSMENT AND REGULATION

Risk assessment provides a measure of degree of regulation in the process 
of regulating the drug discovery and development. Although regulation is
applied to all aspects of the development process, two caveats mitigate that
reality.

First, regulation of drug discovery and development is applied only retro-
spectively. That is, the end product and process are subject to FDA require-
ments ONLY IF the decision is made to move the discovered substance
forward in the developmental process. Lines and paths that are abandoned or
halted are not subject to regulatory review. That restriction may be of little
practical value since all paths are considered potentially successful or they
would not have been initiated. Most organizations, therefore, opt to integrate
regulatory controls in anticipation of possible success.

The second caveat has a greater strategic and tactical value. The practical
focus of the FDA is upon the tools utilized in discovery. While an educator
may try to assess reading skills to determine a student’s readiness to learn,
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regulatory attention focuses on the tools to assess the process. The student’s
reading skills and the discovery tools are both elements in the process and
indicators for potential problems.

Since the drug discovery and development process is largely based upon
the use of complex systems-automated laboratory equipment, molecular mod-
eling software, statistical analysis systems, and so forth, those tools tend to be
computers. The very nature of computers causes the most regulatory concern.

Computer systems are complex, based upon internalized and sometimes
obscured decision rules. Computers are flexible, allowing multiple applications
with appropriate changes in internal directions (programs). They can over-
write the changes made to those decision rules, directions, and even databases,
often leaving little or no markers indicating changes were made.

These characteristics, coupled with the industry’s increased reliance on 
the use of computer systems, have led to a focusing of a significant portion of
regulatory energy on the automated tools of the field. In the drug discovery
arena where reliance on computers is particularly high, the major regulatory
focus, mitigated by risk assessment, has been on the systems that collect,
analyze, manipulate, and report. The result of that focus is the newest of the
FDA regulations, 21 CFR Part 11, Electronic Signatures and Electronic
Archives.

Originally intended to define rules for accepting electronic signatures in lieu
of human (paper) signatures on documents, Part 11 has been expanded to
define virtually all aspects of computer control and of the regulation of com-
puter systems. The requirement includes standards for documentation of the
validation (testing and managerial control) of systems; of the training and
operating procedure assistance to be provided to users; of security, change
control, and disaster recovery assurances, etc. Here is a checklist that outlines
the broad scope of 21 CFR Part 11:

• System is used in support of drug-related research, laboratory analysis,
clinical research, manufacturing, production, and/or tracking.

• Record and/or signature system has been subjected to an appropriate and
thorough system validation audit.

• Audit:
• Conducted within 24 months
• Conducted by independent or outside expert
• Included review of:

• Testing documentation
• Development documentation
• Standard Operating Procedure (SOP) documentation

• Included inspection of operating environment
• Trail review

• Archive
• Change control
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• Archive
• Disaster recovery
• Use
• Training
• System validation documentation collected

• Evidence of requirements
• Design approvals
• Testing
• Implementation

• Validation
• Protocol
• Team credentials

• Development documentation
• Requirements/design document
• Trace matrix

• Standard operating procedures
• Use
• Training
• Change control
• Archive
• Disaster recovery
• Audit trail review

• Testing
• Boarder cases
• Norm cases
• Code review

• System Inventory
• Hardware
• Software

• Records are retained:
• For appropriate length of time. Generally 10 years or two generations

over treatment duration
• In machine readable form
• In human readable form
• In heat proof, fire proof, flood-protected environment

• Records
• Are appropriately labeled
• Can be restored in reasonable (generally 72h) time

• Procedures are in place to restrict access to data and records to appro-
priately authorized persons.
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• Operation checks of system have been designed to assure appropriate
functioning of hardware and software

• Audit trails
• Preferably electronic and protected
• Alternately manual and carefully monitored
• Built into system to detect and identify data changed, including
• Tracking of time
• Date of change
• Change agent
• Reason for authorized change

• Password/password
• Password/key
• Password/biological
• Electronic signatures utilized only in system with:

• Dual-level unique identifier authorizations
• Internal procedures to assure that approved documents have not been

modified (without authorization) from specified date and time
• Time system

• Zulu time
• Greenwich mean time (GMT)
• Location-affixed time
• Single time zone
• Date system
• U.S. (dd/mm/yy)
• International (mm/dd/yy)

• Methodology has been implemented to assure the validity of input data
• Might include

• Dual confirmation of input
• Use of check digits
• Internal norm confirmations
• Other techniques

• Systems users and administrators have:
• Received appropriate regulatory and functional training
• Ready and constant access to appropriately comprehensive, clear,

applicable, timely, and management-approved SOPs
• All aspects of the electronic records and electronic signature systems in

place have been designed to provide a level of security and control equal
to or exceeding the equivalent controls inherent to manual (paper)
systems.
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The Part 11 requirement provides guidance for control of the system tools
used in the drug development process. It serves as an outline of the FDA
scrutiny of drug discovery and development. Evidence of compliance repre-
sents an insurance policy providing confidence that, should a drug move along
the pipeline to a New Drug Application (NDA), the Food and Drug Adminis-
tration will accept supporting data from the early stages of the development
process.

8.6 REGULATION IN DRUG DISCOVERY: THE FUTURE

The regulation of drug discovery is an evolutionary process, balancing the 
public need for access to effective treatments and cures against the need 
to assure the safety of those emerging drugs. The U.S. Food and Drug Admin-
istration and equivalent agencies worldwide continually cope with that delicate
balance, comparing the Hippocratic dictum “First, do no harm” with the
demands of disease and injury victims and their families who plead “try 
something!”

The balance is currently maintained through three underlying principles of
drug discovery regulation. First, the trend to proximal causality continually
shifts the regulatory focus to the primal events in the pharmaceutical chain.
In the future that focus will fall increasingly on the reliability of molecular
models, of preclinical testing, and other early-stage procedures and comput-
erized equipment used in the first stages of the drug discovery process.

Second, emerging awareness of the need to avoid the unnecessary and 
ineffective cost of excess regulation of products and procedures that represent
little or no real safety threat has led to the growing utilization of a risk 
assessment in determining the appropriate depth of regulatory focus. The 
trend is expanding and generalizing: Risk assessment will stand as the most
significant regulatory innovation of the decade. In many cases in which early
drug discovery activities are so far removed from final production of 
drug product as to represent little real danger, the risk assessment will balance
the trend to proximal causality to product a rationally limited regulatory
involvement.

Finally, emerging as dominate in the self-canceling balance of proximal
causality and risk, will be the continuing trend toward self-regulation. Expect
the FDA to serve as a supra quality assurance unit periodically and remotely
overseeing the drug discovery process to monitor the self-regulation of that
process of drug discovery organizations themselves. The primary responsibil-
ity to establish appropriate and risk-assessed standards, to conform to those
standards, to document that conformance, and to audit the process will lie with
the pharma industries.

In such an evolving world the drug discovery process can be expected to
appropriately balance public safety against development, leading ultimately to
public assess to new drugs. It is an optimistic and realistic model.
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Drug Discovery Regulation Checklist

• Risk assessment
• Determination of nondesired alternate outcomes and results of the

drug discovery operation
• Calculation of the approximate probability of those occurrences, uti-

lizing historical logs and/or results of predicate device operations
• Determination of the potential severity (in terms of direct threat to

human health and safety) of those occurrences
• Resulting categorization of the operation as low, high, or medium risk

• If risk is determined to be low, other steps can be:
• Mitigated (limited testing in validation)
• Eliminated (the vendor audit)
• Reduced (the PQ)

• Validation of the operation including:
• System validation of all automated components, including:

• Documentation of system requirements and design
• Development of a trace matrix
• Development and exercise of appropriate test scripts
• Review of the code itself
• Analysis of the SOPs to assure:
• Appropriate use
• Archive
• Disaster recovery
• Change control
• Training

• Process validation, focusing on possible contamination of
• Media, equipment, and final product, including but not limited to:

• Bacterial contamination (both Gram positive and Gram negative)
• Viral contamination
• Material contamination

• Part 11 audit emphasizes:
• An audit trail to track all data changes
• If electronic signatures are in use:

• Dual confirmation of identity
• Locking of document after signature
• Unambiguous time/date stamp

• Archive (electronic and human readable) of all files:
• Control of data accuracy
• Appropriate training
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• Audit of system vendor either by:
• Independent “expert witness” certifying compliance with appropriate

regulations or
• The end user organization

• Key elements:
• The criteria utilized
• The credibility of the auditor

• Installation qualification (IQ), using preestablished standards to assure
appropriate initial implementation of the system or systems. The IQ may
be conducted by the vendor, by the end-user organization, or by a com-
bination of both.

• Initial and periodic calibration, in accordance with a metrology plan
appropriate to the specific system or systems in use. Some systems are
self-calibrating; a few others do not require recalibration after initial
installation

• Operational Qualification (OQ) and Performance Qualification (PQ),
sometimes performed separately and (in some circumstances and systems)
combined. The OQ assures the system is ready for use; the PQ assures 
that it is appropriately in use.
• Problem report: A system for reporting (and reviewing) any encoun-

tered malfunctions, necessary changes, or other problems.
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9.1 INTRODUCTION

Historically, biochemical assays have vastly outnumbered cell-based assays in
the screening environment of the drug discovery process. The popularity of
Biochemical assays has been driven by their robustness, reproducibility, and
inexpensive nature. As a result, biochemical assays are used in many steps of
the drug discovery process including primary screening, lead identification,
lead optimization, and the determination of chemical structure–activity rela-
tionships (SAR). Although robust and relatively easy to implement, many bio-
chemical assays do not address important biological issues, that is, the complex
cell biology surrounding most targets. The desire for more biologically rele-
vant data from primary high-throughput screening (HTS) as well as down-
stream processes (i.e., lead identification and optimization) has resulted in a
dramatic increase in the development of technologies specifically designed for
cell-based assays and the use of cell-based assays in the drug discovery process
(http://www.hitechbiz.com).

Traditionally, cell-based assays were slow, lacked reproducibility, and were
prohibitively expensive. However, as our understanding of cell biology
increases and new technologies emerge, cell-based screens are becoming
faster, cheaper, more reproducible, and increasingly powerful. This is evident
in the vast number of new biosensors, assays, and detection systems being
developed for cell-based HTS [1–5]. In addition, the use of genetic tags, such
as fluorescent proteins, have enabled scientist to develop unique assays that
require no additional staining and provide a means to acquire kinetic as well
as localization data (http://www.bioimage.com). Novel dyes (e.g., DiBAC,
Fluo-3) have brought complicated cell biological processes to simple bench-
top readers [6–9]. These bench-top readers encompass flexible new detection
technologies that enable scientists to robustly acquire data from cell-based
assays performed on a single microscope slide or in the context of a fully auto-
mated HTS facility.

Concomitant with these advances in cell biology and assay development
there has been tremendous strides forward in the field of cellular 
imaging technologies. Recent years have seen multiple imagers brought 
to market (http://www.cellomics.com, http://www.amershambiosciences.
com, http://www.atto.com, http://www.moleculardevices.com, http://www.
evotectechnologies.com) with the ability to scan microtiter plates gathering
multiple parameters from each well. These imaging technologies can be sep-
arated into two general categories: microimagers and macroimagers.

Macroimagers have the ability to image an entire microtiter plate with a
single exposure. Since this approach acquires an image of the entire plate,
macroimagers often have the ability to work with 96-, 384-, and 1536-well
microtiter plates without having to significantly reconfigure the instrument.
One example of this is the fluorecscence imaging plate reader, or FLIPR [7,
10, 11]. The instrument was developed to acquire quantitative kinetic mea-
surements of calcium flux. It images the entire plate with a single exposure
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and therefore has a very fast read time, allowing for high-throughput opera-
tions. However, since these macroimagers acquire very low magnification
images, they obtain average measurements of a cell population in much the
same way photomultiplier tube (PMT) based readers do. As a result, it is not
possible to identify heterogeneity within the cellular population, nor is it pos-
sible to gather subcellular information.

Microimaging technologies (http://www.cellomics.com, http://www.
evotechtechnologies.com, http://www.moleculardevices.com) employ higher
magnification approaches resulting in the ability to gain intracellular resolu-
tion. Typically, acquisition protocols can be highly customized ranging from 2¥
to 20¥ magnifications, 1 to 10 images per well, and 1 to 4 fluorescent labels.
Microimagers have slower plate read times and provide fundamentally dif-
ferent information than macroimagers. While macroimagers enable rapid
imaging of an entire plate, they are restricted to simple population-based
intensity measurements from the well. Microimagers, by virtue of their ability
to gain intracellular spatial resolution, allow scientist to analyze complex intra-
cellular events such as nuclear translocation, nuclear morphology, and endo-
some formation [12–14]. The quantification of these cell biological phenotypes
is gained through the use of sophisticated image analysis algorithms. These
algorithms act upon the images and translate them into numbers that accu-
rately represent the biology of interest. For example, using a single nuclear
dye, these algorithms can determine nuclear size, density, condensation, frag-
mentation, and the like. In addition, the cellular samples can be stained 
with multiple fluorochromes in order to analyze multiple biological parame-
ters from each well. In doing such, one can analyze multiple aspects of a
complex biological process within a single well. This approach, often referred
to as high content screening (HCS), has gained increasing popularity in recent
years as it enables more information to be gathered from each microtiter 
well [15, 16].

The advent of DNA (deoxyribonucleic acid) arrays enabled scientists to
gather more than one data point from a single experiment or microtiter well.
This approach, widely used in the analysis of gene expression, has expanded
to the analysis of the genome, proteins, and cells [17–20]. This parallel analy-
sis of multiple analytes (often referred to as multiplexing) provides the
researcher with the magnitude of an effect (the signal) as well as its selectiv-
ity (the comparison of the signal across analytes). By using multiplexing tech-
nologies, the data points come from a single reaction and therefore can be
confidently compared to one another. That is, pipetting and multiple other
sources of error cannot be the cause of any selectivity identified. Finally, mul-
tiplexing is a means to miniaturization. That is, since multiple data points are
obtained from a single reaction, the amount of sample used per data point is
greatly reduced, making it a very attractive approach when reagents are
expensive or there is a rare sample to be analyzed, that is, patient primary cells.
Multiplexing technologies decrease the cost as well as the reagent consump-
tion for each data point.
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Vitra Bioscience, Inc. (http://www.vitrabio.com) has developed a multiplex-
ing technology that enables cell lines to be robustly multiplexed. This platform
technology is called the CellCard system. The CellCard technology merges 
the ability to gather multiparametric intracellular data afforded by microimag-
ing with the ability to simultaneously analyze a compounds potency and cell-
type selectivity. This is achieved because the CellCard technology enables
multiple cell lines to be assayed (multiplexed) in a single microtiter well [21,
22]. (add Beske 2004) This chapter describes the CellCard technology and 
how it can be applied to the determination of cell-type selectivity of bioactive
molecules.

9.2 CELLCARD TECHNOLOGY

The CellCard technology is centered on an encoded microcarrier approach to
multiplexing. By associating each cell type to a uniquely encoded microcar-
rier (CellCard), these cells can be uniquely identified and their response mea-
sured. The CellCards (Fig. 9.1a) are flat, rectangular, and contain a colored
barcode. The encoding strategy employs two colored bands (small arrow) on
either side of a clear data readout section (large arrow). This physical separa-
tion of the data from the encoding strategy ensures that there is no cross-talk
or limitation of one imposed on the other. Therefore, the encoding bands do
not limit the number of fluorophores that can be used to measure cellular
parameters. The size and aspect ratio of the CellCards allow for approximately
80 to 100 of them to be automatically deposited in a single well of a 96-well
microtiter plate (Fig. 9.1b). To perform a multiplex experiment using Cell-
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Figure 9.1 (a) The CellCards are flat and rectangular in aspect ratio. They are func-
tionally separated into two parts: A colored barcode (small arrow) and an optically
clear data readout section (large arrow). (b) The current implementation of the Cell-
Card system is in 96-well microtiter plate format. This image shows multiple CellCard
codes dispensed into a single well. There are approximately 80 CellCards in this well.
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Cards is relatively simple (Scheme 9.1) and will be discussed in more detail
later in the chapter. Briefly, adherent cells are grown on the surface of the
CellCards with each cell type being uniquely associated with a code. That is,
cell type 1 is grown on code 1 while cell type 2 is grown on code 2. After all
of the cell types have adhered to the CellCards, they are mixed and then dis-
pensed into a 96-well microtiter plate (Fig. 9.1b). In doing so, an aliquot of the
encoded cell mixture is placed in each of the wells, generating a multiplexed
assays in each well. Compounds are then added to the wells, incubated for the
appropriate amount of time, and the cells stained for the biological parame-
ters of interest. Finally, the CellCard array is decoded, and the cellular data
captured and analyzed via the CellCard reader and associated software.

9.3 GENERAL CONSIDERATIONS FOR MULTIPLEXING 
CELL-BASED ASSAYS

Since the separate cell types to be analyzed are placed in a single well, there
are some unique considerations that must be taken into account when decid-
ing which cell types and assays are appropriate to be adapted to CellCards in
a multiplexed format.

The living cells will be sharing a common extracellular environment during
the compound incubation time. Therefore, one factor to take into considera-
tion when choosing cell lines is the media conditions in which the incubation
will take place. For example, if the cell lines to be assayed are all stable trans-
fectants (i.e., overexpressing targets of interest) selected in Chinese hamster
ovary (CHO) cells with a neomycin resistance marker, this media concern will
be trivial since they are already being grown using common media conditions.
On the other hand, if the cell lines are tumor cell lines derived from different
tissues of origin (as presented later in this chapter) the situation is slightly dif-
ferent. If the cell lines all grow in a common media (i.e., RPMI +10 percent
serum), there is no media concern. However, if a subset of the cell lines have
been growing in different media, there may be a concern that common media-
growth conditions are not being used. There are multiple possible solutions to
remedy this issue. One solution is to adapt the cell lines all to a common media.
This can be accomplished by passaging them for approximately 2 weeks (the
time required is cell type and media type dependent) in the new media. Then,
once adapted, the cell line should be recharacterized with respect to the rele-
vant biology (i.e., doubling time or signaling ability) for the assay. If the
biology is within a reasonable range for the screen, this cell line can now easily
be multiplexed within the common media of the other cell types. This
approach may not be appropriate for some cell types depending on the assay.
Therefore, one may want to continue growing the cell lines in their indepen-
dent media and only combine them into a common media for the duration of
the compound incubation. Although this gets around the necessity to adapt



358 MULTIPLE CELL LINES USING THE CELLCARD SYSTEM

Mix

Dispense

Compound and

Reagent Treatment

Image

Image Analysis



the cell line to a new growing condition, it could bring about other concerns
when the cell line is exposed to the common media for the compound incu-
bation time. Whatever approach is taken to address this issue, the new assay
conditions and biological consequences must be characterized and be within
an adequate range before performing the experiment. If this is not done, it
may be difficult to interpret the data, since the new assay conditions may intro-
duce undesired or uncharacterized effects on the biological parameters being
measured.

The assay of choice and compound incubation conditions should also be
appropriately chosen in order to gain the most robust biological information.
With all of the cell types in a single well it is advantageous if their biological
responses, as determined by the parameters being assayed, occur with similar
kinetics. For example, take the case where cellular proliferation is being mea-
sured and one is screening for a compound that acts at a specific step in the
cell cycle. Since the screen is designed to find inhibitors of a specific cell cycle
event, the cell lines should have similar doubling times. In that way, the com-
pound incubation time should be chosen that ensures that each of the cell types
have transited through the cell cycle in order to allow the compound to exert
its effect. For example, assume the compound incubation time is set at 48h and
the multiplexed experiment contains a cell line with a 24-h doubling time (fast
growing) and another with a 72-h doubling time (slow growing). In this sce-
nario some cells from the slow-growing cell line may not have experienced the
appropriate molecular events of the cell cycle for the compound to exert its
effects, while the faster growing cell line will have, on average, transited that
critical step twice. In such a case, any lack of antiproliferative activity seen
against the slow-growing line would be difficult to interpret. It could be due to
the lack of cell cycle events or a lack of potency against that cell line.

As with the implementation of any new technology or assay, the appropri-
ate assay development should be done in order to ensure that the assay con-
ditions provide the optimal dynamic range and reproducibility.

9.4 GENERAL PROTOCOL FOR USING THE CELLCARD SYSTEM

Experiment Design and Plate Layout

A core software component of the CellCard system is the Experiment
Manager application. This application provides a simple, easy-to-use interface

GENERAL PROTOCOL FOR USING THE CELLCARD SYSTEM 359

Scheme 9.1 The CellCard protocol starts with growing different cell types on unique
codes in 6-well format. After mixing the cell cards and the attached cells they are dis-
pensed into 96-well format. The wells are scanned after compound addition and assay
reagents are added. Image analysis algorithms decode the cellular array and extract
the biologically relevant data from the images.
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to design and manage all aspects of the multiplexed experiment to be per-
formed. It stores information (i.e., fluorochromes, analysis parameters, number
of plates, etc.) about the assay being run in order to appropriately configure
the CellCard dispenser and reader. In addition, other experimental details, for
example, this software allows the user to log cellular and compound informa-
tion (i.e., lot number, concentration), that are useful for downstream data
analysis can also be managed with this software tool.

CellCard Preparation

In preparation for a CellCard experiment, the CellCards are first dispensed
into 6-well plates. Before adding the CellCards, disposable ladles are placed
at the bottom of the 6-well plate to aid in their removal prior to mixing them
and their transfer into a microtiter plate (see below). Then, the appropriate
amount, determined by the number of wells to be assayed, of CellCards are
added to the ladles and dispersed into a monolayer.

Tissue Culture

The adherent cell lines to be multiplexed are maintained using standard tissue
culture protocols in the media of choice. The cells should be split and accu-
rately counted prior to plating them on the CellCards. Typically, 1 to 5 ¥ 105

cells are seeded into the wells containing the CellCards. A range of seeding
densities should be tested to ensure the proper confluence of cells for the par-
ticular assay that is to be performed. The cells should be allowed to adhere
(under standard incubation conditions) for an appropriate amount of time to
ensure robust adhesion to the particles. This is cell type specific and can range
from 5 to 18h. We recommend allowing the cells to adhere during an overnight
incubation.

CellCard Mixing and Dispensing into 96-Well Format

After the cells have adhered to the CellCards, they are transferred into a 
15-mL conical tube for mixing. A single 360° inversion is sufficient to mix the
CellCards. The conical tube and the appropriate number of 96-well plates are
then loaded onto the robotic CellCard dispenser. A detailed protocol for dis-
pensing the CellCard mixture into 96-well plate format is provided in the Cell-
Card users manual. After the CellCards have been dispensed into 96-well
format, the plates are placed into cell culture incubation conditions for recov-
ery prior to compound addition.

Compound Addition and Assay Protocol Considerations

Remove the 96-well plates containing the CellCards and attached cells from
the incubator. Then, using a wand aspirator or a plate washer, remove media
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from the wells to ensure that the same residual volume is present in all wells.
We recommend leaving 50 mL of residual media in each well. Add the appro-
priate amount of compound to each well and mix. We typically add 50 mL of
a 2¥ solution of the compound. After the compounds have been added to each
of the wells, return the plates to the cell culture incubator for the appropriate
incubation time. This incubation time is assay dependent and can range from
30min for a nuclear translocation assay to multiple days for a proliferation
assay.

In general, only minor alterations in standard assay protocols need to be
made when using the CellCard system. For example, incubation times with and
concentrations of staining reagents remain the same with respect to an assay
run on plates without CellCards. We recommend that all washes be done as
gently as possible to limit CellCard agitation and possible sloughing off of cells
from the particles. In addition, we recommend that the wells are not aspirated
dry. We typically leave ~20mL in each well at the end of a wash to minimize
the potential removal of CellCards from the wells.

CellCard Reading

Before scaning the plates with the CellCard reader, the appropriate plate
description file (generated in the experiment designer application) must be
loaded. This will configure the reader to address the appropriate wells and
acquire images of the appropriate assay-specific fluorochromes.

After the microtiter plate has been placed in the reader (either manually
or via a robot), the image acquisition parameters must be set. The parameters
for acquiring the bright-field images will be automatically set by the reader
without user intervention. This will ensure that the CellCard codes will posses
the proper hue’s in the final image and robust code recognition. The default
parameters for fluorescent image acquisition will be read in from the plate
description file. However, these typically need to be adjusted by the user to
ensure optimal image quality. A detailed protocol for this is provided in the
user’s manual. The acquisition parameters are set in such a way as to ensure
that the images can be efficiently used by the analysis algorithms and accu-
rately represents the biological readouts that are to be measured. If there are
multiple plates in the experiment, these acquisition settings are set as the
default for all subsequent plates to be imaged during the same session. Once
the acquisition parameters are set, the plate is scanned by the imager and the
images saved to the appropriate directories designated in the design of the
experiment.

Image Analysis and Data Visualization

To extract the cell type specific data, the images acquired by the CellCard
reader must be processed by a series of image analysis algorithms. The soft-
ware will read in the assay-specific default image analysis parameters and
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proceed with the analysis. It is recommended that to run the analysis on at
least two wells, that is, positive and negative controls, before analyzing the
entire experiment. The CellCard system manual provides a detailed guide for
how to accurately set the proper image analysis parameters.

The data tables generated by the CellCard analysis software are saved as a
tab-delimited flat files. This data file can then be opened and visualized in the
Vitra Bioscience data visualization software or other standard data visualiza-
tion applications (e.g., Spotfire). In addition, the flat file structure is a standard
one allowing the data to be parsed and uploaded into an enterprise database
for further analysis and storage.

9.5 THEORETICAL EXAMPLE: APPLICATION OF CELLULAR
ARRAYS TO THE IDENTIFICATION AND PROFILING OF CELL
TYPE SELECTIVE ANTIMITOTIC COMPOUNDS

The development of antitumor drugs necessitates the determination of a com-
pounds’ potency as well as cell-type selectivity. The ability for 10 cell lines to
be robustly assayed using the CellCard system enables both of these key pieces
of information to be gathered simultaneously from a single microtiter well.

In addition, the multiplexing of such experiments results in a significant
decrease in the time to gather data. Most proliferation assays require 48- to
72-h incubation times. Therefore, each experimental cycle from seeding cells
to gathering data lasts roughly a week. Suppose there are 10 cell lines that are
to be used to profile compound activity, and there are resources to run 30
plates a week. If these compounds are to be analyzed in a triplicate dose curve
format (at 4 compounds and 1 cell type per plate) this means that the allo-
cated resources can only accommodate12 compounds per week. However, if
the 10 cell lines were multiplexed, the throughput would increase 10-fold. This
would result in an overall throughput of 120 compounds per week. This would
shorten the time required to gather the data on 120 compounds by a full
month!

The choice of cell lines included in this type of profiling will determine the
biological specificity being assayed. For example, one possible goal might be
to determine the ability of a compound to inhibit proliferation across a series
of cell lines from different tissues. The utility of this approach has been shown
by the National Cancer Institute (NCI) in its compound screening efforts
(http://dtp.nci.nih.gov/index.html). To this end multiple cell lines representing
different tissues of origin would be grown on the cell cards, mixed, and assayed
in each well. For example, by including two cell lines from each of the fol-
lowing tissues—colon, breast, lung, ovary, and prostate—one could be profil-
ing the compounds ability to inhibit proliferation across the various
tissue-derived cell lines.

Alternatively, the ultimate goal might be to determine the pathway or target
selective effects of a compound. The validation of this approach was shown in
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the identification of a target selective compound that selectively inhibited 
k-Ras transformed cells [23]. This could be expanded to include other targets
as well. For example, one could generate isogenic cell lines that differ in their
genotypes at a single specific locus. One cell line might harbor a p53 mutation
known to be associated with cancers while another may be a p53 knockout.
In the same way, other cell lines could be generated to readout other path-
ways. When these are screened along with their parental cell type (the one
used initially to generate the isogenic strains) compounds would be assayed
for their ability to elicit a target or pathway selective response.

The choice of cell types to be used in the multiplex experiment is impor-
tant to be certain. One must carefully decide on the exact biological question
and the nature of the selectivity that is to be determined. In addition, it is crit-
ical that the kinetics of the biological response to be measured is similar for
all cell types. That is, if the assay is designed to measure proliferation, it is
advantageous to match doubling times of the cell types to be multiplexed.
Once chosen, the combination of cells and the assay chosen to implement
using the CellCard system will provide the user with the potency and selec-
tivity information desired.

9.6 SPECIFIC CASE STUDIES USING THE CELLCARD SYSTEM

To demonstrate the feasibility of how to use this novel technology to profile
compounds, we will present two case studies. In the first, the TUNEL assay
was used to analyze the proapoptotic and antiproliferative effects of stau-
rosporine across multiple cell lines. By comparing the dose-dependent effects
on these two parameters, interesting cell type specific responses were identi-
fied. In the second example, a small set of compounds were analyzed in a
single-dose format to simulate a screening scenario. This experiment was
designed to identify antiproliferative compounds with cell type selectivity. In
addition to measuring proliferation, this multiparametric assay also measures
BrdU incorporation, a measure of cell cycle activity. By using these two para-
meters, the screen was able to identify cell type selective antiproliferative com-
pounds using a single well.

9.7 MULTIPLEXED DOSE CURVE ANALYSIS USING THE 
TUNEL ASSAY

In this experiment six cell lines were simultaneously assayed and analyzed for
their response to the potent proapoptotic compound staurosporine. The assay
used was the TUNEL (Terminal Uracil Nick-End Label) assay, which enzy-
matically labels double-stranded DNA breaks, a hallmark of late-stage apop-
tosis. Analysis of the cellular staining from this procedure results in an
apoptotic index parameter. This measurement has been normalized to a 
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no-drug control and represents a fold increase over background. In addition 
to this measure, a DNA intercalating dye is used to label all nuclei and 
therefore serves not only to normalize the TUNEL data to cellular 
number but also to measure cell number as a measure of growth. For 
the growth parameter the data was normalized using the NCI paradigm 
(for an in-depth discussion please visit the NCI website at http://dtp.nci.
nih.gov/docs/compare/compare_methodology.html#specon). Briefly, this ap-
proach results in a relative growth index such that a value of one indicates a
cytostatic environment. A relative growth of greater than one represents pro-
liferation, and numbers less than one indicate cell loss or cytotoxicity.

Figure 9.2 demonstrates how these two parameters, apoptotic index and
relative growth, can be robustly derived from the same set of images. The cell
line shown in Figure 9.2 (HT29s) demonstrates how this compound induces
growth arrest and a concomitant induction of apoptosis.

However, this only represents one of the six cell lines that were present in
each of the wells. Figure 9.3a shows the apopotic index and relative growth
data for each of the cell lines. Immediately evident is the cell type specific dif-
ferences that can be seen in these graphs. The magnitude of the responses, the
slopes of the lines, the concentrations that yield maximal response all vary
from cell type to cell type. A subset of these cell lines are shown in Figure
9.3b.

These graphs (Fig. 9.3b) show the response of A549, ADR-RES, and MCF7
cells. Note that despite the fact that the ED50s for the apoptotic response are
nearly identical for each of the cell types, the magnitude of the response is sig-
nificantly diminished for MCF7 cells. A simple analysis of ED50 values would
not have revealed this difference. Interestingly, even though the A549 and
ADR-RES cells show superimposable responses when graphed for their apop-
totic response, their relative growth profiles are different. The A549 cell pro-
liferation curve is left shifted from the ADR-RES cells at the lower
concentrations. This demonstrates that A549 proliferation is more sensitive to
staurosporine than ADR-RES. The comparison of these multiple parameters
in different cell lines enabled us to identify these significant cell type specific
differences. The biological mechanisms underlying these differences are
unknown. However, it demonstrates the power and utility of the CellCard
system for comparing multiple parameters with the unequivocal knowledge
that each data point is gathered from identical experimental conditions.
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Figure 9.2 Multiparametric analysis of the TUNEL assay. (a) This graph demonstrates
the apoptotic response of HT29 cells to staurosporine. The data has been normalized
to represent a fold increase in apoptotic signal over background. (b) Analysis of the
nuclear stain provides a growth index. The growth index has been normalized to a time
zero control (NCI paradigm) such that no relative growth, a cytostatic situation, equals
one. This relative growth plot displays the antiproliferative activity of staurosporine
toward HT29 cells.
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Figure 9.3 Multiplexed dose curve analysis of staurosporine using the TUNEL assay.
(a) Six cell lines (A549—blue, ADR-RES—pink, HT29—aqua, MCF7—maroon, and
OVCAR3—brown) were simultaneously assayed for their apoptotic and proliferative
responses to increasing concentrations of staurosporine. (b) Three of the cell lines pre-
sented in (a) are shown for a more direct comparison of the parameters. Comparison
of the parameters shows that even though the ED50 values for the apoptotic responses
are identical for these cell lines (red arrows) their growth responses differ (blue and
black arrows). Notably, all the data from each dose presented was generated from a
single well. Therefore, all of this data in this figure was generated from seven wells.



9.8 MULTIPLEXED ANTIPROLIFERATION SCREEN;
IDENTIFYING CELL TYPE SELECTIVE COMPOUNDS

A subset of the NCI’s structural diversity set of compounds was screened for
antiproliferative activity. The 10 cell lines used in this experiment came from
the ATCC and represent tumors from varying tissues of origin (Table 9.1).
Since these cell lines have a cell cycle time of approximately 20 to 30h, a com-
pound incubation time of 48h was chosen. Experiments with camptothecin
and taxol, known antiproliferative compounds, were performed to ensure that
the incubation time and other assay parameters were appropriate (data not
shown).

Each plate had a layout in which columns 2 to 11 of the 96-well plate were
used for the compounds to be screened. Columns 1 and 12 contained positive
and negative control conditions. The details of this layout are presented in
Figure 9.4. The maroon squares represent negative control wells that were
treated with 1 percent DMSO (dimethyl sulfoxide, the compound solvent).
The green squares represent the positive control wells that were treated with
1mM camptothecin. The other wells in columns 1 and 12 represent other con-
trols not relevant to this discussion. The test compounds were screened at a
concentration of 1mM in 1 percent DMSO. After a 48-h incubation the cells
were labeled with BrdU and stained according to protocol provided in the
CellCard system manual. The plates were then imaged and analyzed using the
CellCard system.

This assay provides the user with two key biological parameters for analy-
sis; the first is proliferation. As part of the protocol, the nuclei are stained, and
therefore this fluorochrome can be used to assess cell number and therefore
the amount of cellular proliferation. In addition, the assay measures BrdU
incorporation, a general measure of DNA polymerase activity. This activity is
usually associated with the DNA synthesis phase (S-pahse) of the cell cycle,
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TABLE 9.1 The Cell Types and Tissues of Origin Used
in a Screen for Cell Type Selective Anti-Proliferative
Compounds

Cell Type Tissue of Origin

A549 Lung
Adr-Res Unknown
HCT116 Colon
HT29 Colon
M14 Skin
MCF7 Breast
OVCAR3 Ovary
OVCAR5 Ovary
SKMEL2 Skin
SKMEL28 Skin



and therefore quantification of BrdU incorporation is returned as an S-phase
index. Since each cell type has different absolute values for these measures,
the data was normalized to the no-drug (negative) controls. The normaliza-
tion routine results in a value that is the percentage of the no-drug control.
Therefore, these controls represent 100 percent activity. An example of these
control values for plate 4 are shown on the left side of Figure 9.5.

In Figure 9.4 the red and blue squares show the hits that were identified on
these plates. A hit was defined as any compound that inhibited proliferation
of at least one cell type by at least 50 percent. The blue squares were nonse-
lective compounds. That is, they inhibited the proliferation of all cell types by
50 percent or more. On the other hand, the red squares represent those com-
pounds whose antiproliferative activity showed some cell type selectivity. In
order to be selective the compound was required to have at least a twofold
differential effect between at least two cell types. In addition, the cell type least
effected by the compound had to show less than 50 percent inhibition (greater
than 50 percent of control proliferation). As is evident from this figure, using
the CellCard system compounds were simultaneously analyzed for their
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Plate 1

Plate 3

Plate 2

Plate 4

Figure 9.4 Summary of the plate layout and results from a compound screen designed
to identify cell type selective antiproliferative compounds. The maroon squares repre-
sent negative control wells while the green squares are wells treated with 1 mM camp-
tothecin, a known antiproliferative compound. The library compounds were dispensed
in columns 2 to 11 at a final concentration on 1 mM. The blue squares represent non-
selective antiproliferatives, whereas the red squares represent wells with cell type selec-
tive antiproliferative activity. The data from well C8 on plate 4 is shown in Figure 9.5.



potency and selectivity. This resulted in the identification of cell type selective
antiproliferative compounds. Most importantly, the negative control wells
showed very reproducible results on these plates.

The data from a single well, C8, in plate 4 is shown in Figure 9.5. The graph
in Figure 9.5a demonstrates the variability of the antiproliferative response
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Figure 9.5 Single-well compound profiling. (a) Graphs of the growth index parame-
ter. The graph on the left represents the average and standard deviations of the nega-
tive control wells on plate 4. The graph on the right shows the cell type sepcific profile
of activity derived from well C8 on plate 4. (b) Graphs of S-phase index. As above, the
graph on the left represents that data from the negative controls on plate 4. Similarly,
the graph on the right shows the cell cycle (S-phase index) data generated from well
C8 on plate 4.



across the cell lines in this well and demonstrates the selectivity of the com-
pound. To verify these results, the BrdU incorporation data was also analyzed.
Keep in mind, both parameters are obtained from a single well and, therefore,
the data from one parameter is directly comparable to the other. Further
analysis shows that the BrdU data closely correlates with the proliferation
data. For example, the OVCAR5 cell line displays no inhibition of prolifera-
tion or decrease in S-phase index when exposed to this compound. On the
other hand, both the proliferation and S-phase index of the SKMEL2 cell line
were significantly inhibited by this compound. Therefore, the use of the S-
phase index as a confirmatory parameter served to provide a second data point
on which to confirm the hits. When applied to a larger scale screening envi-
ronment, this type of confirmatory analysis from the same cellular population
should serve to significantly lower false-positive rates and provide a means to
identify potential false negatives.

This screen yielded 20 unique, biologically relevant data points from each
microtiter well. The direct comparison of these data points enables the iden-
tification of unique cell type specific difference and stimulates the design of
unique screens. For example, hit compounds can be defined based on their
profile across multiple parameters as well as cell types without calling into
question the well-to-well, plate-to-plate, and/or day-to-day variability of the
data. The data across cell types is generated within a single well in identical
reaction conditions with a concomitant savings in reagents and time. Further-
more, depending on the cell lines chosen for the screen, biological mechanism
of action could be screened for as well.

9.9 SUMMARY OF KEY FEATURES OF CELLCARD SYSTEM

The CellCard system developed by Vitra Bioscience provides a novel platform
for cell-based assays. At the core of the platform are encoded particles referred
to as CellCards. By growing individual cell types on CellCards with unique
codes, the platform enables multiple cell types to be assayed simultaneously
in 96-well format. This results in a miniaturization of the assays by decreasing
the overall number of cells, reagents, and time required for each data point.
This is especially valuable when rare reagents (i.e., primary cells, natural
product compounds) are at stake. In this case, they can be used more effi-
ciently and more data gathered from a single reagent lot. The case studies pre-
sented here demonstrate how comparing multiple parametric measurements
across multiple cell types is a powerful way to profile compounds and identify
cell type specific differences. Taken together, the data can be confidently com-
pared knowing that some sources of variability (i.e., day-to-day) cannot be
responsible for cell type specific differences identified.

Moving forward, the CellCard technology will continue to drive novel
screen designs and compound profiling strategies.
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10.1 INTRODUCTION

The fundamental goal of applying protein X-ray crystallography to drug dis-
covery is to increase its speed, quality, and its rate of success while reducing
the cost. In conjunction with molecular biology, protein X-ray crystallography
forms a seamless interface between target and lead discovery. Nucleic acid
sequences from genetic studies provide the entry point for protein expression,
the first step in crystallographic projects. The product of the crystallographic
endeavor, the structure, is the accurate description of protein and ligand atom
positions in three-dimensional space. Starting in the 1980s, protein X-ray crys-
tallography has impacted the drug discovery process, primarily in the stage of
lead optimization. Recently, however, by means of innovation and integration,
protein crystallography has been transformed into an enabling technology
now covering several stages of the drug discovery process (Fig. 10.1). Besides
lead optimization, protein X-ray crystallography has affected drug discovery
in (a) the identification of new drug targets, (b) the understanding of molec-
ular target mechanisms, and (c) the discovery of new lead compounds.

The integration of protein X-ray crystallography into the early discovery
process by joining it with chemical synthesis and assaying has become a very
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effective tool for lead optimization. Chemical synthesis can be iteratively
directed toward more promising compounds and away from undesirable com-
pounds based on insight into the interaction of ligands with the target protein.
Thus, structure-based lead optimization has positively affected potency, selec-
tivity profile, or pharmacokinetic properties of drug candidates. The applica-
tion of protein X-ray crystallography impacts lead discovery by methods such
as (a) X-ray crystallographic screening, (b) fragment screening, and (c) site-
directed fragment tethering. Furthermore, structural information is being 
used to design and test target structure-based compound libraries (e.g., com-
pound libraries specific for kinases) and to screen ligand compounds in silico
with the goal of enriching useful compounds in virtual libraries prior to high-
throughput assay-based screening.

X-ray crystallographic screening [1] combines the steps of lead identifica-
tion, structural assessment, and subsequent lead optimization by structure
determination of crystals that are soaked in compound cocktails. Ligands with
highest affinities are selected by the crystal, and they are identified crystallo-
graphically. The utility of this strategy is exemplified in a section below.

Fragment screening is a variation of this theme and serves as a tool for
assembling new lead compounds from small druglike fragments. Initially,
libraries of leadlike fragments are formulated and co-crystallized or soaked in
crystals. The resulting structures serve as a basis for combining novel chemi-
cal leads. The advantage over conventional assay-based screening is that very
low affinity fragments with novel structures can be found.

Site-directed lead discovery by fragment tethering [2, 3] adds an additional
layer of complexity to fragment screening, allowing the discovery of low-
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molecular-weight ligands. The strategy is based on the covalent modification
of a target protein at a particular site on its surface via thiol-chemistry and the
mass-spectrometric detection of weakly binding ligand precursors. Crystal-
lography provides the tool to observe the binding mode and to direct the
chemical synthesis of fused analogs, the latter having potentiated affinity.

Structure-based drug design consists of iterative processes aimed at the opti-
mization of existing leads. The process includes the choice and the determi-
nation of a target structure, choosing a method for lead discovery and,
crucially, the evaluation of drug leads [4]. A schematic description of the iter-
ative process involved in structure-based drug design is shown in a later
section (Fig. 10.22) [4]. The success of structure-based lead optimization is
measured by improvements of affinity, specificity, or ADME properties.

Structure-based compound libraries can be obtained by so-called in silico
screening. Crystallographic models are used to enrich compound libraries
prior to conventional high-throughput screening [5]. Ligand structures are
“docked” in silico into the binding pockets of protein structures, and the result-
ing modeled complexes often identify the correct ligand binding mode. More
importantly, sets of accordingly treated compounds can be ranked by apply-
ing scoring functions that estimate ligand affinity, allowing the enrichment of
actual chemical compound libraries with potentially good binders.

Structural genomics efforts seek to determine protein structures on the
genome scale. The availability of many X-ray crystallographic structures is
expected to deeply impact the discovery of new drugs and targets. Anticipated
benefits are, for example, the discovery of new targets by assignment of func-
tions to orphan targets, the improved quality of homology models for difficult
targets, and the use of antitargets to decrease ligand cross-reactivity.

This chapter seeks to familiarize scientists with X-ray protein crystallo-
graphic techniques and their exemplified application for the purpose of drug
discovery. Outlined are the individual steps that are required for determining
X-ray crystallographic structures of proteins and protein–ligand complexes.
First, the generation of crystals and their use in the X-ray diffraction experi-
ment is described. Then state-of-the-art methods for crystal structure deter-
mination, model generation, and their refinement are reviewed, followed by
an account of various ways of analyzing the resulting structural models.
Several prominent examples are presented where X-ray crystallography has
aided drug discovery. Finally, the limitations of the method are discussed.

10.2 CRYSTALLIZATION

Crystallography is the science of crystals. The word crystallography, a com-
posite, derives from the Greek words crustallos or krusttalo and graphos
or grafo for writing. The word crustallos meaning “frozen” or “clear ice,”
captures several macroscopic crystal properties of these fascinating materials.
Besides being transparent and solid, crystals are often facetted and, most

V
V
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importantly, have a high degree of internal order. They consist of regular three-
dimensional lattices of molecules (see later section about the fundamentals of
X-ray diffraction) and protein molecules with or without their bound drug
compounds. Protein crystals consist of ordered protein and usually a sizeable
fraction of disordered solvent, water. How are such crystals obtained?

Although there are no fixed rules as to how to grow protein crystals, the
advent and combination of molecular biology, affinity tag purification tools,
and laboratory liquid dispensing automation has helped to define generalized
crystal growth procedures. Every protein, however, is different and a certain
method and condition that works well for one particular protein is usually not
applicable to the crystallization of other proteins. Furthermore, it is not pos-
sible to predict crystallization conditions on the basis of sequence. Therefore,
the de novo crystallization of a particular protein poses a significant challenge.

While crystallographers have used systematic approaches to search for crys-
tallization conditions, in most cases, preformulated screening kits are used
(Table 10.1). Once a crystallization hit has been identified in a crystallization
scouting trial, these initial conditions are often refined in order to grow crys-
tals that are suitable for X-ray diffraction experiments. On the other hand,
many protein crystallization conditions have been reported in the scientific lit-
erature and in databases (see below) and are therefore much simpler to carry
out. Finally, comprehensive and practical advice on crystallization experiments
can be found in Bergfors [6], McPherson [7, 8], and in Ducruix and Giegé [9].

Background

Protein crystallization occurs in three stages, nucleation, growth, and cessation
of growth [10, 11]. Proteins crystallize from supersaturated solutions where
the concentration exceeds their equilibrium solubility. The state of supersatu-
ration depends on many factors such as the concentration and nature of the
protein in question but also on salts and other components of the solution. It
is this state of supersaturation that needs to be created in a crystallization
experiment—the so-called crystallization setup—for crystal nuclei to form and
crystals to grow (Fig. 10.2). The underlying principle is to alter the properties
of the solvent (water), disrupt the interaction of water molecules with protein
molecules, and increase the attractive interaction among protein molecules.
This is generally done with (a) salts, (b) organic solvents, or (c) polymer com-
pounds. When salts dissolve in water, their ions become hydrated and capture
water molecules, the latter of which become unavailable to interaction with
proteins. Therefore, the addition of salts such as ammonium sulfate may be
used to favor protein–protein interactions, to form crystallization nuclei, and
support crystal growth, thus salting out the protein.

Intriguingly, the opposite procedure, salting in, the removal of ions from a
protein solution may also be used for the crystallization of proteins. Ions
balance protein surface charges, and, once they are removed, protein mole-
cules can balance their electrostatics by interacting with each other [12].
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TABLE 10.1 Selection of Vendors of Crystallography-Related Products

Category Items Vendor / Company

Crystallization Crystal screening formulations, Hampton Research
tools various crystallography supplies

Crystal screening formulations, Emerald BioSystems
crystallization plates

Crystal screening formulations, Jena Bioscience
Microfluidic crystallization devices Fluidigm
Crystallization plates Nextal
Crystallization plates Corning
Crystallization plates Greiner

Crystallization CrystalMiner (database application Emerald BioSystems
trial robotics for crystallization trials)

CrysTel (integrated incubation and 
imaging system)

CrystalMonitor (automated 
crystallization imaging workstation)

MatrixMaker (automated solution 
formulation robot for the
formulation of crystallization 
screening kits)

RoboFill (automated crystallization) RoboDesign
Odyssey (crystallization incubation 

and imaging system)
RoboMicroscope II (automated 

crystallization imaging workstation)
CrystalScore (automated Diversified Scientific

crystallization imaging workstation)
925 PC Workstation (crystallization Gilson

setup automation)
Crystal Farm (integrated incubation Discovery Partners

and imaging system)
Rock Maker (software application International

for crystallization trials)
Crystallization automation Douglas instruments

X-ray X-ray diffraction instrumentation, Bruker
diffraction detectors, optics and detectors,
instrumentation robotic sample changing system

X-ray diffraction instrumentation, Mar Research
detectors, optics, and detectors,
robotic sample changing system

X-ray diffraction instrumentation, Rigaku MSC
detectors, optics, and detectors,
robotic sample changing system

X-ray optics Osmic
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Organic solvents also bind water molecules, but in addition they lower the
dielectric constant in the crystallization solution, thus enhancing electrostatic
interactions between protein molecules. Finally, crowding agents such as
hydrophilic polymers compete with protein molecules for hydration. This
arises directly from water binding and indirectly via excluded-volume effects.

The mechanism of crystal nucleation is poorly understood. Once a protein
solution is supersaturated and nuclei are present, crystals may grow on pre-
formed crystal faces by deposition into lattice positions via diffusion and 
convection [13]. The crystalline state of matter is generally considered the
thermodynamically most stable state, and the crystallization process can there-
fore be understood in terms of free energy minimization. Indeed, a lowering
of the free energy by 12 to 25kJ/mol has been measured for protein crystal-
lization processes [14]. The last process in crystallization, the cessation of
growth, may occur for a number of reasons such as limited protein supply or
the poisoning of crystal growth surfaces by contaminations and crystalline
defects.
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Figure 10.2 Schematic phase diagram of protein crystallization in the salting-out
regime. Crystal nucleation is a critical phenomenon that may occur only in a certain
area of the supersaturation zone and crystals may grow under conditions of supersat-
uration once nuclei have formed. (A) Pathway of a batch-type crystallization 
experiment. By mixing protein with the precipitant solution, the protein becomes
supersaturated. Crystal nuclei form and crystals grow until the protein concentration
in solution is saturated. (B) Pathway of a vapor diffusion-type crystallization experi-
ment. The slow concentration process—via vapor diffusion—that follows mixing of the
protein with the precipitant solution causes the protein to become supersaturated. The
vapor diffusion process causes a concomitant increase in precipitant concentration thus
extending the crystal growth process. (C) Pathway of a dialysis-type crystallization
experiment. As the precipitant diffuses into the protein chamber, a state of protein
supersaturation is reached. Once nuclei have formed, protein crystals may grow as long
as the protein concentration remains supersaturated.



Formats

A multitude of crystallization methods and formats are available, with batch
and vapor diffusion being the most popular ones (Fig. 10.3). Since the quan-
tity of protein sample is often limited, microcrystallization methods have been
devised for batch, vapor diffusion, and other, more exotic, crystallization
methods. They can all be carried out manually using appropriate plasticware
(Table 10.1) or by appropriate liquid dispensing instrumentation such as multi-
channel pipettors or dispensing robots. Comparative studies of protein crys-
tallization by vapor diffusion and microbatch techniques yielded a similar
effectiveness of the two methods [15]. Some methods, however, tend to
succeed for certain targets while other methods are more useful for different
protein targets.
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Figure 10.3 Schematic depiction of typical formats for vapor diffusion and batch crys-
tallization experiments. (a) Hanging drop format of a vapor diffusion crystallization
experiment. A small drop containing the protein and precipitant solution is applied
onto a glass slide. The glass slide is attached to the crystallization chamber, the bottom
of which is filled with the so-called reservoir solution. The concentrations of volatile
components in the drop and reservoir solutions equilibrate over time through the vapor
phase. Crystals form in the hanging drop. (b) Sitting drop format of a vapor diffusion
crystallization experiment. A small drop containing the protein and precipitant solu-
tion are placed into a well. The crystallization chamber may be sealed with a glass cover
slide or with transparent tape. Well and reservoir communicate via the vapor phase.
Crystals form in the sitting drop. (c) “Under oil” format of a batch crystallization exper-
iment. A small drop containing protein and precipitant solution is placed into a crys-
tallization well. A layer of oil prevents dehydration. Crystals form in the drop. (d) Setup
and equilibration of a vapor diffusion crystallization experiment with the hanging drop
format. A 2-mL hanging drop (consisting of 1-mL protein solution and 1-mL precipitant
solution from the reservoir) equilibrates via the vapor phase. Water transport occurs
from the hanging drop to the reservoir because the hydrostatic pressure in the hanging
drop is initially lower than in the reservoir solution. At equilibrium the hanging drop
has a volume of 1 mL, with protein and precipitant concentration similar to that of the
initially separated components.



Batch-type crystallization setups are conceptually simple experiments. Here,
a protein solution is combined with a precipitant solution and crystals form
within this solution. In order to prevent dehydration, oils may be added to seal
off the crystallization experiment [16, 17] (Fig. 10.3c). Popular crystallization
trays for microbatch crystallizations are so-called Terazaki plates, which
provide small wells that can be used to hold final trial volumes of less than 
1mL [15] and 5 to 10mL oil (silicon oil, paraffin oil, or mixtures). Oddly, the
state of supersaturation is reached by dilution of the protein solution with a
precipitant solution (A in Fig. 10.2). Therefore starting protein concentrations
are often required to be chosen higher for this crystallization method than for
the other methods.

Vapor diffusion crystallization experiments can be carried out in sitting drop
or in hanging drop format. While the hanging drop arrangement is less prone
to crystals sticking to a solid surface, it is less cumbersome to set up sitting
drop crystallizations. In a hanging drop crystallization experiment, the protein
solution is combined with the precipitant solution on a glass cover slide,
inverted and, attached to a well containing the reservoir solution (Fig. 10.3a).
Prior to the attachment, the rim of the well is beaded with vacuum grease in
order to prevent dehydration of the crystallization chamber. The sitting drop
format is very similar. Specialized crystallization plates are used that provide
a platform to hold the drop (Fig. 10.3b). The chamber may be sealed off with
transparent tape or with vacuum grease and a glass cover slide.

In vapor diffusion experiments, the precipitating solution is usually filled
into the reservoir. Once protein and precipitation solution are combined and
the crystallization chamber is sealed, the crystallization drop and the reservoir
solution communicate via the vapor phase. At a typical 1 :1 mixing ratio, the
concentration of precipitant in the crystallization drop is only half of that in
the reservoir solution (Fig. 10.3d). During the course of equilibration, the con-
centration of the precipitant increases to that in the reservoir, and, concomi-
tantly, the drop volume decreases by about half (B in Fig. 10.2). The kinetics
of this equilibration process and the pathway to supersaturation depend on
the type of precipitant, the crystal chamber and drop geometry, and tempera-
ture. Crystals may form during or after equilibration.

Protein crystallization by dialysis is somewhat less popular but provides a
high degree of control in the crystallization process [18]. First, a protein solu-
tion is filled into a small chamber that is closed by a dialysis membrane. Then
a precipitant solution is brought into contact with that membrane and an
exchange of small molecules and ions can occur. Exchange of proteins and
other macromolecules are excluded by the dialysis membrane. Thus, salt con-
centrations can be increased slowly without overshooting into the precipita-
tion zone (C in Fig. 10.2).

Membrane Proteins

About half of all drug targets constitute membrane proteins [19], proteins that
are inserted in cellular membranes where they support critical functions such
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as solute transport, energy conversion, and signal transduction. Unfortunately,
not a single structure of a transmembrane protein of pharmaceutical relevance
is available to date. This is a result of the inherent difficulties of working with
membrane proteins in the stages of expression, purification, and crystalliza-
tion. There is, however, no principle reason for such proteins to systematically
fail crystallization attempts. Indeed, many structures of membrane proteins
have been determined once concerted efforts were taken, including structures
of homologous proteins of the most prominent class of transmembrane
protein drug targets, GPCRs (G-protein-coupled receptors). Several methods
have been devised for the crystallization of this class of proteins, including the
use of protein–detergent complexes, bicelles, and lipidic cubic phases [20, 21].
The latter method employs a lipid matrix as a crystallization facilitator, and
the practicalities are described in detail by Nollert et al. [22].

Crystallization Factors

What are the factors that affect the crystal nucleation and growth processes?
Of course, the quality and purity of the protein sample is of great importance
since impurities may interact and disturb crystal packing. Fundamentally, the
protein sequence, its organization into domains, and oligomerization state are
decisive factors. The purity of proteins is usually judged in a semiquantitative
way by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis
(PAGE) and Coomassie brilliant blue staining. Purity levels above 90 to 95
percent are considered acceptable. For some proteins, however, crystallization
can be a purification method, and crystals of minor contaminants have been
grown from mixtures of many proteins. Particle homogeneity, that is, the uni-
formity of the oligomeric state is also an important factor, usually character-
ized by dynamic light scattering or by size exclusion chromatography (SEC).
The latter chromatography is often applied as a final so-called “polishing step”
in protein purification. Prior to use, protein samples are often centrifuged or
filtrated to remove particulate contaminants. In order to prevent degradation,
protease inhibitors and antimicrobials such as sodium azide or potassium
cyanide (0.02 percent final concentration) are sometimes added. The concen-
tration of the protein and the precipitation agent used have a tremendous
effect on crystallization (Fig. 10.2). It is advisable to start crystallization exper-
iments at high protein concentrations (greater than 10mg/mL) and lower these
once precipitate is detected in crystallization setups (Fig. 10.4b). Conversely,
the protein and precipitant concentration may need to be increased if the drop
remains clear (Fig. 10.4a).

Recombinant proteins are often expressed with tag fusions to assure high
expression yield, solubility, protection from proteolysis, improved folding, and
simple purification via affinity chromatography [23]. Their presence can either
aid or impede crystallization, depending on the nature of the fusion, linker,
and host protein. Several crystal structures have been obtained with their
uncleaved large fusion proteins (including maltose-binding protein, thiore-
doxin, and glutathione-S-transferase) intact, where short three to five amino
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acid linkers were employed [24]. Alternatively, these tags may be removed
with specific proteolytic enzymes that cleave appropriately engineered linker
sites between the tag and the host protein. Once the protein is purified and
concentrated, it may be stored via rapid freezing in liquid nitrogen. A cooling
procedure proved beneficial that employs protein solution volumes below 
50mL and 0.2mL ultrathin-walled polymerase chain reaction (PCR) tubes 
[25]. Fast thawing to room temperature was critical in order to prevent 
precipitation.

Besides precipitant type and concentration, further factors that affect crys-
tallization include temperature, buffer type and concentration, the presence of
additives, crystallization format, geometry, and other environmental parame-
ters. It is not possible to screen all of these factors systematically. Several
hundred crystallization experiments are therefore usually carried out varying
the temperature (4 and 20°C) and formulations of precipitating agents, while
all other parameters are kept constant. Subsequent fine screening may then 
be accomplished by systematically screening other factors. Rather exotic
factors such as electric and magnetic fields have been identified to affect crystal
quality. Their systematic use in the crystallography laboratory, however, is
limited.
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Figure 10.4 Images of hanging drop crystallization experiments. (a) Clear 1-mL drop
at the outset of the crystallization experiment. (b) Precipitate. (c) Crystals of lysozyme
inside a hanging drop. (d) Hanging drop with birefringent lysozyme crystals, imaged
under cross-polarization setting. (This figure is available in full color at ftp://
ftp.wiley.com/public/sci_tech_med/drug_discovery/.)



Observation and Documentation

Since it is often not known at the outset of crystallization trials how long it
takes for protein crystals to grow, crystallization experiments are evaluated
multiple times, days to months after setup. Crystallization experiments are
routinely inspected visually with the aid of dissecting microscopes. These are
operated under transmission illumination and often a pseudo-dark-field illu-
mination option or crossed polarizers are used to increase crystal detection
(Fig. 10.4). Microcrystals with dimensions of less than 5mm may be detected
with such instruments. The outcome of crystallization experiments may be
classified according to preset schemes, for example, “clear,” “precipitate,”
“crystal,” or “other,” while crystals may be described on the basis of their shape
(the crystal habit), size, and growth features. Taking images of crystals and crys-
tallization setups helps documenting the progress of crystallization. Special-
ized software, such as Emerald Biosystem’s CrystalMiner is available to assist
in keeping track and in documenting crystallization trials. Its use in combina-
tion with automated imaging workstations such as CrystalMonitor is a very 
powerful tool for efficiently managing crystallization experiments. Although
several algorithms are currently being developed by different groups to auto-
mate crystal detection, the optical inspection by crystallographers remains the
main inspection route to date.

Intriguingly, the morphology of crystals need not correlate with their utility
for X-ray diffraction purposes. Generally, large (>100mm) and faceted protein
crystals yield higher resolution diffraction data than small (<50mm) crystals.
Anecdotal evidence indicates though that small crystals may be of higher
quality and some “ugly-looking” crystals diffract better than well-shaped ones.
The gold standard in characterizing protein crystals is always a diffraction
experiment.

Crystallization Formulation Screens

Crystallizing a given protein for the first time is analogous to searching for a
needle in a haystack. Screening crystallization conditions is a multidimen-
sional search because many factors affect crystallization (see below). Two
approaches have been used to tackle this challenge: (a) systematic assessment
of the protein’s solubility and precipitation behavior and (b) screening with
preformulated screening kits. The latter is very popular since it can yield crys-
tals results without the need for individualized treatment for every target
protein.

Crystallization screening kits are commercially available, many of them in
96-well format (Table 10.1). These contain sets of formulations, some of which
have a proven track record to aid in the crystallization of proteins [26]. The
formulations often consist of three components: salt, precipitating agent, and
a pH setting buffer. Due to the numerous possible permutations, a so-called
sparse matrix is selected consisting of a subset of all possible combinations
[27]. Recently Majeed et al. [28] designed a synergy screen to overcome some
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of the limitations of these screens by combining multiple precipitation agents.
If crystal hits are not obtained with the initial setup, follow-up experiments
should be set up with lowered protein or precipitant concentrations where pre-
cipitate was observed and increased protein concentrations where clear drops
were observed. In cases where no crystals are obtained from such trials, exper-
imenters often switch to a different screening kit, or many screening kits are
set up in parallel at the outset. Due to the stochastic nature of screening in
general, it is impossible to know a priori how many crystallization experiments
need to be set up in order to obtain a crystallization hit. Based on statistical
analysis and a 1 to 2 percent likelihood for obtaining initial hits for typical 
proteins [29], it is estimated that screening 228 or 459 random crystallization
conditions provides a 99 percent likelihood of observing at least one 
crystallization hit. The software program CRYSTOOL allows creating such
random screens.

The systematic assessment of protein precipitation and solubility behavior
is an iterative process. A particular precipitation agent is chosen and combined
with the protein in batch-type crystallization experiments to map out a phase
diagram similar to that shown in Figure 10.2. This is repeated for other pre-
cipitation agents if hits are not produced. Popular precipitation agents are
ammonium sulfate, polyethylene glycols, Na/K phosphate, sodium chloride,
and MPD [30].

Both crystallization approaches, systematic assessment or random screen-
ing, may provide either crystals suitable for X-ray diffraction experiments or
poor hits that require refinement of crystallization conditions. In the latter
case, fine screens varying one component concentration at a time are prepared
in order to optimize crystal growth. In addition, crystal seeding experiments
can be set up in which small or micro crystals serve as nucleation points for
larger crystals useful for X-ray diffraction data collection [6].

Some of these different crystallization methodologies have been shown to
work better for one protein than for others. Therefore, in de novo crystalliza-
tion projects the type of crystallization method applied may be a useful para-
meter to test.

Cryopreservation for Cryocrystallography

In order to expose protein crystals to a beam of X-rays, individual crystals are
either mounted within a glass capillary or they are “fished” with a filament
loop and cooled to low temperatures, for example, that of liquid nitrogen [31,
32], cooled propane, ethane, CCl3F, or BrCF3. A gaseous nitrogen jet is the
most popular method for cooling crystals and allows X-ray diffraction exper-
iments to be carried out at temperatures around 100K. This procedure reduces
X-ray radiation damage and reduces protein motion, both increasing the dif-
fraction data quality.

Water crystals diffract X-rays and produce characteristic powder diffrac-
tion rings, and, thus, their formation during the crystal cooling process should
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be avoided. This can be done by flash-cooling, which transforms liquid water
into a glassy material. Water glass formation can be aided by the addition of
so-called cryoprotectants such as glycerol, methyl-pentendiole, or trehalose. A
popular strategy is to first prepare different cryoprotectant :precipitant solu-
tion mixing ratios, test their diffraction properties when frozen, and use the
solution with the lowest cryoprotectant content that does not yield ice rings.
Alternatively, ice formation on the protein crystal during the cooling process
may be suppressed with high concentrations of certain salts. Lithium formate,
chloride, and other highly soluble salts, so-called cryosalts, have been shown
to suppress the formation of water ice upon cooling from ambient termpera-
ture to around 100K [33]. Cyroprotectants may be avoided altogether by strip-
ping surface-associated water from crystals by pulling them through oil, for
example, perfluoropolyether, paratone-N, and paratone-N/mineral oil mixes
[34].

Crystal-Based Drug Discovery

There are two ways to prepare crystals of target proteins with their bound
small-molecule ligands. One is co-crystallization where the ligand–protein
complex is crystallized, the other is soaking of pre-formed apo-crystals with a
solution containing ligand molecules. While soaking may be very economical
since a single crystallization setup can provide up to hundreds of usable crys-
tals, not all ligands can be soaked in, with solubility issues posing a common
problem. In co-crystallization experiments, at equilibrium two protein species
are present, the apo-protein (no ligand bound) and the ligand-bound form.
The relative fraction of these two forms is determined by the affinity constant
Ka, the concentration of the ligand and the concentration of the protein. At
an excess of ligand concentration for a simple single binding site model, the
equilibrium binding is given by

(10.1)

with [PL] the concentration of the protein–ligand complex, [P]T the total
protein concentration, and [L] the concentration of the free ligand. In many
cases, it is difficult to estimate the proper concentrations in a crystallization
setup. The goal is, of course, to populate most protein molecules with their
ligand. As a rule of thumb, the concentration of a ligand to be used in a crys-
tallization setup should exceed that of the protein by more than a factor of
ten. A typical protein sample for crystallization is around 10mg/mL protein.
Depending on the molecular weight of the protein, the protein concentration
will be around 250mM. The ligand concentration should also exceed the dis-
sociation constant of the ligand (which is the reciprocal association constant)
by more than a factor of 10. Thus, if possible, a ligand concentration of more
than 1mM is often used.
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Co-crystallization requires the formation of the ligand–protein complex
prior to the crystallization process. This may be achieved simply by mixing of
a protein solution with the ligand solution. In some cases where the off-rate
of the ligand–protein complex is very low, a purification of the complex by size
exclusion chromatography is feasible. It is evident that adding the small mol-
ecule, and possibly an organic solvent, usually DMSO (dimethylsulfoxide),
and the formation of two protein species (apo-protein and ligand–protein
complex) may alter the crystallization regime and thus the crystal quality or
crystallization success. Therefore, co-crystallizations are frequently optimized
for a particular ligand.

The ligand binding event often triggers subtle conformational transitions
toward compacted protein structures, preventing the formation of those
crystal contacts that are present in the respective apo-crystals. Alternatively,
ligand binding may lead to the formation of crystals with a different packing
arrangement and space group. This so-called ligand-depended crystal poly-
morphism [35] can be used as a tool for (a) binding or (b) the identification
of initial crystallization conditions. The latter may be employed practically by
screening a set of ligands as additives in co-crystallization experiments. As the
formed ligand–protein complexes differ slightly in their conformations, dif-
ferent crystal contacts and packing arrangements are being sampled, thus
increasing the chance of successful crystallization. Once a crystallization con-
dition is identified, it may be used as a starting point for crystallizations with
further ligands. This strategy is supported by the many cases where crystals of
protein–ligand complexes have been obtained more readily than those of the
respective apo-forms. Indeed, apo-forms of many ligand binding proteins have
never been crystallized at all. It must be noted, however, that a particular crys-
tallization condition that readily yields crystals of the apo-crystal form may
not necessarily produce any crystals of ligand-bound forms. Most troubling, a
given crystallization condition may not be compatible with binding of the
ligand to the protein. Such a case may be envisaged where a protein crystal-
lizes at low pH but does not bind its ligand at that pH.

Soaking compounds into pre-formed crystals is very popular because it
short-cuts the possibly tedious process of identifying optimized co-
crystallization conditions with a ligand. Soaking is performed by either (a)
transferring the crystal into a solution consisting of precipitant solution and the
ligand compound or by (b) addition of the ligand compound directly to the
crystal-containing crystallization drop. It is difficult to estimate the preferred
incubation time since the formation of the ligand–protein complex depends on
the on-rate, diffusion of the compound within the crystal, and the component
concentrations. In order to render hydrophobic drug leads soluble in aqueous
solutions, organic solvents, detergents, or cyclodextrins have been employed.

The ligand compound or the solubilizing agent may have detrimental
effects on the X-ray diffraction quality of crystals. In many cases visible cracks
form upon soaking of ligands into apo-crystals. Evidently, substantial ligand-
induced conformational transitions occur that may not be compatible with the
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original packing of the apo-crystal form. In such cases, co-crystallization exper-
iments are warranted. Even though the formation of visible cracks renders
crystals unusable for diffraction purposes, the effect may, for special cases, be
used as an indicator for ligand binding [36].

Both soaking and co-crystallization may be employed for crystal-based
drug discovery. The locations and binding modes of lead compounds and the
specific interactions of the small-molecule atoms with those of the protein
provide unique insight that can be used in several ways (see Section 10.6). Fur-
thermore, cocktails of structurally diverse compounds or fractions of fragment
libraries have been co-crystallized or soaked into apo-crystals and the ensuing
crystal structures displayed high-affinity ligands [1], thus forming the basis of
crystallographic screening.

Derivatization for Anomalous Diffraction Experiments

In order to obtain crystallographic phases crystals may be derivatized and used
to collect anomalous X-ray diffraction data. In cases where proteins are
expressed recombinantly, the protein may be labeled in vivo with selenium,
substituting all sulfur-containing methionine residues by seleno-methionine.
This method has become very popular due to the availability of tunable X-ray
sources at synchrotrons. Chemical derivatization with heavy metals is a
soaking or co-crystallization-based method. Cysteine, histidine, and methion-
ine residues may react with heavy atoms such as mercury, gold, platinum, and
iridium, whereas glutamate and aspartate can be complexed with lanthanides
and actinides such as uranium and samarium [37]. Popular derivatizing
reagents are K2PtCl4, KAu(CN)2, Hg(CH3COO)2, Pt(NH3)2Cl2, and HgCl2 [38].
The binding of a particular heavy-metal compound to a protein may be
screened prior to the crystallization and diffraction experiment by a simple
native gel shift assay. Once a suitable reagent has been identified, the proto-
cols for binding of heavy-metal compounds to proteins is similar to the binding
of small-molecule compounds to form protein–drug complexes.

Crystallization Data Sources

More than 25,000 protein crystal structures have been deposited in the pub-
licly accessible Protein Data Bank (PDB) (http://www.rcsb.org/pdb/). The
crystallization conditions are available within the PDB files under section
REMARK 280. As an example the crystallization conditions for hen egg
lysozyme given in the structure report 3LZT are shown below:
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REMARK 280 GROWN AT ROOM TEMPERATURE.



Here, the batch crystallization method was used where a 10-mg/mL solution
of hen egg white lysozyme in 100mM sodium acetate buffer at pH 4.5 to 4.6
was combined with a precipitant solution containing a 20-mg/mL sodium
nitrate solution. Scientific publications describing protein structures usually
list crystallization conditions in their methods section. A specialized protein
crystallization periodical does not exist. The International Union of Crystal-
lography (IUCr), however, publishes a monthly journal Acta Crystallograph-
ica D—Biological Crystallography that hosts a section on crystallization
papers, where crystallization methods, conditions, and technical advances in
crystallization methodology are reported.

Finally, the crystallization database BMCD (Biological Macromolecule
Crystallization Database), set up by Garry Gilliland, is a useful resource 
for finding crystallization conditions of previously crystallized proteins 
[30, 39]. Version 2.0 of the BMCD is available on the Web at
http://wwwbmcd.nist.gov:8080/bmcd/bmcd.html.

Protein Crystallization Demonstration Experiment

Crystals of hen egg white lysozyme may be grown readily for demonstration
purposes. A detailed procedure is given below for the crystallization of
lysozyme according to the sitting drop vapor diffusion format.

1. Prepare a 100-mg/mL lysozyme solution by weighing out 100 mg of
lyophilized chicken egg white lysozyme [Sigma (L7651)] into a tube and
adding 1mL of 50mM sodium acetate at pH 4.5.

2. Prepare the precipitant solution; 30 percent (w/v) MPEG [mono-methyl
polyethylene glycol 5000, Sigma (M7268)], 1M sodium chloride, 50mM
sodium acetate at pH 4.5.

3. Fill 200mL of the precipitant solution into the reservoir.
4. Pipet 2mL from the reservoir solution into the crystallization well.
5. Add 2mL of the lysozyme solution to the crystallization.
6. Crystals similar to those shown in Figure 10.4 appear within 1h.

10.3 X-RAY DIFFRACTION EXPERIMENT

The information required to determine the three-dimensional crystal structure
of a protein can be extracted from the X-ray diffraction data on a crystal of
the target protein. In this section, basic diffraction theory and diffraction data
collection practice will be discussed.

Diffraction Theory

Images of objects with dimensions ranging in size from a single cell to macro-
scopic scale are readily obtainable by visible light photography or microscopy.
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Since the dimensions of the sample objects in light photography and
microscopy are roughly the same order of magnitude, or larger, compared with
the radiation wavelength being used, the light radiation is scattered by the
object. The scattered radiation is then refocused by lens systems to give an
image of the object.

To obtain images of individual molecules with dimensions on the order of
10-7–10-9 m, radiation of wavelength much shorter than that of visible light,
such as X-rays, is required. The atoms within an individual molecule will
scatter X-rays, but there are no lens systems that can refocus the scattered X-
rays to readily give an image of the target molecule. It is possible, however, to
reconstruct a model of the target molecule by mathematical calculations on
the X-rays scattered by the target molecule.

X-ray diffraction by protein crystals provides the data used in protein X-
ray crystallographic structure determinations. Diffraction is the phenomenon
whereby radiation is scattered by objects of dimensions comparable to the
radiation wavelength. When the dimensions of the scattering objects and the
incident radiation are comparable, the scattering objects act as new sources of
the radiation and reemit the radiation in all directions (Fig. 10.5).

The radiation scattered by the diffracting objects are waves and, therefore,
have both an amplitude and a phase component. Any given scattered wave
will be to some degree in or out of phase with some other scattered wave.
When two or more scattered waves are in phase with each other, there will be
constructive interference, giving rise to diffraction maxima. When the scat-
tered waves are out of phase with each other, there will be destructive inter-
ference, giving rise to extinctions of no intensity (Fig. 10.6). The resulting
diffraction image will therefore have a distinct pattern, depending on the
shape, multiplicity, and arrangement of the scattering objects.

Figure 10.7 shows examples of simple diffracting arrays. The samples in the
first column could be holes, and the samples in the second column could be
corresponding diffraction patterns from light passing through the array of
holes. One thing to note is that the dimensions in the scattering array and the
dimensions in the diffraction pattern are inversely proportional. In Figure
10.7, the widely spaced holes result in closely spaced diffraction maxima, while
the closely spaced holes result in widely spaced diffraction maxima. These two-
dimensional arrays of scattering objects result in two-dimensional diffraction
patterns.

X-ray Diffraction by Macromolecule Crystals

The scattering of X-rays by protein crystals and their resulting diffraction pat-
terns are completely analogous to the preceding examples of diffraction by
slits and holes (Fig. 10.7). The spacings between atoms (bond lengths) in the
protein crystal and the wavelengths of the X-rays are both on the order of 
10-10 m (1Å). Protein crystals will therefore scatter X-rays to give diffraction
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images. In a protein X-ray crystallography experiment, a crystal of the target
protein is placed in an intense X-ray beam of a particular wavelength l. The
protein crystal is a three-dimensional array of diffracting objects (the atoms
and their electrons), which scatters the incident X-rays to produce a three-
dimensional diffraction pattern. The three-dimensional diffraction pattern is
typically recorded in two-dimensional sections by a detection plate. Figure 10.8
shows sample protein crystal diffraction images. Each of the dark spots in the
diffraction images represents a diffracted X-ray whose intensities are maxima
of constructive interference between scattered waves. In a typical protein dif-
fraction data collection, tens or hundreds of thousands of such diffraction spots
are collected from a single crystal.
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Figure 10.5 Diffraction of waves passing through two slits [40]. As radiation passes
through a slit of width comparable to the radiation wavelength, the slit scatters the
radiation in all directions. In this example, each of the two slits on the left act as emit-
ters of the incident radiation. The radiation emitted by the two slits will interfere, result-
ing in the solid-line diffraction pattern on the right. (The relative heights of the peaks
in the diffraction pattern correspond to intensity.) Interfering waves which do not have
a large angular deviation from the incident radiation, are largely in phase with each
other resulting in intensity maxima. As the angular deviation of the scattered waves
from the incident radiation increases, the scattered waves are less in phase with 
each other, resulting in the general intensity falloff as one moves away from the center
of the diffraction pattern. Shown in broken line is the diffraction pattern of a single
slit.



In the analysis of the X-ray diffraction pattern, each of the spots (also
referred to as reflections) is designated as Fhkl, wherein the set of three inte-
gers, hkl, are called Miller indices. The Miller indices give the position of the
reflection relative to the orientation of the crystal during the data collection.

Fourier Synthesis in X-ray Crystallography

Since each of the spots in the diffraction pattern represents a wave (the dif-
fracted X-rays), Fourier synthesis of these diffracted waves can be used to
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Figure 10.6 Constructive and destructive interference of waves [41]. The resultant
wave produced by two or more interfering component waves is obtained by adding
their amplitudes at corresponding points. (a) Total constructive interference. The two
component waves are completely in phase. The maximum amplitude of the resultant
wave is double that of each component wave. (b) Partial constructive interference. The
two component waves are 90° out of phase. The resultant wave has an amplitude 1.4¥
the amplitude of each component wave. (c) Total destructive interference. The two
component waves are 180° out of phase. The two component waves cancel each other
out, and the resultant wave has zero amplitude.



reconstruct the diffracting array, namely the electron density of the protein in
the crystal. The atoms of the protein, known from its amino or nucleic acid
sequence, are then built into the reconstructed electron density to give the
three-dimensional structure of the target protein.

Fourier syntheses are mathematical calculations used to reconstruct any
regularly repeating pattern, regardless of complexity, via the summation of 
relatively simple sine and cosine curves [Eq. (10.2)].

(10.2)

As a very rudimentary example of a Fourier synthesis, consider the square
wave in Figure 10.9. At first glance, it may appear impossible to reconstruct
this function, especially its sharp corners, from smoothly curved sines and
cosines. The summation of only four terms in the Fourier series, however,
results in a function that is clearly beginning to take on the shape of the square

f x a a hx b hx h nh hh
( ) = + +( ) =Â0 2 2 1 2 3cos sin , , , ,p p L
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Figure 10.7 Schematic representations of diffracting arrays (left column) and their
resultant diffraction patterns (right column). In the diffraction arrays, the black dots
represent holes. In the diffracting arrays, the black lines and black dots represent inten-
sity maxima of the diffracted radiation. Note that the sampling in the diffraction
pattern is along the direction of the diffracting array. Comparing the top and middle
examples shows that the sampling regions are farther apart in the diffraction pattern
of the middle example, due to the closer spacing of the holes in the diffracting array.
The bottom example shows a two-dimensional diffracting array. Its diffraction pattern
shows discreet sampling in two directions, resulting in spots of intensity maxima in the
diffraction pattern, as opposed to lines in the other two examples [41].



wave. The addition of more Fourier terms will produce a resultant function
that looks increasingly like the target square wave.

In protein X-ray crystallography, the “wave” that one tries to reconstruct is
the electron density within the protein crystal. The electron density in the
crystal is a regularly repeating three-dimensional function. The wave compo-
nents [the sines and cosines in Eq. (10.2)] used to reconstruct the electron
density of the target macromolecule are the individual spots of the X-ray dif-
fraction pattern. Equation (10.3) gives the electron density of the target
protein at a point (x, y, z):

(10.3)

In Equation 10.3, the electron density at a three-dimensional coordinate
position (x, y, z), r(x, y, z), is expressed as the Fourier summation of all of the
spots in the diffraction image. The diffraction spots, Fhkl, are waves, which have
amplitude and phase components. Their amplitude components are expressed
as |Fhkl |. Their phase components are the a(hkl) terms in Eq. 10.3, where a(hkl)
is the angular phase of Fhkl. The (1/V) factor is the reciprocal of the unit cell
volume of the sample crystal. The Fourier summation of the electron density,
Eq. 10.3, appears to lack the sine terms in the general Fourier summation, Eq.
10.2. Due to Friedel’s Law (Section 10.4) generally holding true in protein dif-
fraction, certain pairs of spots have the same intensity but opposite phase
angles and the sine terms in Eq. 10.2 cancel out.

Only the amplitude components of the Fhkl’s are directly measurable by the
X-ray detection hardware used in the diffraction experiment. The phase com-
ponents are determined by mathematical procedures that are discussed in the
next Section 10.4. The important thing to note is that in Eq. (10.3), as was the

r p ax y z V F hx ky lz hklhklhkl
, , cos( ) = ( ) + +( ) - ( )[ ]Â1 2
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Figure 10.8 Representative diffraction patterns used in protein X-ray crystal struc-
ture determination. Each of the spots in these diffraction patterns is generated by dif-
fracted X-rays. Note the general tendency for the intensities of the diffraction spots to
decrease as one moves farther away from the center of the diffraction pattern.



case for the example of the square wave (Fig. 10.9), the reconstructed electron
density r(x, y, z) becomes a more accurate representation of the true electron
density as more terms Fhkl are added to the summation.

As seen in Figure 10.8, the X-ray diffraction pattern contains certain sym-
metry. The symmetry of the diffraction pattern is dictated by the internal sym-
metry of the protein crystal, more specifically, the symmetry of the unit cell of
the protein crystal. The unit cell of a crystal can be described as a box with
edges of length a, b, c and angles between these edges of a, b, g. The unit cell
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Figure 10.9 Reconstruction of a square-wave by Fourier synthesis. The target square-
wave function is shown in the upper left. The summation of four cosine functions [the
constant function is cos(0)] result in the function in the lower right, which is beginning
to take on the step shape of the target square wave.



of a crystal is the smallest portion of the crystal that can be used to generate
the entire crystal by whole unit cell translations along the a, b, c cell edges. For
protein crystals, the unit cell edges will be on the order of 50 to 400Å. The
unit cell is analogous to the scattering objects in Figure 10.7. A protein crystal
with a large unit cell will produce a diffraction pattern with close spacings
between the diffraction maxima, while a protein crystal with a small unit cell
will produce a diffraction pattern with far spacings between the diffraction
maxima. Because of this inverse relationship between unit cell size and dif-
fraction pattern spacing, the diffraction pattern is called the reciprocal lattice
of the actual crystal lattice.

Within each unit cell, there can be multiple copies of the protein molecule.
These copies within a unit cell are related to all of the other copies in the 
unit cell by mathematical symmetry operations, such as rotations or 
translations. The smallest portion of the unit cell that can be used to generate
the entire unit cell by the symmetry operations is called the asymmetric 
unit. The expression for the electron density [Eq. (10.3)] refers to an entire unit
cell. In practice, since the contents of the unit cell can be generated by the math-
ematical symmetry operations, the X-ray crystallographic determination of
protein structures generally refers to a single asymmetric unit of the crystal.

Bragg’s Law and the Angular Dependence of X-ray Diffraction

The somewhat complicated phenomenon of diffraction by the three-
dimensional array of a protein crystal can be conceptually simplified by treat-
ing diffraction as the reflection of the incident X-ray beam from planes within
the crystal. These planes are planes of electrons in the crystal, with the elec-
trons being concentrated at the atoms. The incident X-rays can be thought of
as reflecting off of these planes, resulting in the spots in the diffraction pattern
where the X-rays strike the detection plate. The diffraction spots are there-
fore termed reflections. The geometric formulation of diffraction as reflections
from planes is shown in Figure 10.10.

In Figure 10.10, the incident X-rays of wavelength l are represented by 1
and 2 and are reflected by planes P1 and P2 in the crystal with an interplanar
separation d, resulting in the reflected X-rays 1¢ and 2¢. The incident X-rays 1
and 2 make an angle q with the planes P1 and P2. If the reflected X-rays 1¢ and
2¢ are to result in a beam of maximum intensity, the X-rays represented by 1
and 2, and 1¢ and 2¢ must be in phase. In this geometric construction, for 1¢
and 2¢ to be in phase to produce an intensity maximum, the extra distance 
traveled by 2 and 2¢ compared with the distance traveled by 1 and 1¢ must 
be an integral number of wavelengths l. Thus,

(10.4)

where n is an integer. Since AC/d = sinq, Eq. (10.4) can be rewritten as

ACB AC n= =2 l
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(10.5)

Equation (10.5) is Bragg’s law, which was derived by Sir William H. Bragg
and his son Sir William. L. Bragg, who were awarded the 1915 Nobel Prize in
physics for their work in X-ray crystallography. The interplanar spacing d is
the resolution of the particular diffracted wave. The resolution can be thought
of as the resolvable distance between planes that “reflect” X-rays and lead to
diffraction. It can be seen from Bragg’s law that for constant n, diffracted X-
rays with a greater angular divergence from the incident X-rays, those with
high q and farther away from the center of the diffraction pattern, result from
reflections off of planes with small interplanar spacings d. Therefore, those
reflections in the diffraction pattern with small interplanar spacings d and large
q are the high-resolution reflections.

The Bragg construction of diffraction also provides a description of the
Miller indices hkl assigned to a particular reflection. The reflection Fhkl can be
considered to be the resultant reflection off of the planes of constant spacing
intersecting the unit cell edges a, b, and c, respectively h, k, and l times. A low-
resolution reflection will have low integer values for hkl. For example, the
reflection F100 is the reflection off the plane intersecting the a cell edge once,
and never intersecting the b and c cell edges. This is the plane defined by the
b and c cell edges. The spacing of this plane is the a unit cell edge. For a typical
protein crystal, the resolution of the F100 reflection, d in Eq. (10.5), will be 50
to 400Å. As the Miller indices hkl for a reflection increase, the spacings of the
reflecting planes become smaller within the finite volume of the crystal’s unit
cell. Reflections Fhkl with higher integer values of hkl are therefore the higher
resolution reflections in an X-ray diffraction data set.

n dl q= 2 sin
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Figure 10.10 Geometric construction for the Bragg theory of diffraction [42]. Paral-
lel planes of electrons in the crystal are represented by P1 and P2. The incident X-rays
are represented by rays 1 and 2. Diffraction is treated as “reflection” of rays 1 and 2
off of the planes P1 and P2, resulting in the diffracted waves represented by rays 1¢ and
2¢.



Electron Clouds and Thermal Motion

Equation (10.5) gives only the positions of the diffracted X-rays in the dif-
fraction pattern, and no indication of the intensity of the diffracted X-rays.
The intensities of the reflections in the diffraction pattern are highly depen-
dent on the content of the crystal and the angle q of the diffracted X-ray.
Because the electron clouds that scatter the X-rays have a finite volume, as q
increases, X-rays scattered by one part of the electron cloud are increasingly
out of phase with X-rays scattered by another part of the electron cloud. Thus,
higher resolution reflections with higher q are naturally weaker in intensity
than lower resolution reflections.

Thermal motion will also affect the intensities of scattered X-rays. The
intensity fall-off shown in Figure 10.11a assumes that the carbon atom is sta-
tionary. The atoms in the crystal, however, will always be vibrating about their
equilibrium points to some degree. This thermal motion effectively increases
the volume of the electron cloud and further weakens the intensities of the
higher resolution (high q) reflections. Thermal motion is reflected in the expo-
nential term exp[-B(sin2q)/l2], where B is a measure of the thermal motion of
the atom. If B = 0, there is no thermal motion, and the exponential term goes
to 1. In reality, B > 0. Figure 10.11b shows the effect of thermal motion on the
intensities of scattered X-rays. When B = 0, the angular dependence of the dif-
fracted X-ray intensities is the same as in Figure 10.12. When B increases, the
intensities of the diffracted reflections are further weakened as q increases.

Figure 10.8 shows the effects of the angular dependence of scattering on
actual diffraction patterns for protein crystals. One can see that there is a
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Figure 10.11 (a) Scattering factor of carbon as a function of angular deviation of the
diffracted wave from the incident X-ray beam. The scattering factor fC, plotted along
the y axis, is a measure of the intensity of the diffracted wave at a particular angular
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B values have greater thermal motion. When B = 0, the function is constant and does
not affect the natural intensity falloff shown in (a). As B increases, the intensity falloff
shown in (a) becomes more rapid as (sin q)/l increases.



general tendency for the intensities of the spots to weaken as their positions
move farther from the center of the image. For any given protein crystal, the
higher resolution reflections are more difficult to collect, if not unattainable,
compared with the lower resolution reflections.

Similar to the example of the square wave reconstruction in Figure 10.9,
adding more, higher resolution, reflection terms to the electron density Fourier
transform [Eq. (10.1)], gives a more accurate representation of the electron
density for the target protein. Figure 10.12 shows the effects of using higher
resolution reflections in the calculation of electron density maps. At lower res-
olutions, the electron density gives the general shape of the target protein’s
electron density. At higher resolutions, the electron density reveals more
details of the target protein structure.

X-ray Diffraction Data Collection in Practice

The collection of protein X-ray diffraction data requires three basic hardware
components: X-ray source, goniometer, and X-ray detector. There are numer-
ous configurations of these components and additional X-ray optical compo-
nents that can be used. Figure 10.13 shows a schematic of an X-ray diffraction
data collection system. An intense, monochromatic X-ray beam produced by
an X-ray source strikes the sample protein crystal. The X-rays diffracted by
the crystal are measured by an X-ray detector, on the opposite side of the
crystal as the X-ray source. The protein crystal is mounted on a goniometer,
which allows for very precise angular adjustments of the crystal position.
During a data collection, the crystal will be rotated about one or more axes
by the goniometer. Usually, the crystal is rotated about the f axis, which is
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Figure 10.12 Electron density maps calculated for a protein at increasing resolutions:
(Left) 3.5Å, (middle) 2.8Å, and (right) 2.1Å. The electron density is shown in cyan
chicken wire. Electron density is usually displayed as chicken wire contour lines around
the protein model. The chicken wire contours correspond to ordered electron density
in the crystal structure, and should therefore be superimposable on the model of the
protein. (This figure is available in full color at ftp://ftp.wiley.com/public/sci_tech_
med/drug_discovery/.)



normal to the incident X-ray beam. The X-ray detector can be positioned at
an angular offset 2q relative to the incident X-ray beam to collect higher res-
olution reflections [higher 2q, Eq. (10.5)]. In Figure 10.13, the 2q offset is 0°,
that is, the incident X-ray beam, crystal, and X-ray detector are colinear.

Modern detectors are generally two-dimensional plates that record many
diffraction spots simultaneously in a single X-ray exposure (Fig. 10.8). Data-
processing software determines the crystal symmetry and unit cell parameters
for the diffraction data, based on the pattern of the diffraction spots. The soft-
ware then predicts positions on the detector where the reflections should fall
and measures the intensities and positions of the reflections (Fig. 10.14). The
measured intensities of the reflections are then converted to amplitudes, which
are roughly the square root of the intensities.

The quality of the processed diffraction data can be gauged by certain sta-
tistical indicators. One of the most popular measures of data quality is Rsym. As
discussed above, the protein X-ray diffraction pattern has certain symmetry.
Reflections with Miller indices hkl are crystallographically constrained to have
the same intensity as certain other reflections with different Miller indices due
to the symmetry of the crystal. Therefore, while many total reflections, some-
times several hundreds of thousands, may be collected in an X-ray diffraction
data set, the set of unique reflections is far less. A 2- to 20-fold excess, or redun-
dancy, of reflections is usually collected in a protein X-ray diffraction data set.
In theory, the reflection hkl and all of its symmetry related mates should have
the same intensity. In practice, however, there will be differences in the mea-
sured intensities of these reflections. Rsym is the measure of how similar the
intensities of these reflections are. The expression for Rsym is

(10.6)

In Eq. (10.6), I is the intensity of a reflection with Miller indices hkl. <I> is
the average intensity of that reflection and all of its symmetry-related reflec-
tions. In an ideal data set where all of the symmetry-related reflections have

R I I Isym hkl
= -[ ]Â
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Figure 10.13 Schematic of the basic components of a protein X-ray diffraction data
collection experiment. An X-ray source produces an intense X-ray beam. The sample
protein crystal is mounted on a goniometer and placed in the X-ray beam. The
goniometer allows precise angular positioning of the crystal. During data collection,
the crystal is generally rotated about the f axis. The diffracted X-rays are recorded by
an X-ray detector.
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identical measured intensities, the numerator in Eq. (10.6) is zero, and Rsym is
zero. In practice, typical protein X-ray diffraction data sets have Rsym’s of 0.05
to 0.15 over the entire resolution range of the data, with Rsym increasing for
higher resolution reflections. As previously mentioned, higher resolution
reflections generally have weaker intensity and are more difficult to measure
accurately. In general, a lower Rsym is considered an indication of a better
quality data set.

One of the problems with using Rsym as an indicator of data quality is that
Rsym is highly dependent on the redundancy of the data (the number of times
a reflection is recorded). As more measurements are made for a reflection and
its symmetry-related mates, Rsym increases [44], indicating deterioration of the
data set. This is statistically counterintuitive since the quality of the data must
improve with increased sampling (higher redundancy). To address this statis-
tical flaw in Rsym, the indicator Rmrgd, which accounts for data redundancy, has
recently been proposed [44]. Still, Rsym is more quoted as an indicator of data
quality for protein X-ray diffraction data.

Another indicator of data quality that is statistically more robust than Rsym

is I/s, the signal-to-noise ratio of the measured intensity for a reflection. One
of the most important aspects of I/s is that it is more reliable than Rsym in defin-
ing the resolution limit of the data. The resolution limit is a critical descriptor
of a protein diffraction data set. The resolution limit indicates how much detail
should be expected in the electron density maps (Fig. 10.12) and also guides
model refinement strategies (discussed below in Section 10.5). The resolution
limit is sometimes taken as the resolution at which Rsym exceeds a certain
threshold value, chosen by the experimenter. Typical threshold values for Rsym

in setting the resolution limits of protein X-ray diffraction data range from
0.40 to 0.50. The experimenter can, however, intentionally or unintentionally
manipulate Rsym to lower (better) values by such practices as reducing the
number of measured reflections or rejecting reflections with weak intensity. In
contrast, I/s sets the resolution limit since by definition, it is the signal to noise
ratio of the measurements and is less prone to experimenter manipulation
[45]. An I/s of 2 is often taken as the resolution limit of a protein X-ray dif-
fraction data set. In most cases, though, both Rsym and I/s are quoted for dif-
fraction data in the primary protein crystallography literature.

Home Laboratory Diffraction Data Collection

The basic configuration shown in Figure 10.13 can be installed in any home
laboratory and is now common throughout protein crystallography groups.
There are several vendors offering home laboratory X-ray diffraction hard-
ware. The purchase price of a complete home laboratory X-ray diffraction
system is around US$500,000.

Most home laboratory systems use a copper rotating anode as the X-ray
source. In such an X-ray source, an intense electron beam produced by heating
a metal filament, the cathode, strikes a rotating cylinder of copper, the anode.
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The electron beam excites the copper atoms in the anode, which emit X-ray
radiation. The electronic energy spacing of copper is such that the emitted X-
rays have l = 1.54Å (Cu Ka radiation). According to Bragg’s law [Eq. (10.5)],
the highest resolution diffraction data attainable with Cu Ka radiation is
around 0.8Å [42]. This maximum resolution is very rarely attained with most
protein crystals, primarily due to crystalline imperfections. As shown in Figure
10.12, however, much more modest resolution limits are sufficient to confi-
dently determine protein crystal structures.

The X-ray detector in a typical home laboratory system is an imaging plate
coated with a phosphorescent material. The diffracted X-rays impinging on
the imaging plate excite the phosphors on the plate. The plate is then scanned
with a laser, and the phosphors release the stored energy from the X-rays as
visible light [46]. The released light is then analyzed for the positions and inten-
sities of the diffracted X-rays in the original image. Typically, a crystal is
exposed to the incident X-ray beam for 5 to 30min for one diffraction image.
The readout of the image plate takes about 2 to 5min. On some home labo-
ratory systems, there are two or more imaging plates so that one plate can be
exposed while the other plate is read, resulting in no latency for plate readout.
The goniometer then reorients the crystal to the next angular position, and the
next image is collected. For protein crystals, 90 to 180 images are typically col-
lected in a complete data set.

Not shown in Figure 10.13 since it is not strictly required for diffraction is
a cryostat. Protein crystals are very delicate and are subject to rapid radiation
damage from the incident X-ray beam, most likely from the formation of free
radicals in the crystal. Radiation damage continually degrades the diffraction
resolution of a crystal. To prevent radiation damage, the sample crystal is
mounted on the goniometer so that the crystal is in a constant jet of nitrogen
gas near liquid nitrogen temperature. While such cooling of the crystal does
not eliminate radiation damage, it usually retards radiation damage enough to
allow collection of complete diffraction data from a single sample crystal. The
use of cryostats in diffraction data collection is now practically universal in
protein crystallography.

Synchrotron Diffraction Data Collection

The convenience of a home laboratory X-ray diffraction system is often 
mitigated by the relatively weak intensity of the incident X-ray beam. While
the diffraction resolution limit of a Cu anode X-ray diffraction system is about
0.8Å, protein crystals are usually very weakly diffracting, and diffraction 
resolution to 3.0Å or better is a reasonable expectation with home laboratory
X-ray sources.

To obtain higher resolution X-ray diffraction from protein crystals, data are
often collected at synchrotron beamlines. Synchrotrons are large circular par-
ticle accelerators in which charged particles travel at relativistic speeds in an
orbital path. Charged particles subjected to an acceleration emit radiation.
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This radiation is emitted in the direction of travel of the charged particle if it
had not been subjected to the acceleration.

In a synchrotron, electrons travel in a circular orbit. A centripetal acceler-
ation is therefore placed on the electrons, which results in radiation being
emitted tangential to the circular path of the electrons. The emitted radiation
is then directed into experimental stations built as spurs off of the main syn-
chrotron ring. Since the emitted radiation spans the electromagnetic spectrum,
many different types of experimental stations can be built at a single syn-
chrotron, each station selecting different wavelengths from the emitted radi-
ation, such as ultraviolet or X-rays.

Synchrotron beamlines are capable of several orders of magnitude greater
X-ray flux than home laboratory X-ray diffraction systems. Since the intensity
of the incident X-ray beam is much greater, high-resolution reflections, which
are barely measurable on home laboratory systems, can have useful intensi-
ties when collected at a synchrotron. The same protein crystal can therefore
give much higher resolution diffraction data at a synchrotron.

In addition to high intensity, the wavelength of the incident X-ray beam at
a synchrotron can be tuned. On a typical home laboratory Cu anode X-ray
source, the wavelength of the incident radiation is fixed at 1.54Å. At a syn-
chrotron, through the use of various optical elements, the wavelength of the
incident X-ray beam entering an experimental station can be tuned over a
range of several angstroms. The application of such wavelength tuning is 
critical in anomalous dispersion diffraction data collection, which will be 
discussed in the next section.

Overall, the components of a synchrotron X-ray diffraction system are as
shown in Figure 10.13. The much greater intensity of the synchrotron incident
X-ray beam, however, results in changes in the practice of data collection com-
pared with the home laboratory X-ray system. Data collection is much faster
at a synchrotron. A data set taking 2 to 3 days to collect on a home labora-
tory system can be collected in an hour at a synchrotron. Individual exposures
requiring 5 to 30min on a home laboratory system generally take 5 to 60 s at
a synchrotron.

The rapid data collection possible at synchrotrons allows for different hard-
ware compared with a home laboratory system. A major difference is in the
type of X-ray detector. Most synchrotron beamlines are equipped with charge-
coupled device (CCD) detectors. CCDs are light-sensitive integrated circuit
chips. In a CCD X-ray detector, the diffracted X-rays impinge on a large phos-
phorescent face plate. The X-rays are converted to visible light by the phos-
phors. The visible light is then directed through an optical taper to demagnify
the light down to the CCD chip [47]. One of the great advantages of using
CCD detectors instead of imaging plates on a synchrotron beamline is the
faster readout times of the CCD detectors, which are on the order of a few
seconds instead of minutes, as with an imaging plate. With well-diffracting
protein crystals, it is possible to collect a complete diffraction data set at a syn-
chrotron in less than half an hour [48].
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Another hardware becoming more common at synchrotron beamlines is
the robotic sample mounter. These devices allow multiple crystals, on the order
of 100, to be loaded into a magazine, which is generally filled with liquid nitro-
gen to keep the crystals frozen. The crystals are then automatically mounted
and retrieved from the goniometer without the need for human intervention
[49, 50].

Synchrotrons are massive public works projects, with physical scale on the
order of kilometers, built by governmental agencies and costing around $1
billion. Some examples are the Advanced Photon Source at Argonne National
Laboratory in Argonne, Illinois, and the SPring-8 synchrotron in Hyogo, Japan.
While synchrotrons were originally built for high-energy particle physics
experiments, their use in protein crystallography is growing rapidly. There are
currently on the order of 50 to 100 synchrotron beamlines worldwide dedi-
cated to protein crystallography, with new ones being commissioned [51].

10.4 X-RAY CRYSTAL STRUCTURE DETERMINATION

The previous section discussed general diffraction theory and diffraction data
collection. This chapter will give an overview of determining the protein
crystal structure from the diffraction data.

Phase Problem

As described in the previous Section 10.3, the electron density of a protein,
and therefore its three-dimensional structure, can be reconstructed by the
summation of sine and cosine terms. Such a summation is called a Fourier syn-
thesis. The sine and cosine terms are the collected diffraction data, the reflec-
tions in the diffraction images (Fig. 10.8). These reflections are the X-rays
diffracted by the crystal. Since these X-rays are waves, they have both ampli-
tude and phase components.

The amplitude components of the diffraction data can be measured directly
by the X-ray detector, which measures the intensities of the diffraction spots.
The phase components, however, cannot be measured directly. This inability
to directly measure the phase in diffraction data is referred to as the phase
problem. In this chapter, various methods for determining phases for protein
X-ray diffraction data will be discussed.

Structure Factor

In a diffraction image, each of the reflections identified by the Miller indices
hkl are described mathematically by a structure factor Fhkl. The structure factor
is the resultant vector of all of the waves diffracted in the direction of the spot
hkl by all of the atoms in the crystal. The structure factor corresponding to a
spot hkl is therefore the vector sum of the structure factors of each atom in
the crystal. The structure factor of an individual atom in the crystal can be
expressed as:
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(10.7)

where |fj| is the magnitude of the structure factor, which can be measured
directly, and eidj is the phase, which cannot be measured directly. (i is the 
imaginary number square root of -1.) dj is the phase angle of the atom.

The phase of a structure factor Fhkl is the phase difference of the resultant
diffraction of all of the atoms in the crystal unit cell with respect to the origin
of the unit cell. In radians, the phase of each atom, d, can be expressed as [42]:

(10.8)

In this expression h, k, and l are the Miller indices, and x, y, and z describe
the position of the atom in fractional coordinates of the unit cell. Since the
structure factor Fhkl for a reflection with Miller indices hkl is the sum of all of
the individual atom structure factors, the structure factor Fhkl can be expressed
as:

(10.9)

or

(10.10)

where |Fhkl| is the directly measurable magnitude term, and e2pi(hx + ky + lz) is the
phase term that cannot be directly measured. The structure factors are then
summed as in Eq. (10.3) to calculate the electron density.

Although the phase of a reflection Fhkl cannot be directly measured by the
X-ray detector, Eq. (10.8) shows that the phase is defined by the geometric
coordinate terms hx, ky, and lz. Thus, by determining the positions of atoms
within the crystal, the phases can be calculated. The remainder of this chapter
will discuss methods for determining atomic positions to calculate phases for
the diffraction data, and ultimately determine the three-dimensional crystal
structures of proteins.

Heavy Atom Replacement Methods

Heavy atom replacement methods are used to determine structures of 
proteins for which no partial structures or reasonable approximations of the
structures are available. These methods are suitable for determining the 
structures of proteins with new or unknown folds.

The determination of phases in crystallography is essentially the determi-
nation of one or more atomic positions within the crystal. While a direct visu-
alization of specimen positions, like in visible or electron microscopy, is not 
possible in X-ray diffraction, atomic positions can be extracted from the 
phaseless diffraction data.

F F ehkl hkl
i hx ky lz= + +( )2p

F f ehkl j
i j= Â d

d p= + +( )2 hx ky lz

f f ej j
i j= d
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Multiple Isomorphous Replacement

As stated previously, the Fourier transform for the electron density using X-
ray diffraction data [Eq. (10.3)] requires the phases of the diffracted X-rays,
which in turn require positional information about the atoms in the crystal.
Another Fourier transform calculated from the X-ray diffraction data, the 
Patterson function, does not require any phase or positional information. The
Patterson function is expressed as:

(10.11)

The Patterson function is mapped onto a coordinate system proportional
to the direct unit cell dimensions of the crystal with the xyz coordinates of the
direct unit cell converted to uvw in the Patterson map. In Eq. (10.11) for the
Patterson function, the value of the Patterson function, in this case along 
the u axis, is a function of the h Miller index for a particular reflection and 
the square of the amplitude, |F|2, of the reflection. Since the amplitudes of 
the reflections are experimentally measured, the Patterson function can be 
calculated directly from the diffraction data. Whereas in the electron 
density Fourier transform [Eq. (10.3)] the maxima correspond to atomic 
positions, the maxima in the Patterson function correspond to interatomic
vectors. Furthermore, the intensity of the Patterson peaks is weighted by 
the atomic masses of the two atoms at the ends of the interatomic 
vectors.

In a protein consisting of nearly all carbon, nitrogen, and oxygen atoms
(hydrogen atoms are generally not visible in protein X-ray diffraction), the
Patterson function of interatomic vectors is practically uninterpretable. This is
because all of the atoms are of similar mass so all of the peaks in the Patter-
son map are of similar value. If, however, there were a heavy atom in the
crystal, such as mercury or lead, which had a much higher atomic mass than
the carbons, nitrogens, and oxygens, the interatomic vectors between these
heavy atoms would have a much higher value and would clearly stand out in
the Patterson map.

In order to calculate interpretable Patterson functions, protein crystals can
be soaked in micromolar to millimolar concentrations of heavy atom solutions
to incorporate the heavy atoms into the protein crystals [37]. Some of the most
common heavy atoms used for protein crystallography phasing are gold, lead,
mercury, and platinum. These metals generally bind to the protein at sulfur-
containing residues. As implied by the name isomorphous replacement, in
soaking protein crystals with heavy atoms, it is important that the soaking pro-
cedure does not result in a significant change in the unit cell dimensions of the
crystal. A crystal whose unit cell changes significantly upon heavy atom
soaking will not be useful in the structure determination. In practice, soaking
relatively fragile protein crystals in heavy atom solutions often results in
damage to the crystal. The damage can range from simple reduction of dif-
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fraction resolution, which crystals can still be useful, to complete extinguish-
ing of diffraction. It is not uncommon to screen tens or hundreds of different
heavy atoms and soaking conditions to get a single heavy-atom-soaked protein
crystal that diffracts and maintains the unit cell dimensions of the unsoaked
protein crystal.

Due to the symmetry of the crystals, there are generally multiple copies of
the protein molecule in the unit cell of the crystal, with one or more copies of
the protein in the asymmetric unit of the crystal’s unit cell. The heavy atoms
will bind to each of the multiple protein atoms in the unit cell. The heavy atoms
will therefore occupy all of the asymmetric units in the crystal. The mathe-
matical symmetry operations relating each asymmetric unit to another result
in the maxima in the Patterson map occurring at certain sections of the uvw
Patterson space. Determining the atom positions from Patterson maps can be
done manually by relatively simple algebraic equations. There are now,
however, numerous software suites that automatically determine heavy atom
positions from Patterson maps, and the modern protein crystallographer
rarely, if ever, determines heavy atom positions manually.

X-ray diffraction data collected from a native protein crystal lacking heavy
atoms (data set P) and diffraction data from a crystal of the same protein 
containing heavy atoms (data set PH) will differ in the measured intensities
of their reflections solely by the contribution of the heavy atoms in data set
PH. These differences in intensities can be used to calculate an isomorphous
difference Patterson map, which will show peaks corresponding to the 
interatomic vectors between the heavy atoms (Fig. 10.15).

The isomorphous difference Patterson function calculated from data sets P
and PH is expressed as:

(10.12)

Compare this expression for the isomorphous difference Patterson with
that of the general Patterson function [Eq. (10.11)]. In the isomorphous dif-
ference Patterson, the amplitude term is the difference between the ampli-
tudes in the native protein and heavy-atom-derivatized protein data sets. The
amplitude differences due to the presence of heavy atoms in data set PH will
show up as strong peaks, allowing interpretation of the isomorphous differ-
ence Patterson maps.

The coordinates of the heavy atoms calculated from the positions of the
Patterson peaks essentially determine the heavy atom substructure of data set
PH. The amplitudes of the reflections from the heavy-atom-only substructure
of data set PH are easily calculated by the appropriate summation of heavy
atom scattering factors, which are listed in standard tables. The phases of the
reflections from the heavy-atom-only substructure are calculated from Eq.
(10.8). Once the heavy atom substructure has been determined, phases can be
determined for the protein diffraction data.

P a F F huu h
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The general concept of phasing X-ray diffraction data with heavy atom
replacement can be illustrated with Argand diagrams. Since each reflection
Fhkl has an amplitude and phase component, the reflections can be represented
as vectors in an Argand diagram (Fig. 10.16). The amplitude of the vector is
determined from the measured intensity of the reflection Fhkl. The phase of
Fhkl cannot be measured, so the phase angle in the Argand diagram is inde-
terminate from 0–2p radians.

The data sets P and PH can now be plotted on Argand diagrams to deter-
mine phases for the data set P. The only experimentally measurable difference
between the diffraction data sets P and PH are the intensities of the reflec-
tions, which are due to the presence of the heavy atoms in data set PH. For a
given reflection Fhkl, the superposition of the Argand diagrams for data set P
and PH, with data set PH offset by the amplitude and phase of the heavy-
atom-only substructure calculated for data set PH, shows the intersection of
the P and PH phase circles at two points (Fig. 10.16). These two points of inter-
section are possible phases for the reflection Fhkl. Given only these two possi-
ble points, a good choice for the phase is the mean of the two points. Choosing
the mean from just two points, however, can lead to a very large phase error.
To break the phase ambiguity, diffraction data can be used from a second
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Figure 10.15 An isomorphous difference Patterson map calculated according to Eq.
(10.12). The peak at approximately X = 0.25, Z = 0.40 corresponds to the interatomic
vector between the heavy atoms in the heavy-atom-derivatized diffraction data set.



heavy-atom-derivatized crystal, data set PH2. After determining the ampli-
tudes and phases of the heavy-atom-only substructure of data set PH2 by Pat-
terson methods as described for data set PH, the reflection Fhkl from data set
PH2 can be superimposed on the Argand diagrams for data sets P and PH
(Fig. 10.16). With two, or more, heavy atom data sets, the correct phase is the
point at which all of the phase circles intersect. Because of the requirement
for more than one heavy atom derivative diffraction data set, this method is
called multiple isomorphous replacement (MIR). Once the phases are deter-
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Figure 10.16 Argand diagrams illustrating phase determination. (a) The measured
reflection FP with Miller indices hkl from the protein crystal diffraction data is plotted
as a vector with magnitude |FP|. No phase information is present in the diffraction data,
so the phase of the reflection is indeterminate from 0 to 2p radians as indicated by the
light circle. The same reflection with Miller indices hkl from the heavy-atom-
derivatized diffraction data is plotted as a vector with magnitude |FPH1|, shown as the
heavy circle. The reflection FPH1 is plotted offset from the reflection FP by the magni-
tude, |FH1|, and phase angle, d1, of the heavy-atom-only substructure, as determined from
isomorphous Patterson maps. The points A and B where the light and heavy circles
intersect are two possible phase angles for the protein reflection FP. This A or B ambi-
guity is a graphical representation of the phase problem. (b) Resolution of the phase
problem using a second heavy atom derivative. The reflections FP and FPH1 are plotted
as in (a). In addition, the reflection with the same Miller indices hkl from a second
heavy-atom-derivatized diffraction data set is plotted as a vector with magnitude |FPH2|.
The reflection FPH2 is plotted offset from the reflection FP by the magnitude, |FH2|, and
phase angle, d2, of the heavy-atom-only substructure in the second heavy-atom-
derivative data set, as determined from isomorphous Patterson maps. The heavy 
circle from the second heavy atom data set also intersects the light circle of the 
protein-only diffraction data set at two points, B and C. One of these points, B, is
common between the two possible phases indicated by the first heavy atom derivative
and is the correct phase angle for the reflection FP.



mined for the measured reflections, incorporating these phases into the
Fourier summation for the electron density [Eq. (10.3)] will give an electron
density map, into which the model of the protein can be built.

After determination of the phases and building in the protein model, elec-
tron density maps are generally calculated by Fourier transforms using coef-
ficients 2Fo - Fc. The explicit expression for the electron density map
calculation is [52]:

(10.13)

In Eq. (10.13), |Fo| and |Fc| are, respectively, the amplitudes of the reflec-
tions from the experimental diffraction data and the structure model built into
the electron density, and a is the calculated phase for the reflection with Miller
indices hkl. This type of electron density map shows the electron density of
the calculated model, and the difference electron density of the target protein
structure and the calculated model [52]. An example of an electron density
map calculated according to Eq. (10.13) is shown in Figure 10.17. The electron
density is usually represented in chicken-wire contours into which the protein
model can be built.

r p ax y z V F F hx ky lz hkl
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Figure 10.17 A 2Fo–Fc electron density map calculated according to Eq. (10.13). (This
figure is available in full color at ftp://ftp.wiley.com/public/sci_tech_med/drug_
discovery/.)



In practice, successful interpretation and application of MIR data to deter-
mine a protein crystal structure is not as straightforward as may appear in
Figure 10.17. In MIR, it is assumed that the measured intensity differences
between the native protein data set P and heavy atom data sets PHn are due
solely to the presence of the heavy atoms in PHn. These differences in inten-
sity are on the order of a few percent, so great accuracy and care is required
in the measurement and processing of the diffraction data. Also, the unit cell
parameters between the P and PHn crystals must not deviate significantly. It
is not uncommon for a heavy atom soak of a protein crystal to distort the
crystal and change the unit cell parameters. Such heavy-atom-derivatized crys-
tals are then of little value in the structure determination. Because of its rel-
atively stringent experimental requirements, MIR is becoming less and less
popular compared with other methods, described below. Still, the general con-
cepts of phase determination by MIR carry through to the other methods.

Anomalous Dispersion Methods

Friedel’s Law As mentioned previously, X-ray diffraction can be treated as
reflections of X-rays according to Bragg’s law [Eq. (10.5)]. In protein X-ray
crystallography, the X-rays can be thought to reflect off of planes of electrons
(or atoms) in the crystal. Friedel’s law [Eq. (10.14)] states that the intensities
of the reflection Fhkl and the reflection are equal :

(10.14)

That is, the intensities of the reflections with opposite Miller indices are
equal. Applied to the reflection treatment of diffraction, Friedel’s law simply
states that the reflection intensity off of the front side of a plane and the back
side of the same plane are equal. This assumption is valid when collecting dif-
fraction data from native protein crystals that contain no heavy atoms, and
even heavy-atom-derivatized crystals used in MIR under certain wavelengths
of incident radiation.

Anomalous Dispersion Anomalous dispersion is the phenomenon whereby
certain atoms under certain incident radiation wavelengths absorb some of the
incident radiation, instead of simply scattering the radiation, as in normal dif-
fraction. Typical anomalous scatterers used in protein X-ray crystallography
are heavy atoms such as Hg, Au, and Pb, many of which are also used in MIR.
Anomalous dispersion results in the breaking of Friedel’s law. As a result,
within a single diffraction data set, there are differences between the measured
intensities of reflections that would otherwise be the same in the absence of
anomalous scattering. These intensity differences can be used as in MIR to
determine substructures of the anomalous scatterers in the crystal, which are
then used to phase the diffraction data and determine the structures of the
protein.

I Ihk l hk l=
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The main experimental requirement for anomalous dispersion X-ray dif-
fraction data collection is similar to that of MIR, namely a protein crystal
derivatized with an anomalous scatterer. Such derivatization can be done by
soaking the protein crystal in a solution of an anomalous scatterer. In addi-
tion to the classic heavy metals used in MIR, halides can also give excellent
anomalous diffraction data for protein structure determination [53].

The derivatization of crystals with an anomalous scatterer can also be done
at the molecular biology level. Selenium is an excellent anomalous scatterer
at wavelengths suitable for protein crystallography. Proteins can be expressed
in bacteria and insect cells in a medium containing the amino acid Se-Met
instead of Met, where the sulfur in Met is replaced with selenium. Crystals of
the Se-Met protein then automatically contain an anomalous scatterer. Instead
of soaking exogenous heavy atoms into a protein crystal and risking damage
to the crystal, incorporation of an anomalous scatterer directly into the amino
acid sequence of a protein reduces the crystal sample preparation steps and
may preserve the diffraction power of the crystal.

For a given anomalous scatterer, the strength of the anomalous dispersion
diffraction signal is dependent on the wavelength of the incident radiation.
Therefore, another experimental requirement for anomalous X-ray diffraction
data collection, which is not a requirement for MIR, is an incident radiation
source tuned to the wavelength at which the anomalous dispersion signal is
measurable for the anomalous scatterer in the crystal. Before the widespread
use of synchrotron radiation, anomalous dispersion diffraction data were dif-
ficult to collect. Most protein diffraction data were collected on laboratory 
X-ray sources with fixed wavelength, usually Cu Ka, with l = 1.54Å. This wave-
length was not optimized to measure the largest anomalous dispersion signal
for the heavy atoms typically used as anomalous scatterers. Modern synchro-
tron beamlines now allow very precise tuning of the incident radiation to max-
imize the anomalous signal, making anomalous diffraction data collection
routine.

Structure Determination by Anomalous Dispersion As discussed in the 
previous section on MIR, the unambiguous determination of phases from 
diffraction data generally requires the measurement of three different dif-
fraction data sets, from the native protein crystal and at least two different
heavy-atom-derivatized crystals. If one heavy-atom-derivatized crystal is 
available, and the heavy atom is also an anomalous scatterer, the anomalous
signal from the heavy atom can be used to break the phase ambiguity associ-
ated with a single isomorphous data set (Fig. 10.16).

In a diffraction data set lacking any anomalous scatterers, there are numer-
ous reflections, Bijvoet mates, which have the same measured intensity due to
Friedels law [Eq. (10.14)]. If anomalous dispersion is present, the Bijvoet pair
of reflections Fhkl and does not have the same intensity. These differences
in the measured intensities result in different intensity measurements for the
reflections Fhkl and , whereas in the nonanomalous dispersion isomorphousFhk l

Fhk l
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replacement case these two reflections would have the same measured inten-
sity. A single anomalous scatterer-derivatized crystal can thus give two con-
tributions to the Argand diagram, for the reflections Fhkl and .

As in MIR, in anomalous dispersion methods, the positions of the anom-
alous scatterers are calculated from Patterson maps. The expression for an
anomalous Patterson is

(10.15)

Compare this expression with that for the isomorphous difference Patter-
son [Eq. (10.12)]. In the anomalous Patterson expression, |F+ - F-|2 is the
square of the difference in amplitude between the reflection F+ and its Bijvoet
mate F-, the amplitude difference resulting from anomalous dispersion. The
positions of the anomalous scatterers used in phasing the diffraction data are
determined from anomalous Patterson maps (Fig. 10.18). As in the isomor-
phous difference Patterson (Fig. 10.15), the peaks in the anomalous Patterson
correspond to the interatomic vectors between the anomalous scatterers in the
anomalous diffraction data set. Analysis of the anomalous Patterson peaks 
can determine the anomalous scatterer-only substructure in the anomalous
diffraction data set. In modern protein crystallography, direct or ab initio
methods, of which the mathematics will not be discussed here, are often used
to determine positions from Patterson maps.

Combined with the data from the native crystal, the phase ambiguity can
be broken using just a single anomalous scatterer derivative (Fig. 10.16). The
two different measured reflections F+ and F- in the anomalous diffraction data
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Figure 10.18 An anomalous Patterson map calculated according to Eq. (10.15). The
major peak occurring at approximately Y = 0.33, Z = 0.33 corresponds to the inter-
atomic vector between the anomalous scatterer atoms in the anomalous scatterer-
derivatized diffraction data set.



set correspond to the reflections FPH1 and FPH2 in Figure 10.16. This method of
using a single anomalous scatterer-derivatized crystal for phasing is called
single isomorphous replacement with anomalous scattering (SIRAS).

Since the differences in measured intensities due to anomalous dispersion
are small, on the order of 3 to 5 percent of the total measured intensity [54],
anomalous dispersion data must be measured and processed with great accu-
racy and care. Diffraction data can be collected from additional derivative
crystals prepared with different anomalous scatterers. The anomalous disper-
sion diffraction data from these additional derivative crystals can then be com-
bined with the native protein and first-derivative data to give additional
phasing information. Such use of multiple anomalous scatterer-derivatized
crystals is called multiple isomorphous replacement with anomalous scatter-
ing (MIRAS).

Protein diffraction data can also be phased by purely anomalous dispersion
data, without the use of diffraction data from an underivatized protein crystal.
One of the earliest widespread uses of purely anomalous dispersion diffrac-
tion data in protein X-ray crystallography was multiple-wavelength anom-
alous dispersion (MAD). In MAD experiments, multiple data sets are
collected from a single crystal derivatized with an anomalous scatterer, with
each data set collected at different wavelengths. These wavelengths are at or
near the wavelength that gives the maximum anomalous dispersion signal for
the anomalous scatterer. At each wavelength, there will be more or less 
anomalous signal from the anomalous scatterer, which will result in changes
in measured intensity for a particular reflection between the data sets.

The MAD diffraction experiments are entirely analogous to MIR diffrac-
tion experiments. Whereas in MIR diffraction experiments the wavelength
remains fixed and multiple different heavy atom derivatives are used to collect
data sets with differences in measured intensities, MAD diffraction experi-
ments maintain the anomalous scatterer and use multiple different wave-
lengths to collect data sets with differences in measured intensities. MAD
experiments can be considered as in situ isomorphous replacements where
physics, rather than chemistry, is used to produce the change in scattering
intensity at the site [55]. Once the positions of the anomalous scatterers are
located, usually by Patterson methods, the phases for the reflections are deter-
mined as in the MIR case.

In addition to MAD, there is also single-wavelength anomalous dispersion
(SAD) for phasing protein diffraction data. In SAD, X-ray diffraction data are
collected from a single crystal derivatized with an anomalous scatterer at a
single wavelength. The intensities of the reflections Fhkl and are measured
separately, essentially giving two data sets from a single crystal. As shown in
Figure 10.16a, the Argand diagram analysis of only two diffraction data sets
leads to a phase ambiguity. For a SAD diffraction data set, the two different
amplitudes for the Bijvoet pair of reflections F+ and F- correspond to the
reflections FP and FPH1 in Figure 10.16a. A native diffraction data set collected
from an isomorphous crystal lacking the anomalous scatterer can be used to
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break the phase ambiguity, which is the SIRAS technique described above. If,
however, no additional isomorphous data sets are available, the correct phases
can still be derived from purely SAD data.

Modern SAD protein structure determinations use probabilistic methods
to determine initial phases and their reliability [53]. Once a set of phases are
determined for a diffraction data set, an electron density map can be calcu-
lated [Eq. (10.13)]. The electron density maps can then be modified according
to reasonable assumptions. A common electron density modification tech-
nique is solvent flattening. In the crystal, the interstitial regions between the
protein molecules are occupied by solvent, which is usually disordered. This
disordered solvent region should be relatively featureless, compared with the
protein. By iteratively smoothing the electron density in the solvent region,
the electron density features in the protein region will become enhanced until
they become interpretable. This method of iterative electron density modifi-
cation to determine protein structures from pure SAD data is called iterative
single-wavelength anomalous scattering (ISAS) [56]. In general, the steps
involved in determining protein structures from pure SAD data are deter-
mining the positions of the anomalous scatterers, determination of initial
phases, and electron density modification until the electron density maps
become interpretable.

For the crystal structure determination of proteins with unknown folds,
anomalous dispersion techniques such as MAD and SAD are now much more
popular than pure isomorphous replacement techniques such as MIR. One of
the major advantages of anomalous dispersion over isomorphous replacement
techniques is that anomalous dispersion data sets can all be collected from a
single crystal. This avoids the problem of nonisomorphism, which can make
MIR data collection and interpretation difficult. In MIR, multiple crystals
derivatized with multiple different heavy atoms are used for data collection.
Each heavy atom and its soaking conditions can have different effects on the
crystal, sometimes causing significant distortions of the crystal unit cell. MIR
data collected from crystals whose unit cells are significantly different from
that of the native protein crystal (nonisomorphous data sets) are of little value
for phasing. With MAD and SAD experiments, using cryo-data collection
techniques, a single crystal derivatized with an anomalous scatterer can be
used to collect all of the diffraction data sets. All of the data sets are 
therefore isomorphous since all of the data were collected from a single
crystal.

Molecular Replacement

The isomorphous replacement and anomalous dispersion methods are
required for determination of protein structures of unknown folds. These
methods assume no prior knowledge of the target protein structure and
involve the initial determination of a heavy atom or anomalous scatterer sub-
structure. These substructures are then used to calculate phases for the protein
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diffraction data. If, however, there is reasonably accurate prior knowledge of
the protein structure, molecular replacement (MR) methods can be used to
determine the crystal structure of the target protein.

In MR structure determinations, the experimental diffraction data are
probed with a search model that is assumed to be a good structural homolog
of the target protein. The best search model would be the structure of the
target protein itself. Structures of proteins with high sequence homology are
also good search models in MR. In general, search models with more than 50
percent sequence identity to the target protein should give a correct structure
of the target protein by MR [54]. Species isomorphs of a target protein, which
generally share about 75 percent or greater sequence identity, often work for
MR structure determinations.

As with isomorphous replacement and anomalous dispersion methods, the
correct atomic positions must be determined in order to calculate phases for
the diffraction data. In isomorphous replacement and anomalous dispersion
methods, novel substructures are used as the atomic positions for initial
phasing. In MR, the structure of the isolated target protein is already known
or assumed to be very similar to that of a known protein structure. The MR
calculations place the known structure, the search model, in the correct crystal
lattice according to the experimental diffraction data. In a sense, isomorphous
replacement and anomalous dispersion methods determine “protein” struc-
tures in that these methods assume no prior knowledge of the target protein
structure. MR methods, in contrast, determine “crystal” structures in that the
entire structure of the target protein is already known, and the calculations
are merely (but not always so simply) fitting the known structure to the crystal
lattice of the diffraction data.

Although there are many different algorithms and software packages for
MR calculations, the basic computations are illustrated in Figure 10.19. The
experimental diffraction data contains information about the structure and
crystal lattice arrangement of the target protein. A suitable search model is
first rotated so that its orientation is the same as the target protein in the
experimental crystal with respect to a certain coordinate system. The rotation
is usually expressed as a set of three Eulerian angles a, b, and g. In this rota-
tion search, the Patterson vectors for the various orientations of the search
model are compared with those of the target protein in the diffraction data.
As described previously, the Patterson vectors are the interatomic vectors in
the protein in the crystal. One can imagine two types of interatomic vectors,
intramolecular and intermolecular, the intramolecular vectors generally being
shorter than the intermolecular vectors. The intramolecular vectors occur
entirely within a single protein molecule, and their orientations define the 
orientation of the protein. In the rotational search in MR, the shorter
intramolecular Patterson vectors in the search model are compared with those
of the target protein in the diffraction data. The search model is then rotated
until the intramolecular vectors of the search model and target protein have
high correlation.
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After the rotational search, the correct placement of the oriented search
model in the target protein crystal unit cell is determined by a translational
search. In the translational search, the oriented search model is translated
within the unit cell of the crystal until the crystal packing of the search model
matches that of the experimental diffraction data. There are various methods
for the translational search. In one method, the longer intermolecular 
Patterson vectors are compared with those of the experimental data at each
translation of the search model. The highest correlation between the sets of
intermolecular Patterson vectors is generally the correct solution for the
crystal structure of the target protein.

Compared with isomorphous replacement and anomalous dispersion
methods, crystal structure determination by MR has much less experimental
requirements. No special derivatization of the sample crystal with heavy atoms
or anomalous scatterers is required. Only a single data set from the crystal of
the target protein is required. Also, no particular radiation wavelength is
required for data collection. The ability to use diffraction data collected at 
any wavelength makes structure determination by MR readily accessible since
all of the necessary diffraction data can be collected on a standard laboratory
X-ray source (assuming adequate diffraction power of the crystals).

At this point, one may wonder why go through the effort of determining
the “crystal” structure of the target protein by MR if the “protein” structure
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Figure 10.19 Schematic of an MR structure determination. (left) The target protein
structure is drawn in black lines. The search model protein structure in an arbitrary
orientation and position with respect to the target protein is drawn in red lines.
(middle) The search model is rotated so that its orientation corresponds to that of the
target protein structure as indicated by the intramolecular Patterson vectors in the
experimental diffraction data. (right) The search model is translated so that it is cor-
rectly placed in the unit cell of the experimental diffraction data. (This figure is avail-
able in full color at ftp://ftp.wiley.com/public/sci_tech_med/drug_discovery/.)



is already known or assumed to be that of the search model. MR crystal struc-
ture determination is required because the search model may not be complete.
Although the overall structure of the target protein may already be known,
the search model will lack certain structural features of the experimental data,
such as amino acid mutations, insertions, and deletions, and the binding modes
of ligands bound to the target protein. These additional features are not incor-
porated into the search model during MR calculations. The electron densities
of these additional structures can only be calculated after determining the
correct crystal structure of the target protein, and using phases determined
from the correct placement of the protein in the crystal.

Once the search model has been correctly rotated and translated with
respect to the diffraction data, difference electron density maps, using Fourier
coefficients Fo - Fc, reveal structures that were not part of the search model.
The explicit expression for this type of electron density map is

(10.16)

Compare this expression with that of the 2Fo - Fc electron density map [Eq.
(10.13)]. The Fo - Fc will show electron density in regions where the search
model and the target protein structures differ and no electron density where
the two structures are the same. Figure 10.20 illustrates the MR structure
determination of a protein–compound complex. The experimental diffraction

r p ax y z V F F hx ky lz hkl
hkl
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Figure 10.20 Fo–Fc electron density map calculated from an MR structure determi-
nation. (Left) The structure of a protein–ligand complex has been determined by MR
using the protein-only structure as the search model. The Fo–Fc electron density map
calculated from the protein-only MR solution reveals electron density (blue chicken
wire contours) which does not correspond to the search model structure (yellow
bonds). (Right) The structure of the bound ligand is built into the difference electron
density in the Fo–Fc electron density map. Additional protein residues not present in
the search model and bound waters are also built into the difference electron density.
(This figure is available in full color at ftp://ftp.wiley.com/public/sci_tech_med/
drug_discovery/.)



data were collected from a crystal of the protein–compound complex. A
protein-only search model was used in the MR structure determination. The
Fo - Fc electron density map reveals the electron density of bound ligand,
which was not present in the search model. Regions of the map where the
search model and the target complex structure are the same are relatively 
featureless.

MR structure determination is now the crystallographic computation
engine for X-ray structure-based drug design. Protein–compound complex
structures are determined by MR from diffraction data collected from crys-
tals of protein–compound complexes, either co-crystallized from protein–
compound complex samples or having the compound soaked into protein 
crystals. Using MR structure determination, difference electron density maps
can be calculated within minutes of collecting and processing the diffraction
data to reveal the binding mode of the compound. Often, the protein–
compound complex crystals are isomorphous with previous protein–
compound complexes and the apo-protein crystals. In such cases, the MR 
solution is a trivial zero rotation and zero translation transformation of the
search model (the target protein structure), and the model can proceed
directly to structure refinement, which will be discussed in following sections.

All of the protein diffraction data phasing methods described above are
now handled by automated software packages. These software include CNX
(CNS), CCP4, PHASES, SOLVE, SHARP, SHELX, and EPMR, among
others. Due to the great advances in the automation of crystallographic com-
puting and computing power in general, the phase problem, which was once
the central task of protein structure determination, is now less of a concern in
protein X-ray crystallography.

10.5 GENERATION AND ANALYSIS OF STRUCTURAL MODELS

Aspects of Crystallographic Models of Macromolecules

The end result of crystallographic structure determination is the generation of
an accurate three-dimensional model of the contents of the asymmetric unit
of the crystal. In the simplest terms this model consists of the spatial (xyz)
coordinates and elemental type for each atom. In most cases a great deal more
information is included explicitly in the model or implied by convention or
context. Protein Data Bank (PDB) file format coordinate records for each
atom typically contain xyz coordinates, thermal motion parameters (B factor
or temperature factor), and relative occupancy (0.0 to 1.0). B factors repre-
sent the thermal vibration of each atom (see previous section). Individual
atom thermal motion can be modeled either as isotropic or anisotropic
motion. In the isotropic case the atom is modeled as if it vibrates with equal
amplitude in three orthogonal directions, producing a spherical time-averaged
distribution of electron density. Isotropic thermal motion can be represented

420 PROTEIN X-RAY CRYSTALLOGRAPHY IN DRUG DISCOVERY



by a single B-factor parameter that is proportional to the mean-square ampli-
tude of vibration. In the anisotropic case the atom is modeled with vibrations
of differing amplitude in three orthogonal directions, producing an ellipsoidal
time-averaged distribution of electron density. Complete description of
anisotropic thermal motion requires six parameters (U11, U22, U33, U12, U13, U23)
that are expressed as the mean-square amplitude of vibration in angstroms.
These parameters serve to define the orientation of the axes of the ellipsoid
and the mean-square amplitude of vibration along each axis. Atomic resolu-
tion data (1.0Å resolution or better) is required to properly refine anisotropic
B factors.

The last parameter, occupancy, determines the fraction of unit cells within
the crystal that contain the given atom or molecule. This parameter is typi-
cally applied to ligands, ordered water molecules, and other ions and small
molecules that are often observed bound to specific sites in proteins and other
macromolecules. Because protein–protein contacts form the lattice interac-
tions that make up the crystal, the atoms of the protein region of the crystal
are in general constrained to have occupancies of 1.0. Exceptions to this are
instances in which multiple conformations for individual residues or regions
of the peptide chain can be discerned in the electron density maps. PDB
format ATOM records for models with isotropic B factors contain at least 10
entries (atom number, atom name, residue type, chain name, residue number,
X, Y, Z, B, Occ), but the PDB format allows a number of additional entries
such as segment identifiers (equivalent to chain name) used by the
XPLOR/CNS suite [57] and atom types and charges used by Refmac [58]:

ATOM 22 OH TYR A 5 -42.861 -17.317 103.842 1.00 75.00 O
ATOM 23 N ILE A 6 -35.203 -14.922 106.691 1.00 32.68 N
ATOM 24 CA ILE A 6 -34.025 -14.142 106.955 1.00 31.42 C
ATOM 25 C ILE A 6 -33.743 -13.217 105.782 1.00 30.29 C
ATOM 26 O ILE A 6 -33.841 -13.620 104.644 1.00 51.93 O
ATOM 27 CB ILE A 6 -32.833 -14.967 107.379 1.00 39.55 C
ATOM 28 CG1 ILE A 6 -32.291 -14.302 108.607 1.00 42.56 C
ATOM 29 CG2 ILE A 6 -31.732 -14.979 106.344 1.00 32.26 C
ATOM 30 CD1 ILE A 6 -31.813 -15.334 109.585 1.00 75.00 C

PDB format atom definitions for models with anisotropic B factors require
two records. The first is a standard ATOM record with an equivalent B factor
calculated from an average of U11, U22, and U33. The second ANISOU card
lists U11, U22, U33, U12, U13, and U23 sequentially, but scaled by a factor of 104:
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ATOM 107 N GLY 13 12.681 37.302 -25.211 1.000 15.56 N
ANISOU 107 N GLY 13 2406 1892 1614 198 519 -328 N
ATOM 108 CA GLY 13 11.982 37.996 -26.241 1.000 16.92 C
ANISOU 108 CA GLY 13 2748 2004 1679 -21 155 -419 C
ATOM 109 C GLY 13 11.678 39.447 -26.008 1.000 15.73 C



ANISOU 109 C GLY 13 2555 1955 1468 87 357 -109 C
ATOM 110 O GLY 13 11.444 40.201 -26.971 1.000 20.93 O
ANISOU 110 O GLY 13 3837 2505 1611 164 -121 189 O
ATOM 111 N ASN 14 11.608 39.863 -24.755 1.000 13.68 N
ANISOU 111 N ASN 14 2059 1674 1462 27 244 -96 N
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Bonding and connectivity between atoms and residues is not in general
defined explicitly in PDB format, but in most cases it is implicit in the rela-
tionship between atom names, residue names, residue numbers, and chain
names. However, it is possible to explicitly define bonding and some non-
bonding interactions with CONECT (general), LINK (general), SSBOND
(disulfide bond), HYDBOND (hydrogen bond), and SLTBRG (salt bridge)
records.

A complete description of the PDB format and all allowed records can be
found at the Research Consortium for Structural Biology Web page
(www.rcsb.org). In addition to the individual atom properties and connectiv-
ity, other parameters introduced during refinement such as noncrystallo-
graphic symmetry restraints, bulk solvent corrections, and TLS groups are
important components of the final model. These aspects of model refinement
will be discussed in more detail under “Refinement and Analysis of Structural
Models.”

Building the Initial Model

Building a de novo model of a macromolecule into initial electron density
maps is often an arduous task. There are a number of software packages in
common use (Quanta, XtalView, O, TurboFrodo, Coot) with more or less
sophisticated tools to aid in interactive model building. The efficiency of the
process depends on the quality of phases and the resolution of the map, the
sophistication of the model-building software employed, and the crystallogra-
pher’s familiarity with the molecule of interest as well as many general fea-
tures of protein and nucleic acid structure.

Starting with only the primary amino acid sequence, a great deal can be
learned about a given protein using freely available online database and analy-
sis resources. The homology search engine BLAST (Basic Local Alignment
Search Tool [59]), available from the National Center for Biotechnology Infor-
mation (NCBI, www.ncbi.nlm.nih.gov), allows rapid identification of proteins
with homologous regions of sequence, some of which might have known struc-
tures in the RCSB Protein Data Bank that can serve as templates for model
building. Multiple sequence alignments of a homologous family of proteins
will often reveal highly conserved residues that are crucial for structure or
activity. JPRED [60] from the Barton group at the University of Dundee pro-
vides multiple sequence alignment with consensus secondary structure pre-
diction. NCBI and the ExPASy (Expert Protein Analysis System) proteomics
server of the Swiss Institute of Bioinformatics both provide excellent suites of



tools for primary structure analysis. These tools allow identification of known
amino acid motifs, such as substrate or cofactor binding motifs (e.g., the
Rossman fold, P-loop motif, iron-sulfur clusters) and protein domains with
known homologous structures that might be represented in the sequence of
interest.

The SCOP ([61]; scop.mrc-lmb.cam.ac.uk/scop/) and CATH ([62];
http://www.biochem.ucl.ac.uk/bsm/cath/) online databases provide classifica-
tion of protein structure with examples of each represented fold. An excellent
resource for learning the basics of protein structure from peptide conforma-
tions to common folds is Introduction to Protein Structure by Carl Branden
and John Tooze (Garland Science, UK). Knowledge of simple common aspects
of tertiary structure such as the common helix-helix knobs-in-holes packing
angles, the left-handed twist of b sheets and the right-handed twist of individ-
ual b strands, and the ways in which loop regions most commonly connect 
secondary structures will assist greatly in interpretation of blurry regions 
of electron density and recognition of secondary structure elements at low 
resolution. Another valuable reference is the classic study by P.N. Lewis,
F.A. Momany, and H.A. Scheraga [63]. This study details the peptide 
conformations of the tight turns and chain reversals often encountered at the
surfaces of proteins.

The main objectives of initial model building are to find the correct trace
for the peptide chain and to make the correct sequence assignment for each
residue. Before beginning actual model building, it is advisable to examine a
number of electron density maps calculated to different resolutions and 
with different weighing [figure of merit or s(A)] and density modification
schemes (solvent flipping or flattening, histogram matching, or skeletoniza-
tion). Less accurate phases for the highest resolution data might create noise
that makes interpretation of the maps difficult. Initial maps calculated at lower
resolution might reveal the trace of the peptide chain more clearly. The per-
centage of solvent content used in solvent flattening calculations can have a
dramatic impact on the quality of the map, and the best estimate of the real
solvent content will not necessarily produce the most interpretable electron
density maps. Several values above and below the best estimate of the true
value should be tried.

At this early stage density skeletonization, or “bones,” calculations are a
tremendous aid in determining the quality of electron density maps. The
overall connectedness of the electron density can be gauged and secondary
structure elements can often be recognized. Skeletonization calculations
produce traces through the highest electron density points in the map. In well-
phased electron density maps the bones will clearly reveal the trace of the
peptide chain. In a poorly phased map the bones will be fragmented. Some
arbitrary adjustment of the parameters used in the skeletonization calculations
is often required to obtain the best results. If the map has been phased experi-
mentally by isomorphous replacement or anomalous dispersion methods, it
can be helpful to overlay the positions of the phasing sites onto the electron
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density. Heavy atoms are likely to bind to only a few reactive side chains [37],
and if phases are derived from seleno-methionine anomalous dispersion data,
the phasing positions will instantly reveal the location of all methionine
residues in the structure. This information can dramatically speed up the initial
chain tracing and sequence assignment. In addition, for heavy atom deriva-
tives the maps should be examined for severe rippling in the vicinity of the
phasing sites that indicates improper refinement of occupancy or B factor for
the heavy atom. Adjusting these parameters until the rippling is minimized
can make valuable improvements in the phases and thus in the overall quality
of the maps.

Once suitable maps are obtained and optimal skeletonizations have been
produced, chain tracing can begin. The most basic method of chain tracing is
“baton” building in which a Ca-only trace is built interactively by sequentially
adding about 3.5-Å-long baton segments. This is relatively straightforward
with a map that is good enough to approximately locate the Ca positions by
following the bones and observing the side-chain branch points. Some modern
model-building software packages (e.g., QUANTA) have automated chain-
tracing features that can build a Ca trace rapidly or even identify and auto-
matically build secondary structure elements. It is also possible to use
real-space rotation and translation searches to place models of secondary
structures or even entire domains into initial electron density maps (FFFear,
ACORN). These techniques can save a great deal of time by fitting large sec-
tions of standard secondary structure or approximately correct tertiary struc-
ture that can then be corrected interactively or by refinement software. Some
modern model-building software packages are equipped with libraries of loop,
turn, and random coil segments taken from known protein structures that can
be screened rapidly for a good fit to difficult regions of electron density. As a
general rule, segments that cannot be built with confidence should be left out
of the initial model. Phase improvement by refinement of correctly built struc-
ture will improve the overall map and gradually allow interpretation of the
difficult regions.

Once at least a partial chain trace is in hand, sequence assignment can
begin. As mentioned above, phasing positions of heavy or anomalous atoms
can occasionally be used as starting points for sequence assignment. Identifi-
cation of the active site or bound ligands will aid in locating residues known
to be involved in catalysis or binding. Aromatic residues such as tryptophan,
tyrosine, and phenylalanine are often easily recognized because they are large
and are most often located in the interior of proteins where their conforma-
tional entropy is low and the quality of the electron density is good. Because
solvent flipping and flattening masks are not perfect, these procedures 
sometimes degrade the quality of electron density for surface loops and side
chains. Disulfide bonds can often be recognized by strong connecting electron
density. In fact, the electron density of disulfide bonds is often strong enough
that it confuses early chain-tracing attempts, particularly automated proce-
dures. If data has been collected using a long wavelength, such as Cu Ka,
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an anomalous difference map might reveal the locations of many sulfur atoms
from methionine and cystine residues.

After sequence assignment a full-atom model of the peptide chain must be
constructed and fit to the electron density. It is best to use a model-building
software package that does automated full-atom model construction starting
from a sequence-assigned Ca trace. The quality of auto-built models is often
low, requiring manual adjustment to fit the electron density via additional
interactive model building. Real space fitting, refinement, and regularization
protocols allow this to be done rapidly. These algorithms can use either the
electron density map contours (grid methods) or gradients calculated 
from these contours in least-squares algorithms to provide the best fitting 
position and conformation of residues or segments of peptide chain. Peptide
conformations are fit either by iteratively adjusting or searching atom posi-
tions and torsions, by searching rotamer and conformation libraries, or by
Monte Carlo methods. Grid-based methods have the smallest radius of con-
vergence and are most appropriate for fitting single residues or side chains.
Gradient methods have a larger radius of converge (several angstroms) and
are more generally applicable, particularly in combination with Monte Carlo
methods, for fitting longer segments of peptide chain. Because the radius of
convergence of standard reciprocal space refinement techniques is small, it is
important to obtain a reasonably good fit of atom positions in the initial model
building.

Refinement and Analysis of Structural Models

Refinement is an iterative process that modifies the parameters of the model
in a rational way to agree with the structure factor amplitudes derived from
the observed diffraction intensities. This requires an error function that gauges
the agreement between the structure factors predicted by the model and those
derived from the observed data as well as an algorithm that alters the para-
meters of the model in such a way as to improve this agreement while main-
taining a model that is both chemically and physically reasonable. Upon each
iteration the model and the calculated phases improve, yielding better elec-
tron density maps that will allow the model to be extended into previously
uninterpretable regions. These new electron density maps reveal more clearly
the electron density for other well-ordered molecules such as waters of sol-
vation, ions, and ligands. Unless extremely accurate experimental phases are
obtained (e.g., from high-resolution MAD data), refinement is essential for the
complete interpretation of the data.

Refinement Methods The error function used in protein refinement is typi-
cally either of the “least squares” or “maximum likelihood” type. Only the most
cursory description of the mathematics of refinement can be presented here.

The least-squares method uses the sum-squared difference between the
observed structure factors and those calculated from the model:
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(10.17)

where w(hkl) is a weight, often resolution dependent in macromolecular
refinement, and k is a scaling constant that allows meaningful comparison
between |Fo| and |Fc|. The summation is over all m |Fo|, which constitutes a set
of m equations. Each corresponding |Fc| is a function of the n parameters of
the model, which constitute n unknown parameters. The sum-square error
function can then be represented as a system of equations in matrix form. For
a given set of starting model parameters, the system of equations can be solved
by iterative methods using a truncated Taylor expansion to represent |Fc| as a
function of the n parameters of the model and simplified block-diagonal least-
squares matrices in which all terms that are not highly correlated (such as B
factor and occupancy, if occupancy is being refined) are set to zero. Because
of these approximations, multiple iterations, each corresponding to small shifts
in the values of each model parameter, are required to reach convergence.

Maximum-likelihood methods are statistical and derive from Bayes’s
theorem. Bayes’s theorem is expressed by the equation

(10.18)

In words, Eq. (10.18) states: (the probability of A) times (the probability of 
B assuming that A is true) is equal to (the probability of B) times (the 
probability of A assuming that B is true). The corresponding expression for
crystallographic refinement is

(10.19)

It is more convenient to introduce Fc as a function of the model parameters
and write

(10.20)

However, the prior probability P(|Fc|) and the normalizing factor P(Fo) are
constants and can be omitted without altering the essence of the relationship.
The remaining terms are the posterior probability P(|Fc|||Fo|) and the likeli-
hood P(|Fo|||Fc|). In the absence of the constants P(|Fc|) and P(Fo) this last term
cannot be properly designated as a probability and is recast as the likelihood
L(|Fo|||Fc|) leaving the expression

(10.21)

The total likelihood is expressed as the joint probability for all Fo:
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but in practice the maximum-likelihood error function is often the negative
log of the likelihood

(10.23)

The precise functions used to calculate the likelihood are quite complex and
will not be presented here.

Restraints and Parameterization in Refinement As described above, the
relationship between observed diffraction data and the parameters of the
model could be represented as a system of m equations (Fo) and n unknowns
(parameters of the model that determine Fc). If the ratio of m/n ≥1, the system
is said to be determined or overdetermined and will have either one or infi-
nitely many solutions. If the ratio of m/n is <1, the system is underdetermined
and will have infinitely many solutions. In principle, this system of equations
should have a solution corresponding to the exact structure within the crystal.
In practice, because of experimental errors in the measurement of Fo, resolu-
tion limits of the data due to defects in the crystals, and limitations of our the-
oretical models, it is rarely possible to obtain a solution that defines the model
precisely. In cases where the data are of atomic resolution (about 1.0Å or
better), it is possible to refine individual atoms according to their xyz coordi-
nates, occupancy, and B factors (isotropic or anisotropic) and obtain an accept-
able solution. The system of equations is determined or overdetermined with
respect to these parameters.

When the data are not of atomic resolution, the system of equations is
underdetermined with respect to the parameters of the model. An acceptable
solution cannot be obtained unless additional restraints (or constraints) are
added to the model in order to increase the effective number of observations
that determine the model. Most of these restraints bear upon molecular geom-
etry. Prior knowledge of the structure and chemistry of organic molecules 
from many sources (not the least of which are atomic resolution structures of
organic compounds including peptides, amino acids, and nucleotides) allows
the design of libraries of ideal values and standard deviations for the van der
Waals radii, bond lengths, angles, dihedral angles, and planarity (of peptide
bonds, aromatic rings, carboxylates, and amides) of the molecular structures
of proteins and other macromolecules. These ideal values and standard devi-
ations are applied as restraints that are designed to maintain a chemically and
physically reasonable model during refinement. These restraints take the form
of new terms added to the refinement error functions.

Generating proper library definitions and restraints for novel ligands is not
a trivial problem, and an accurate definition is a prerequisite for correct inter-
pretation of the data. It requires complete knowledge of the chemical struc-
ture, bonding, hybridization, protonation, ionization, and chirality. However,
most common representations of molecules are highly simplified abstractions
that do not properly describe the true nature of the chemical species involved.

- = - ( )[ ]Âlog log , ,L P F Fhkl hklhkltotal o c
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In some cases only careful experiments or a high-resolution crystal structure
of the compound will resolve uncertainties. In the absence of such data some
guesses must be made. The standard two-dimensional chemical structure rep-
resentation of the anticancer drug topotecan (Hycamptin) is given in Figure
10.21 as an example. It is not necessarily obvious from the two-dimensional
representation of the structure that N3 of the tertiary amine substituent is sp3

hydridized and could be protonated depending upon the pH, C10 is sp3

hybridized and is not part of the conjugated ring system, or that the pyridone
ring (D) is aromatic. This information was determined partly from standard
chemical knowledge and partly from the crystal structure of a related com-
pound, camptothecin iodoacetate [64].

Hydrogen atoms are usually excluded as part of the refined model unless
the resolution is exceptionally high. This is due to their small contribution to
X-ray diffraction (only one electron) and their large contribution to the total
number of parameters in the model. Some refinement packages allow the
model to be refined with riding hydrogens (hydrogens placed in standard posi-
tions with standard bond lengths and angles) added to the model. The hydro-
gens are not refined but do have an effect on refinement, somewhat in Fc, but
mainly in the van der Waals terms, which can lead to improved distributions
of torsion angles.

Further restraints can be added to take advantage of correlated vibrational
properties. Simple B-factor restraints account for the physical reality that the
vibrational amplitudes of covalently bonded atoms can be correlated. A recent
advance in model parameterization has been the introduction of TLS groups
in refinement [65]. TLS groups are substructures of the model (sometimes
entire domains) that have correlated vibrational properties. These correlated
vibrations are described by three tensors that designate the translational (T),
librational (oscillation) (L), and screw (S) components of the motion. TLS
groups account for an entire continuum of conformations of part of the model
in a parsimonious manner with respect to the number of parameters required.
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Figure 10.21 Standard two-dimensional chemical structure representation of 
topotecan.



The greatest difficulty here is the definition of the TLS groups. Unless the data
are of good enough quality and high enough resolution to properly refine
anisotropic B factors, it is difficult to determine which regions of the structure
have correlated vibrations (and in this case TLS groups will not be necessary).
In general educated estimates and trial-and-error must guide the choice of
TLS groups. An example of TLS group definition with the refined T, L, and S
tensors is shown below.

REMARK  7 TLS DETAILS
REMARK  7 NUMBER OF TLS GROUPS :  2
REMARK  7
REMARK  7 TLS GROUP :   1
REMARK  7  NUMBER OF COMPONENTS GROUP :  1
REMARK  7  COMPONENTS    C SSSEQI  TO C SSSEQI
REMARK  7  RESIDUE RANGE :  A  865    A 1110
REMARK  7  ORIGIN FOR THE GROUP (A): 45.6660 11.3419 41.2873
REMARK  7  T TENSOR
REMARK  7   T11:  0.0157 T22:  0.0641
REMARK  7   T33:  0.0294 T12:  0.0162
REMARK  7   T13:  0.0031 T23:  0.0101
REMARK  7  L TENSOR
REMARK  7   L11:  0.8473 L22:  1.0405
REMARK  7   L33:  1.1744 L12:  0.3695
REMARK  7   L13: -0.0069 L23:  0.3502
REMARK  7  S TENSOR
REMARK  7   S11: -0.0245 S12: -0.0044 S13:  0.0036
REMARK  7   S21: -0.0046 S22:  0.0421 S23: -0.0484
REMARK  7   S31: -0.1460 S32:  0.0620 S33: -0.0176

If more than one chemically identical molecule is present in the asymmet-
ric unit, improper or noncrystallographic symmetry (NCS) restraints (or con-
straints) can be applied that force the conformations of the molecules to be
similar (or identical). If constraints are used, the molecules are forced to be
identical and the effective number of the constrained parameters of the model
is reduced by a factor of n for n-fold NCS. If restraints are used, the reduction
in the effective number of parameters is less clear. Noncrystallographic sym-
metry is only useful in cases were the data are of poor quality or rather low
resolution (about 3.0Å or worse). In general the packing interactions of the
NCS-related molecules will be different, and real differences in conformation
of both the main chain and side chains can be expected and should not be
ignored unless the data is of insufficient quality to observe them.

The parameters of the model discussed so far bear only upon the structure
of the ordered phase of the crystal, but the disordered phase (solvent region)
of the crystal, which can be 30 to 80 percent of the unit cell volume, also con-
tributes to the intensity of Fo, particularly at low resolution. A suitable model
for this contribution is required and can make significant improvement in the
difference electron density of unbuilt regions of the model. The solvent X-ray
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scattering in essence introduces a contrast that significantly decreases the
observed diffraction intensities relative to what would be observed if the dis-
ordered region of the crystal were vacuum. The time-average electron density
in the solvent region of the crystal is constant and can be represented by the
parameter Ksol, the ratio between the average solvent electron density and 
the average protein electron density. A second parameter Bsol is effectively a
thermal factor that is used in a resolution-dependent exponential scaling term:
Because different regions of the solvent do not scatter in phase, the intensity
of solvent scattering is very weak at high resolution but quite strong at low
resolution. The most common bulk solvent scaling function used is based upon
Babinet’s principle [66], which states that the Fourier transform of a mask and
its complement have structure factors of the same amplitude but phases of
opposite sign. For this method only the two parameters Ksol and Bsol are intro-
duced to the model and only the amplitudes of the structure factors are
changed. This function is used by most current refinement packages. A second
method is the mask method in which the phases for the solvent scattering are
calculated from a grid of dummy atoms filling the solvent region of the model.
For this method Ksol and Bsol are also determined, but both the amplitudes and
the phases of the structure factors are altered. This method is used by the
XPLOR/CNS [57] refinement package.

Weighting and Judging Progress of Refinement The model restraint terms
and the X-ray diffraction terms of the refinement error function both act upon
the fundamental parameters of the model (xyz, B, occupancy). An overall
weighting factor balances the contributions of these opposing aspects of the
error function. Each restraint term is also given a weight that can be adjusted
to give the desired final root mean square (rms) deviations from the ideal
(library) values. For example, in least-squares refinement the error function
with geometric restraints can be represented as:

(10.24)

and so on for all restraint terms
Proper choice of weights is essential for obtaining the best fit to the observed
data while maintaining a chemically and physically reasonable model. The
agreement between the model and the observed data is judged by the 
residual or Rfactor defined as:
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The Rfactor gives a normalized sum-error between the observed and calcu-
lated structure factors and is often expressed as a percentage. As the model
comes to give a better representation of the observed data, k|Fc| will approach
the value of |Fo| and the numerator in Eq. (10.25) will decrease. Thus the
overall Rfactor will decrease as refinement progresses. The Rfactor is the most com-
monly sited metric of correctness of fit for refinement, but many others includ-
ing correlation coefficients, figures of merit, s(A), and some variants of the
Rfactor are also often calculated and output by refinement software. Both least-
squares and maximum-likelihood methods allow estimations of the standard
uncertainties of the xyz coordinates, occupancies, and B factors. Lower stan-
dard uncertainties should correlate with improvements in Rfactor and the other
metrics. All refinement programs will output a list of rms deviations from 
ideality for all restraint terms. These data are a crucial guide for achieving a
properly refined model and for judging the overall X-ray vs. geometry weight.
In addition to the overall statistics for restraints, refinement programs will 
also list specific bonds, angles, torsions, and the like that deviate significantly
(greater than three standard deviations at least) from the ideal values. These
outliers often indicate regions of the model that require further interactive
adjustment before refinement will converge.

In addition to judging the progress of refinement toward the best-fit model
for the data, the refinement results must be used to gauge the appropriateness
of the parameterization of the model. If the observation/parameter ratio is
low, it is possible to overfit the model and produce a refined structure that
appears to fit the data much better than it actually does. This is analogous to
fitting a two-exponential decay with a three-exponential equation: The fit
might very well be better, but the model parameters obtained will not repre-
sent the true nature of the data. An obvious case of this problem would be
refinement with anisotropic B factors against data to no better than about 
2.5Å. The extra parameters will allow an apparent better fit to the data, but
they will not represent true individual atom anisotropic thermal motion
because it is not properly represented in the data.

In most cases the choice of model parameterization requires more subtle
judgment, especially for restraints and weights. The free Rfactor (Rfree) was intro-
duced as a means of validating the choice of model parameterization. Rfree is
a standard Rfactor, but it is calculated against a small subset of the data (5 to 10
percent) that is set aside and not used in model refinement. The agreement
between these data and the model, therefore, provides an unbiased gauge of
the appropriateness of the model parameterization. If the model parameters
are appropriate, the Rfactor and Rfree will both decrease as refinement progresses
and the agreement between the model and the working data is improved. If
the data are being overfit the Rfree remains static or increases even though the
Rfactor continues to decrease. The standard Rfree is a limited application of the
notion of the jackknife test in which data are binned randomly and the model
fit many times. Each time the model is fit with a different bin omitted and the
result tested for agreement against the omitted data. This prevents the inter-
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pretation of the refinement being skewed by an unfortunate initial choice of
test data for Rfree calculations.

Analysis and Preparation of Structural Models

No refined crystallographic model is without errors and even the best refined
model is unlikely to be an ideal starting place for computational work without
some further modification. A number of protein structure validation software
packages are available (ProCheck, WhatIf) to assist in locating and annotat-
ing errors. A first step is to make certain that the model represents the
expected sequence. It is not uncommon to encounter residues in the model
(commonly surface-exposed residues such as lysine, arginine, glutamate, and
glutamine) that are represented as alanine because the side chains could not
be distinguished in the electron density maps. In other cases, the residue 
might be represented with the proper name but have missing atoms. In high-
resolution structures some residues might be modeled in several alternative
conformations. For most computational modeling only one of the conforma-
tions can be chosen. Last but not least, inverted chiral centers must be iden-
tified and corrected. Some of this information could be included in the header
of a standard PDB file. In addition, a PDB file typically represents the con-
tents of the asymmetric unit of the crystal. In some cases the biologically rel-
evant molecule could be only part of the asymmetric unit or it could span
several asymmetric units. If the biologically relevant molecule does span more
than one asymmetric unit, then the appropriate matrices for generating the
complete molecule are most often included in the header of the PDB file.

Primary literature reporting protein X-ray crystal structures usually include
a table, often called Table 1, summarizing the X-ray diffraction data. Results
for the structural model refinement are also sometimes included in this table.
A typical Table 1 is shown on page 433.

Geometric refinement statistics are a good indication of the overall quality
of the model, but they can also mask specific instances of significant deviation
from reasonable values. Geometric outliers (bonds, angles, dihedrals, and
planes that deviate significantly from ideal values) are the first indication of
problem areas of the structure. Any restraint that differs by more than 10 s
from that of the ideal value should be examined. A second crucial indicator
of appropriate geometry is the Ramachandran plot [67]. The Ramachandram
plot is a plot of the j (C—N—Ca—C) and y (N—Ca—C—N) torsion angles
of the peptide chain for each residue in the model. Each type of regular sec-
ondary structure has characteristic peptide chain geometry that corresponds
to a particular region of the Ramachandran plot. In addition, steric hindrance
restricts the peptide torsions to certain regions of the Ramachandran plot.
When peptide torsions are observed outside of these regions, it is a clear indi-
cation of a problem in the model. One of the most common problems is a
peptide flip in which the carbonyl function of the peptide chain should be
pointed roughly in the opposite direction from its orientation in the model.
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Correcting the error and briefly refining or regularizing the model should bring
the torsions back into the allowed regions. It should be noted that one rare
but real feature of protein structure called the g turn [68] can place residues
into an apparenlty strongly disallowed region of the Ramachandran plot 
(j = ~75°, y = ~-60°). Cis-peptides, almost always prolines, also have a 
distinctive signature in a Ramachandran plot. Prolines are particularly 
restricted due to the covalent bond between N and Cd, while glycine, due to
its lack of a side chain, has almost no restrictions on its peptide torsions.

In preparation for computational work particular attention should be paid
to the protonation state and hydrogen bonding interactions in the model. The
precise side-chain rotamers of histidine, glutamine, asparagine, and arginine
residues define their hydrogen possibilities. However, the correct rotamers are
not always clear in the electron density maps, and often there is not a great deal
of attention paid to the appropriateness of possible hydrogen bonding interac-
tions during refinement. In many cases the correct arrangement is not clear or
several possible arrangements seem likely, and a best guess must be made.

Crystallography–Drug Discovery Interface

Protein crystal structures provide essential information for docking algo-
rithms, ligand-growing algorithms, and for generation of structure-based phar-
macophore models. Analysis of protein structure models could also reveal
novel or unexpected binding sites (or even accessory pockets to expected
binding sites) that might not be exploited by conventional SAR. This infor-
mation could then be used to guide synthesis of new inhibitors that take full
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advantage of the potential for favorable interactions with the target protein.
Many algorithms have been developed for active site and potential binding
site identification based on electrostatic, hydrogen bonding, and hydrophobic
interaction potentials. Other algorithms analyze surface topology for grooves
and clefts that could accommodate small-molecule ligands of certain shapes.

X-ray crystallography is the only experimental technique that provides
detailed knowledge of the structure of ligand binding sites in proteins. Knowl-
edge of binding site structure opens the door to physical interpretation of
structure–activity relationships among inhibitor compounds, and so it is an
invaluable aid in drug discovery and design. The greatest value in crystallog-
raphy comes from crystal structures of actual protein–ligand complexes. These
crystal structures reveal the precise binding mode of compounds or even entire
classes of compounds as well as revealing consequent conformational changes
in the protein. In many cases the ligand-bound conformation of the protein is
a much more useful target for computational drug design techniques than is
the unbound conformation. Docking and ligand-growing algorithms, scoring
functions, and molecular mechanics calculations are most often exquisitely
sensitive to small changes in atomic coordinates of the binding site, as are real
molecular interactions. Thus unbound conformations, homology models
(unless derived from very highly homologous crystal structures), and other
theoretical models of active sites are generally of less value in detailed com-
putational modeling because they do not precisely represent the active site
structure to which the ligands actually bind. Approximate models of binding
sites can be of use in the generation of structure-based pharmacophore
models, but the detailed structure of the actual ligand binding site is certainly
more appropriate in most cases.

10.6 EXAMPLES FOR THE USE OF X-RAY CRYSTALLOGRAPHY
IN DRUG DISCOVERY

Structure-based drug design is an integral tool in lead optimization of drug
discovery programs in all major drug companies. In most cases the structure
of the target protein with and without small molecules is investigated with 
X-ray crystallographic techniques, while nuclear magnetic resonance (NMR)
techniques are frequently used to determine specific interactions of small mol-
ecules with their target molecules. The recent technical improvements seen in
many areas of X-ray crystallography allow researchers to determine crystal-
lographic structures of their target protein in complex with a new ligand within
hours to days at moderate cost. This capability helps accelerating the work
cycle of lead optimization, where new leads are synthesized and precise inter-
actions on the atom level are being determined, to time scales of less than a
single week. The work flow of structure-based drug design including target
structure based in silico screening and lead optimization is lined out in Figure
10.22. In recent years fundamentally new applications such as crystallographic
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Structure-based drug design

Choose drug target

Obtain pure preparation of target in solution

Determine structure by crystallography or NMR

Analyze structure to determine possible inhibitor
binding sites

Dock and score compounds from database against
target’s selected sites

Analyze ranked list of scored compounds and
optimize top pick for binding and selectivity

Purchase or synthesize lead and test for binding in
biochemical assays

Is lead a micromolar
inhibitor in solution?

Determine structure of target and lead using NMR
or XRC

Analyze structure of target and lead for interactions

Is lead a nM inhibitor?

Yes

Yes

Make lead bioavailable and test for potency

Clinical trials

Commercial drug

No

Homology modeling; use
known similar structure and
modify sequence for desired

target
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Analyze and
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No

Yes
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Modify and
optimize lead

in silico
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Figure 10.22 Schematic work flow of structure-based drug design. (Figure taken from
Anderson [4].)
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screening have been developed that apply X-ray crystallography as a versatile
and instructive tool at different stages of the drug discovery process. Thus,
X-ray crystallography can be applied, with different intentions, throughout 
the entire lead discovery and optimization process. The impact of structure-
guided drug design on clinical agents is well documented [69, 70]. The follow-
ing examples document the use of X-ray crystallography from its “classic”
application in lead optimization to various specific applications in drug 
discovery (Fig. 10.1).

Lead Optimization—Structure-Based Drug Design

The process of incrementally changing a compound based on the analysis of
its three-dimensional protein–drug complex is generally referred to as 
structure-based drug design (SBDD) [71]. The SBDD process is usually orga-
nized in a circular work flow (Fig. 10.22) and often driven by a collaboration
of several groups within an organization that are proficient in several research
disciplines. At least two groups are required, one responsible for chemical 
synthesis and the other for X-ray crystallographic analysis. Often additional
researchers in biology, pharmacology, and modeling are involved. They sup-
plement a drug discovery effort with testing of efficacy and toxicity of newly
designed and synthesized compounds. The SBDD cycle often starts with a lead
compound originating from a natural product source or one that has been
identified by screening real or virtual compound libraries. A structure of the
protein target in complex with the lead compound initiates the SBDD cycle.
Chemical modifications are proposed based on the analysis of this structure,
and new compounds are synthesized from such chemical hypotheses. The most
important design factors are (a) a perfect complementary geometric fit of the
ligand with that of the binding site, (b) low-energy conformations of ligand
and protein, (c) complementary electrostatic potentials, (d) the formation of
ionic or hydrogen bonds between functional groups, and (e) maximization of
the hydrophobic contact area at the ligand–target interface. Since the binding
of a small molecule to a protein surface is a complex phenomenon, specific
predictions of the effect of certain changes of the ligand molecule are fraught
with uncertainty. Generally, affinities increase with an increase of the
hydrophobic interface. The free energy contribution of H bonds pays tribute
to the balance of solvation energies and that of the formed or broken H bond.
Even seemingly small alterations of single-ligand functionalities may have
unexpected consequences. Therefore, newly synthesized compounds need to
be tested for efficacy and toxicity, and new ligand–target complex structures
need to be determined. A thorough analysis of these results stimulates a new
round of SBDD. Generally, computer-aided design is lead by the need to opti-
mize or maintain protein binding as well as enhance efficacy and decrease tox-
icity or other undesirable effects. Eventually new compounds are synthesized
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and the SBDD cycle is repeated until an acceptable compound is discovered
or the project is canceled.

Arguably the first marketed drug whose generation was significantly
impacted by X-ray crystallography is the angiotensin-converting enzyme
(ACE) inhibitor Captopril from Bristol Myers Squibb. Curiously though,
structures of the actual target apo-ACE or those of ACE in complex with
inhibitors were not available. Instead, in the 1970s investigators used the X-
ray crystallographic structure of the closely related zinc protease bovine car-
boxypeptidase A in complex with benzylsuccinate to create a homology model
of ACE. Using this homology model and the structure of the inhibitor complex
investigators rationalized the synthesis of new drug compounds, eventually
creating Captopril (Fig. 10.23), a highly selective compound with tight binding
affinity and low side effects. Captopril was approved by the Food and Drug
Administration (FDA) and marketed in 1981. Today, Captopril has undergone
the usual lifecycle of approved drugs and is available as a generic.

The first successful drug to reach clinical use that was based on an SBDD
development cycle is claimed by Merck Pharmaceuticals. Trusopt (generic dor-
zolamide) is an inhibitor of carbonic anhydrase II. The discovery of Trusopt
was stimulated by X-ray crystallographic structures of carbonic anhydrase II
in complex with acetazolamide and other sulfonamides. Rational design orig-
inating from the zolamide scaffold assisted in the discovery of inhibitor com-
pounds with activities increased by three orders of magnitude (Fig. 10.24).
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HIV Protease Inhibitors The most profound impact that X-ray crystallog-
raphy has had on current clinical practice and public health was the discovery
of the human immune virus (HIV) protease inhibitors. HIV protease is a
crucial enzyme important for replication of HIV. The HIV protease processes
two of the three gene products of HIV into active enzymes and is required for
viral reproduction. Inhibition of the enzyme can prevent HIV replication.
Pharmaceutical companies had a strong background in the development of
protease inhibitors, as many therapeutic targets are also proteases. The first X-
ray crystallographic structure of HIV protease was published in 1989 and,
within 8 years four separate compounds from four different companies, each
developed using SBDD, were approved by the FDA for HIV treatment. The
convergence of several unique circumstances aided this remarkable achieve-
ment: The expertise in pharmaceutical companies working on aspartyl pro-
teases coupled with an intense public interest and generous financial support
by the U.S. government provided the extraordinary context. Crucially, HIV
protease is an enzyme amenable to facile co-crystallization with drug com-
pounds, and the availability of appropriate structural information at a timely
point in several drug discovery projects allowed a concentrated SBDD focus.

438 PROTEIN X-RAY CRYSTALLOGRAPHY IN DRUG DISCOVERY

S
NH2

O O

Ki  = 300 nM H3C N
H

S S
NH2

O N N

O O

S S

HN

CH3

S
NH2

O O

S S
NH2

O O

O O
H3C

Acetazolamide Dorzolamide
Ki ¢ = 0.37 nM

Figure 10.24 Carbonic anhydrase II inhibitors. Structures of carbonic anydrase in
complex with moderately active compounds led to the discovery of the highly active
compound dorzolamide.

�
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The discovery path of Mozenavir, an HIV protease inhibitor, nicely illus-
trates the SBDD process. Dupont began its HIV protease investigation using
a pharmacophore hypothesis based on the X-ray crystallographic structure 
of the apo-enzyme HIV protease. This pharmacophore consisted of two
lipophilic groups separated by 8.5 to 12Å and coupled with one hydrogen
bond donor/acceptors at a distance of 3.5 to 6.5Å (Fig. 10.25). Extensive
searches of the Cambridge Structural Database, composed of three-
dimensional structures of small-molecule compounds, revealed a potential
lead compound. The initial lead was pseudosymmetrical, with the two ends of
the molecule being virtual mirror images of each other. This property was sig-
nificant because it was known that HIV protease functions as an obligatory
dimer. From the crystal structure it was known that the interface of the two
proteins is composed of identical residues from each protease molecule, sug-
gesting that inhibitor compounds may contain symmetrical moieties. Co-
crystal structures with initial lead compounds revealed an important feature
of the potential inhibitor binding site. One crucial observation was the real-
ization that the methoxy groups of compound 7 (Fig. 10.25) could replace an
ordered water molecule. Different scaffold compounds were then chosen to
add methoxy- as well as other functional groups. Iterative SBDD cycles con-
tinued until several molecules were identified that had nanomolar affinities
and favorable pharmacokinetic properties. Clinical development of the final
compound, DMP450 (Mozenavir) was turned over to Triangle Pharmaceuti-
cals and stopped in 2002 due to Mozenavir’s side effects [70].

Protein Kinases Protein kinases are therapeutic targets for a variety of dis-
eases. More than 500 kinases have been identified in the human genome, they
are enzymes dependent on adenosine 5¢-triphosphate (ATP) that phosphory-
late other proteins. Most kinases act in cell-signaling pathways, phosphorylat-
ing other signaling proteins whose activity is then either turned on or turned
off as a result of the attached negatively charged phosphate group. The cat-
alytic domains of most kinases are structurally conserved; however, their
mechanisms of regulation are distinctly different. The catalytic domains are
composed of a bi-lobed structure consisting of a helical domain and a b-strand
domain (Fig. 10.26). ATP is bound at the interface of the two domains, and
this binding site has been deemed an attractive site for designing ATP com-
petitive inhibitors that block ATP binding, thus preventing phosphorylation.
Unfortunately, the ATP binding site is highly conserved in most kinases, thus
rational design faces serious challenges in creating inhibitors selective for a
specific kinase with little inhibition of other closely related kinases. SBDD of
kinase inhibitors is popular because of the low experimental barriers. Con-
served and unique residues can be identified in the inhibitor binding site and
rational design attempts to maximize interactions with unique residues in the
inhibitor binding site while minimizing interactions with conserved residues.
The underlying hypothesis is that specificity can be created as interactions with
the inhibitor are increased with residues specific for the kinase in question
while cross-reactivity decreases for other kinases.
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Antistructures

As discussed, the main applications of X-ray crystallography in drug discov-
ery and optimization projects are based on the analysis of the target and 
the interactions of targets with their ligands. The design efforts are aimed at
strengthening the resulting complexes. The opposite approach, however, weak-
ening the interaction of drug leads with some proteins may be used to one’s
advantage. The interacting proteins are not the actual targets but those that
cause detrimental effects in drug efficacy. Such proteins are sometimes called
antitargets and may be related enzymes with similar substrate binding pockets
but with very different function, such as kinases or phosphatases.

Generally, weak binding of small-molecule drugs to serum albumin and
detoxification proteins such as cytochrome P450 is a desired property. P450
enzymes are involved in the oxidative metabolization of most drugs and are
often the source of drug-related side effects or their toxicity. Several P450
structures are available [73] and may be used for in silico docking studies and
the published crystallization methods may be used to grow crystals for soaking
or co-crystallization studies. The goal of such projects is to increase lead effi-
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cacy by defining lead modifications that weaken the interaction with anti-
target proteins while maintaining the affinity to the target protein. It would
be highly desirable to extend further this negative template design, that is, by
including membrane-bound drug transporters, to modulate, based on molecu-
lar structural insight, the critical processes of absorption, distribution, metab-
olism, excretion, and toxicity. These possible applications clearly demonstrate
that X-ray crystallography is headed toward effecting later stage discovery and
early stage drug development projects.

Human serum albumins consist of three domains with six rather promiscu-
ous ligand binding sites. Many drug leads bind to this protein causing a serious
problem for lead discovery. In an instructive example, the feasibility of its
“design away” approach was demonstrated for diflunisal, a nonsteroidal anti-
inflammatory cyclooxygenase inhibitor. Note that 99 percent of diflunisal in
serum is unavailable to the target due to binding to human serum albumin.
This requires high doses of up to 250mg diflunisal to be administered, causing
gastrointestinal irritation as a serious side effect. In a structure-based drug
design effort diflunisal analogs were synthesized that were deemed to bind less
efficiently to HSA-III (a human serum albumin subdomain). Several com-
pounds were generated that exhibited more than 100-fold reduced binding to
HSA-III (with only 10-fold reduction in affinity for full-length albumin). Sig-
nificantly, several of these compounds maintained their activity against the
actual target, cyclooxygenase-2 [74].

Protein Therapeutics

Protein therapeutics such as EPO and insulin are the hallmark of this fast-
growing class of drugs. Hardly any new optimization program excludes the use
of X-ray crystallography. Based on natural products, protein therapeutics are
directly amenable to X-ray crystallographic investigation and subsequent
redesign. Classes of protein or peptide therapeutics are monoclonal antibod-
ies, cytokines, enzymes, and viral fusion inhibitors. In a landmark study Ewert
et al. [75] used X-ray crystallographic structure-based antibody engineering to
aid in the identification of residues that improve unsatisfactory antibody prop-
erties [75]. In a different case, an HIV entry inhibitor was designed based on
CD4. The 27-amino-acid CD4 mimic interacted with gp120 and is bound to
HIV particles with CD4-like affinity. This mini-CD4 is a prototype HIV-1
inhibitor and a potential component for vaccine formulations [76].

In silico Screening Based on Crystallographic Structural Models

X-ray crystallographic structures of proteins may be used to preselect a small
number of compounds from compound libraries. Different types of computer-
based algorithms such as docking [77] may be employed to predict the for-
mation of ligand–protein complexes with single compounds or with entire
compound libraries (“virtual screening” or “in silico screening”). This compu-
tational approach is particularly advantageous for targets where target struc-
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tural information is readily available at no cost (i.e., in the public domain). A
side-by-side comparison of assay-based high-throughput screening (HTS) with
such virtual screening on the same target protein has been described by
Doman et al. [5]. Numerous structures of PTP1B (tyrosine phosphatase 1 B),
a diabetes type II drug target, are available from the Protein Data Bank. Mol-
ecular docking of ca. 235,000 compounds into the closed, ligand-removed
structure of PTP1B yielded 365 high-scoring candidates that were tested for
inhibition in enzyme-based assays. Of these candidates 34.8 percent inhibited
PTP1B with IC50 values below 100 mM, representing an enrichment of 1700-
fold (as compared to random screening). Conventional high-throughput
screening on the other hand, yielded only 85 hits with IC50 values below 
100mM out of 400,000 tested molecules (corresponding to a 0.021 percent hit
rate). Interestingly, the hit lists were rather different and the hits generated by
molecular docking appeared more druglike than the HTS hits, suggesting that
the two screening techniques may be used in a complementary way. Indeed,
the integration of virtual and high-throughput screening is judged to be a
promising approach in modern lead discovery projects [78].

Crystallographic Screening

X-ray crystallographic screening is a modern combination of lead identifica-
tion, immediate X-ray crystallographic structural evaluation, and subsequent
lead optimization on crystals that are soaked with ligand mixtures. Ingeniously,
the binding capability of some proteins in crystals is employed to “fish” and
present tight binders. Those ligands with the highest affinity are identified and
selected for further rounds of optimiziation [79]. Compared to conventional
high-throughput screening, crystallographic screening (a) yields hits with
activities in the mM to 30 mM range, (b) yields hits with evidently defined
binding interactions, and (c) involves only minimal hit-to-lead synthetic chem-
istry efforts because follow-up libraries can be focused using detailed infor-
mation from the crystal structure. Nienaber et al. [1] demonstrated that
crystallographic screening can be performed in a rapid, efficient, and high-
throughput fashion. They established the utility of the iterative process by 
discovering 8-aminopyrimidyl-2-aminoquinoline, a new class of anticancer
urokinase inhibitors (Fig. 10.27). Initially, 61 compounds were divided into 9
separate mixtures with 6 to 8 compounds each. Care was taken to distribute
into a particular cocktail those compounds that had the greatest degree of
structural diversity in order to facilitate subsequent ligand identification based
on the shape of Fo-Fc electron density maps. Nine urokinase crystals were
soaked with individual cocktails, X-ray diffraction data was generated, and the
resulting electron density maps were inspected. They showed the shape and
orientation of compounds (Fig. 10.27 a). In one case two binders were present.
Here, the removal of the prominent compound and resoaking allowed to iden-
tify the electron density of the second ligand. In the subsequent lead opti-
mization step previous structure–activity relation ship (SAR) data was
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included and lead to the development of 8-aminopyrimidyl-2-aminoquinoline,
a ligand with a ca. 100-fold increased inhibitor potency (Ki = 0.37 mM) and a
38 percent oral availability, as determined by in vivo pharmacokinetic tests.
This type of process is capable of identifying weaker binding ligands (1mM)
and is applicable where apo-crystals are available and tolerate soaking. Crys-
tallographic screening may also be used to facilitate the validation of new
targets, the development of assays and assist in assigning biochemical function
to orphan targets.

Crystallographic Fragment Screening

A variation of this theme is crystallographic fragment screening. Here crystals
are soaked with cocktails that contain small druglike fragments rather than
complete leadlike compounds. Once several fragments are identified crystal-
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Figure 10.27 Urokinase lead identification via crystallographic screening and opti-
mization [1]. (a) Initial Fo–Fc electron density maps for ligands that were identified
from compound cocktail-soaked urokinase crystals. (b) Crystal structures of 8-
aminopyrimidyl-2-naphtamidine (orange) and a 2-aminoquinoline lead (blue).
(c) Structure and 2Fo–Fc electron density map for the optimized lead compound 
8-aminopyrimidyl-2-aminoquinoline. (This figure is available in full color at
ftp://ftp.wiley.com/public/sci_tech_med/drug_discovery/.)



lographically, they can be developed into new lead compounds (Fig. 10.28).
Curiously, low-affinity small fragments that bind adjacent binding pockets can
be joined and result in a larger molecule with increased affinity. Typically frag-
ment libraries consisting of only a few hundred to a thousand compounds are
screened. Crystallographic fragment screening is a new and promising tech-
nology employed by several biotechnology companies; however, specific
examples for drug discovery have not yet been published in the scientific 
literature.

Rees et al.[81] discuss 25 examples for the successful application of the frag-
ment-based lead discovery approach, some of them aided by crystallographic
screening. They also formulate a “Rule of three” in which the average frag-
ment is characterized as (a) having a mass of less than 300Da, (b) having less
than or equal to 3 hydrogen bond donors, (c) having less than or equal to 3
hydrogen bond acceptors, and (d) having a c log P of 3. In addition, the number
of rotatable bonds was on average less than or equal to 3 and the polar surface
area was about 60Å2.

Site-Directed Leads via Fragment Tethering

An additional layer of complexity is added by generating site-directed leads
via fragment tethering ([2]; Fig. 10.29). In a first step target proteins are cova-
lently modified at a particular site on the surface. Mass-spectrometric detec-
tion allows the identification of weakly binding ligand precursors. In a second
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Figure 10.28 Schematic crystallographic fragment screening. Once fragments are
identified (a, b) they can be joined (c) resulting in a leadlike compound or fragments
may be developed along the lines of conventional structure-based drug design. (Figure
taken from Blundell et al., 2002 [80].) (This figure is available in full color at
ftp://ftp.wiley.com/public/sci_tech_med/drug_discovery/.)



step X-ray crystallography provides the tool to observe the interaction of the
precursor with the protein and helps directing the chemical synthesis of fused
analogs with potentiated affinity. This strategy was used to generate a potent
inhibitor for the anticancer target thymidylate synthase [3]. Although thymidi-
late synthase contains an active site cystein, this reactive group can be intro-
duced by surface mutatenesis (native amino acid to Cys). A library of 1200
disulfide-containing compounds was screened in pools of up to 100 com-
pounds. Several disulfide adducts were detected by mass spectrometry. One
of the selected compounds was investigated further: The inhibition constant
Ki of the tether-free analog N-tosyl-d-proline was 1.1mM. Subsequent crys-
tallographic structure determination of the tymidilate synthase adduct and
lead optimization improved the affinity over 3000-fold. This approach has
been refined to extended tethereing where the first identified tethered com-
pound serves as an anchor for the next fragment [82]. The tethering approach
enables the nucleation of drug design efforts at specific sites on protein 
surfaces.

Structural Genomics

Current genome-wide structural genomics programs aim to determine repre-
sentative structures for all proteins. The goal is to infer biological function
from similar structures of known function [83]. Once representative structures
are obtained, structural homology models of all members of each protein
family can be built using these templates. This information is useful in select-
ing and classifying drug targets because the crystallographic structure holds
information regarding protein function. The assignment of function by com-
parison on DNA (deoxyribonucleic acid) level fails for some proteins that
have different sequence but similar fold. Furthermore, structures of proteins
with bound natural ligands may expose their mechanism of action and allow
researchers to act on this insight. In a proof-of-principle experiment 

446 PROTEIN X-RAY CRYSTALLOGRAPHY IN DRUG DISCOVERY

Introduce
Cysteine Residue

SH

Screen Against Library
of Disulfide-Containing
Small Molecules

Remove Disulfide
from Selected
Molecule

R

S
S R

S

SS

SR

S
S

Figure 10.29 Schematic illustration of the fragment tethering approach.



Zarembinski et al. [84] demonstrated that the function of a gene can indeed
be assigned by X-ray crystallographic structure determination. They reported
the 1.7-Å resolution structure of MJ0577, a protein form the hyperthermophile
Methanococcus jannaschii. Unexpectedly, a bound ATP molecule was identi-
fied from the electron density map. Therefore, the protein was deduced to
work as an ATPase or an ATP-mediated molecular switch. The latter function
was confirmed by subsequent biochemical experiments. Similarly, a thymidi-
late synthase complementing protein was discovered from a structural
genomics project by structure-based functional analysis, leading to its classifi-
cation as an antibacterial drug target [85].

At first sight, this approach may seem to be a digression, but it addresses a
grave problem in protein X-ray crystallography on new targets: There is no
guarantee for obtaining a structural result. Current success rates for generat-
ing structures of novel protein targets are below 50 percent. However, once
the scope of targets is increased, for example, including homologous proteins
from various organisms, the probability of successful generation of X-ray crys-
tallographic structures increases dramatically.

The number of potential drug targets has increased from about 500 in the
mid-1990s to several thousand possible targets these days. It is the goal of
structural genomics programs to provide structures of these new drug targets,
even those of not yet identified targets or those proteins that may be used in
the future for expedient homology model-building purposes once homologous
proteins have been identified as useful drug targets. The formation of the
Structural Genomics Consortium and its financial support by Glaxo-Smith-
Kline pays tribute to the value of this approach. That consortium’s goal is to
determine 350 X-ray crystallographic structures of proteins directly related to
human health, including proteins associated with cancer, neurological, and
infectious diseases, within 3 years, starting from 2003.

The abundance of protein structural information has fueled large-scale
bioinformatics approaches, aiding the drug discovery process at many stages.
One particular application could be the improvement of the final drug product
profile by systematic biasing drug lead optimization away from all known
structures by treating their entirety as antitargets.

10.7 LIMITATIONS AND CHALLENGES OF X-RAY
CRYSTALLOGRAPHY IN THE DRUG DISCOVERY PROCESS

Despite the outstanding track record of X-ray crystallography as an excellent
tool for drug discovery purpose, its use has several limitations. The most
serious ones result from (a) problems arising from protein flexibility, (b) short-
comings in computational methods to use structural information for the
proper quantification of the energetics of protein–ligand interactions, and (c)
difficulties in applying the crystallographic method to challenging targets such
as membrane proteins.
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Proteins are not as rigid as their visual representations in models suggest.
Both proteins and small molecules are indeed flexible entities with thermal
fluctuations, including bond vibrations in the picosecond range to slower
nanosecond range side-chain rotations to very slow conformational changes
that take place in time frames of micro to milliseconds. The amplitudes of the
corresponding positional fluctuations are significantly large to affect ligand
binding. Conversely, X-ray crystallographic structure describes protein struc-
tures as static, based on an apparent ensemble average at 100K. The positional
variations of atoms due to flexibility and crystal packing effects in standard
resolution structures (1.5-to 3-Å resolution) is usually described by a single
parameter, the B factor, the latter of which being a weak predictor of 
structural flexibility. Only few ultra-high-resolution structures of small 
proteins have allowed resolving alternative side-chain occupancies and
anisotropic B-factor refinement [86] (Fig. 10.30).

The current standard, using a single model to describe instrinsically het-
erogenous proteins, is an oversimplification that may lead to inaccurate models
(Fig. 10.31). This shortcoming may be resolved by generating and refining an
ensemble for alternative structures [87]. For interleukin 1b such models dif-
fered by as much as 1Å between models.

There are numerous examples that demonstrate that the protein structure
of a ligand bound form differs significantly from that of the ligand-free form
or to that bound to a different ligand [88]. Apparently the ligand selects and
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Figure 10.30 Elipsoidal representation of atom positions in a loop region in a serine
protease depicting, for example, the high flexibility of the amide group of Asn-60 with
respect to backbone atoms. Anisotropic displacement parameters can be calculated
from atomic resolution data giving an impression of the amplitude and the direction
of the mean displacement. (Figure taken from Schneider [86].)



stabilizes a particular conformational state of the pool of many low-energy
states that proteins can exist in at thermal equilibrium. In the process of SBDD
this causes a high degree of unpredictability, making the method less useful.
However, some proteins are less flexible, and their conformation hardly
changes when ligands bind. These are the targets that are particularly suscep-
tible to conventional SBDD efforts. There are only a few solutions to this fun-
damental predicament [89], notably the computationally intensive approach
to treat the protein as a flexible entity and the tethering discovery approach.
Understanding this limitation, however, may serve as the best antidote against
the overuse of this tool.

Sanders et al. [90] point out a serious shortcoming of crystallographic
screening. They described the discovery of competitive inhibitors for dihy-
droneopterin aldolase via crystallographic screening and demonstrated that
several compounds with IC50 around 1mM were negative in crystal soaking
experiments. Apparently the conformational shift associated with the binding
of these missed compounds did not allow association to the protein in the pre-
formed crystal.

The deficiencies of current computational methods to properly quantify the
interactions of proteins with ligands is one of the consequences of molecular
flexibility. But even more fundamentally, our current understanding of the
energetics of ligand–protein interaction and hence their proper quantification
by scoring functions is limited [91]. A weak point remains, for instance, in the
description of entropic terms for binding interactions, although progress is
being made and an energetic penalty of 10 to 30 kcal/mol is estimated for
protein reorganization due to binding [92].
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2.3 Å resolution X-ray diffraction data, and refined to similar levels. (Image taken from
DePristo et al. [87].) (This figure is available in full color at ftp://ftp.wiley.com/
public/sci_tech_med/drug_discovery/.)



Finally, due to major technical bottlenecks X-ray crystallography cannot be
applied to all drug discovery programs. The reason for this is the high uncer-
tainty involved in obtaining any useful results with a given allocation of
resources. The uncertainty is caused by the many risk-fraught steps involved
in the crystallographic endeavor. Modern high-throughput crystallographic
technologies seek to reduce this risk and have in some cases provided de novo
structural information within less than 2 months at reasonable cost. This is not
a given, though, since the outcome of a particular X-ray crystallographic
project is unpredictable. This weakness reduces the applicability of X-ray crys-
tallography to about half of all discovery projects in major pharmaceutical
companies.

At the time of this writing, almost 30,000 protein structures were available
from the PDB, an impressive record of the methodology’s performance and
significance. However, many structures for the presently ca. 500 proteins tar-
geted by current drugs are not available because they have not been crystal-
lized and their crystallographic structures have not been determined. This is
particularly bothersome for membrane proteins, the latter of which represent
half of the proteins that are targeted by today’s marketed drugs [19]. Some 45
percent of molecular targets of known drugs are G-protein-coupled receptors
(GPCR), proteins that have been notoriously difficult to deal with in the stages
of overexpression, purification, and crystallization. Indeed, to date only one
structure of such a protein has been determined, that of bovine rhodopsin, and
several structures of similar bacterial homologs with seven transmembrane
helices. It is anticipated that committed efforts in crystallographic structure
determination projects can surmount the experimental barriers and yield
structural information of this highly important protein class. The current state
of SBDD on such valuable GPCR targets is reminiscent of the situation in the
early 1970s when homology models based on carboxypeptidase A were suc-
cessfully applied in the “design” of ACE inhibitors. Indeed, the first “virtually”
discovered compound targeting a predicted structure of the serotonin recep-
tor (a GPCR) entered phase 1 trials in 2004 and, Abbott’s drug Atrasentan,
targeting the endothelin-A receptor was optimized with the help of a homol-
ogy model of the endothelin-A receptor (also a GPCR; [93]).
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11.1 INTRODUCTION

The discovery and development of a novel therapeutic agent, whether a small
organic molecule (commonly referred to as novel chemical entity, or NCE) or

457



a macromolecule (such as a natural protein, modified protein, polypeptide, or
oligonucleotide) requires scientific expertise from a number of different dis-
ciplines and an enormous amount of time (at least 5 to 6 years if everything
goes smoothly but more realistically 10 to 12 years) and money (hundreds of
millions of dollars). While humans may be the ultimate test species to ascer-
tain the safety, efficacy, and pharmacokinetics of a potential new therapeutic
agent, research studies conducted during the discovery phase in in vitro
systems and in animal models can determine whether a discovery lead or
group of leads:

1. Has the desired pharmacological profile (i.e., biological activity) for
mediating a human disease process.

2. Has the necessary developability properties (e.g., sufficient aqueous 
solubility for delivery across membranes and metabolic stability or
acceptable metabolism) to be a successful drug candidate.

3. Does not have a toxicity profile that could cause adverse experiences in
humans at pharmacological doses.

At present, the drug discovery process consists of two distinct phases, like the
two faces on a coin. On one side is the drug discovery face where researchers
are charged with quickly finding new leads using protein, enzyme, or other
targets that can be antagonized or agonized to possibly mediate a human
disease or disorder. Some of these targets have been well characterized, but
others have only recently been identified using genomic and proteomic
research results. Compounds previously synthesized, combinatorial chemistry
libraries, and/or newly prepared compounds (now commonly prepared using
a rational drug design paradigm that models the active site of the target with
the chemical structure to obtain a “better fit” and thus greater biological activ-
ity) are tested against the target using a high-throughput system (HTS) that
can evaluate thousands of compounds in a short period of time. The com-
pounds with the highest biological activity are designated hits. These hits are
usually structurally modified and then retested in the HTS pharmacology
screen to identify the pharmacophore (or the part of the chemical structure
responsible for activity) and to determine if the addition or change of other
chemical moieties increases or decreases the biological activity. This process
is termed the structure–activity relationship (SAR) assessment. The modified
hits with the highest biological activity in the in vitro pharmacology screen are
designated leads. In years past, the lead with the highest activity in the screen
was selected as the preclinical drug candidate. However, most of these leads
have limited druglike properties, primarily because the active site of the target
is lipophilic, and thus the most active compounds are also highly lipophilic (a
property that causes limited aqueous solubility that in turn limits the ability
of the compound to be delivered to the active site after administration to
animal models or humans). Thus, most pharmaceutical and biotechnology
firms now conduct some additional studies on these discovery leads.
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On the other side of the coin is the lead optimization or developability
assessment face where researchers conduct studies to determine if the new
leads have the necessary druglike properties to reach the pharmacological site
of action in sufficient concentration and for a sufficient duration to effectively
interact with the in vivo target. These researchers use the expression fail early,
fail often to define their charge of “killing”, or removing from further consid-
eration those discovery leads that do not have the desired characteristics or
attributes for further development. This goal of fail early, fail often should be
reached, whenever possible, before the initiation of clinical trial testing and
preferably even before starting the definitive preclinical studies needed to
support first-in-human clinical studies. Failing during expensive and time-
consuming clinical trials should occur as infrequently as possible, especially
for small biotechnology companies that have limited resources and where a
clinical failure may result in having to close the doors.

Historically, for every 100 compounds screened for toxicity and biological
activity in animal models, only 1 has the necessary pharmacology and safety
profiles for evaluation in humans. Of those compounds tested in humans, only
about 1 in 5 is successfully brought to the marketplace. This poor rate of
success has been attributed to a number of factors, a primary one being that
in vitro systems and animal models are not truly predictive of biological activ-
ity and/or safety in humans. The problem, however, may be that insufficient
time and resources are put into first discovering the lead and then character-
izing the lead or group of leads in pharmacology, drug metabolism, and toxi-
cology models to first select the “optimal” compound (i.e., the lead with the
desired druglike attributes needed for successful development) and then to
critically evaluate the results to ensure that a compound with developability
problems does not enter into preclinical and clinical development until those
demerits are resolved. Instead of a rush from the first sign of biological activ-
ity in an in vitro pharmacology test to clinical trail evaluation, careful design,
conduct, and interpretation of additional pharmacology, pharmacokinetic, and
toxicology evaluations will detect “loser” compounds much earlier. This
“weeding out of losers” will allow precious time and resources to be devoted
to identifying discovery leads with a better chance than 1 in 5 of successfully
completing clinical studies and becoming a marketed therapeutic agent. Being
able to identify the 499 losers of the 500 discovery leads that have a poten-
tially desirable biological activity as early as possible in the development
process will save substantial time and resources.

Thus, one side of the drug discovery coin is to find as many novel leads as
possible, and the other side is to identify the lead with the best chance of
success and to “kill” as many of the other leads as possible. On both sides 
of the coin, researchers rely on various biological and chemical assays to 
evaluate the pharmacological activity and druglike properties of discovery
leads.

This chapter summarizes some of these in vitro and in vivo assays available
to and employed by researchers during the drug discovery and developability
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assessment phases of the discovery and development processes. The informa-
tion presented should help researchers identify what assay systems are avail-
able and how these assay systems might be used to assist in first finding
discovery hits and then in designing experiments to evaluate and optimize dis-
covery leads as they progress through the drug discovery process and before
they enter the preclinical research studies required to support regulatory
agency submissions for first-in-human clinical trials.

11.2 DISCOVERY ASSAYS

The drug discovery process has undergone enormous changes during the past
few years. After years of first synthesizing individual compounds, then purify-
ing and obtaining physical and chemical characterization of the new chemi-
cals, and finally testing the NCEs in in vitro and in vivo pharmacology models
of a particular human disease, the pharmaceutical and biotechnology industry
has embraced rationally designed combinatorial chemistry as a way to gener-
ate large numbers of organic compounds for evaluation. Other sources of com-
pounds for evaluation include previously synthesized compounds, with some
pharmaceutical companies having more than 100,000 unique chemical struc-
tures in their repositories. Using computer models of the active site of a target,
virtual compounds with the appropriate structure to fit into and bind with the
active site can be identified. Once these chemical structures have been deter-
mined, organic chemists synthesize series of compounds around these struc-
tures. These compounds are evaluated first in in vitro and then in in vivo
pharmacological assays.

In Vitro Pharmacology Assays

Existing compounds or rationally designed, combinatorial chemistry-
generated libraries are screened for biological activity, usually in an in vitro
system in which a known biochemical process, which is thought to mimic a
human disease or disorder, is agonized or antagonized. The increased number
of compounds or mixtures of compounds to be tested has required pharma-
cologists to devise novel techniques or assays to screen rapidly for biological
activity. Because the amount of material available from combinatorial chem-
istry syntheses is small (i.e., usually microgram quantities), miniaturization of
the biological assay system is a necessary first requirement. The large number
of compounds makes automation of the assay the second requirement. The
use of first 96-well, then 384-well, and now larger titer plates and robotics to
add the appropriate small amounts of combinatorial chemistry libraries and
reagents, including the material that generates the signal for a positive result,
provides such a system for rapid assessment of biological activity for a large
number of compounds. Those assay wells that elicit a positive or negative
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response, depending on the biological test being conducted, are identified and
if necessary, the compound(s) of interest is isolated and identified.

These in vitro pharmacology assays are commonly disease-target specific
and are designed using one of two primary approaches. The first approach uses
only the target, either isolated from cells or tissues that express the target or
by incorporating the genetic code for the target into a cell system and, after
expression, isolating the target. The target is then combined with known
factors needed for activity and a detection system. These known factors might
be an energy source, such as adenosine triphosphate (ATP), or a coenzyme,
such as nicotinamide-adenine dinucleotide (NAD). Detection systems are
usually target specific and are frequently a known substrate for the target that
is or is not affected in the presence of an “active” discovery compound. The
amount of change in the substrate or generation of the target–substrate
product is a measure of the activity of the discovery compound being tested.
The target may be bound to the titer plate or free in solution. Using robotics,
aliquots of solutions containing the discovery compounds to be evaluated are
added. Usually three or four concentrations, but sometimes more, of each dis-
covery compound are tested. To describe the activity–concentration curves
needed for evaluating and comparing the biological activities of a number of
discovery leads, at least four levels of each compound need to be tested over
a fairly wide concentration range. Since many of these discovery compounds
have only limited aqueous solubility, a common practice is to prepare high-
concentration solutions in dimethyl sulfoxide (DMSO) or another organic
solvent, such as ethanol, and then dilute this solution with an aqueous buffer,
such as phosphate buffered saline (PBS), to obtain the desired concentration
range for testing. Even with this practice, some discovery compounds have
insufficient solubility for effective testing against the target. The advantages
of this approach are that the assay system is relatively simple, stable,
and uniform across titer plates, and thus a large number of discovery com-
pounds can be evaluated and compared in a short period of time. Disadvan-
tages include that the discovery compounds do not have to be delivered (i.e.,
cross one or more membranes) to reach the target and that biotransformation
products (i.e., metabolites) of the discovery compounds are not tested for
activity.

The second approach used for in vitro pharmacology activity screening is
to have the target expressed in a cell system. The “best” cell system would be
the one where the target is expressed in the body and where the discovery
compound will need to be delivered to be pharmacologically effective. This
requires knowledge of where and how the target interacts with other proteins
and systems to control or mediate a biological process, which when not func-
tioning properly leads to a human disease or disorder. For “old” targets (i.e.,
targets that have been used for years for discovering new drugs), this func-
tional knowledge has been mostly defined. However, for “novel” targets (i.e.,
targets that are being discovered through genomic and proteomic efforts), this
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knowledge is still being generated, and many of these novel targets may not
be “drugable,” which means that interaction with the target will not effectively
medicate a disease process or that interaction with the target will cause unde-
sirable effects in tissues or organs that express the target but are not involved
in the disease process. Another approach used for a cell-based in vitro phar-
macology assay is to incorporate the genetic code for the target, and possibly
a detection system, into a cell, such as a bacteria or mammalian cell. The cell
then expresses the target and the ability of discovery leads to interact with the
target can be determined. While this cell-based approach has the advantage
of requiring the discovery compounds to be delivered across at least one mem-
brane, the cell line expressing the target may not be representative of the
disease process to be mediated or contain the other proteins or enzymes
involved with the target. Even so, an in vitro pharmacology assay in a cell
system is considered more “robust” than an assay where the target is “free”
in the assay system. Another advantage of a cell-based system, as will be dis-
cussed later in this chapter, is that information on the potential toxicity of a
discovery compound can also be obtained by evaluating sufficiently high con-
centrations that may produce a toxic event, such as cell death.

Whichever approach is used, the in vitro pharmacology assay needs to be
carefully characterized and, when possible, validated. Characterization
includes determining what cofactors and other reagents are required for the
target to be “active” and where in the body (i.e., which tissues and organs) the
target is expressed. Validation means that agonizing or antagonizing the target
in an in vivo animal model of the disease or, better yet, in humans produces
the desired effect of mediating a disease process or disorder. Most of the newly
defined targets have not yet been fully characterized or validated. However,
many academic and pharmaceutical company laboratories are busy with these
endeavors and will hopefully soon have a number of the novel targets suffi-
ciently characterized so that discovery compounds that interact with these
targets can be further evaluated in animal models of human diseases or dis-
orders or in humans. In any case, those discovery compounds with the desired
biological activity against a target in an in vitro pharmacology assay are des-
ignated hits and are evaluated further.

Analytical Chemistry Assays

Once the initial in vitro pharmacology assay results are available, the hits with
the desired biological activity will be studied more intensively, usually in an in
vivo animal model (discussed below) of the disease indication. Before these
additional pharmacology assays can be conducted, a sufficient quantity of each
discovery hit to be tested further will need to be synthesized, purified, identi-
fied, and characterized. The techniques employed for the synthesis and purifi-
cation of the discovery hits are outside the scope of this chapter on assays;
however, the identification and characterization of the discovery hits requires
the use of analytical chemistry assays. For identification, the assay techniques
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most commonly employed are mass spectrometry (MS) and nuclear magnetic
resonance (NMR) spectroscopy. MS can usually provide molecular weight
(MW) information on the hits, and the MS fragmentation pattern can be used
to determine key structural aspects of the molecules. The MW of the hits con-
firms the elemental composition (i.e., the number of carbons, hydrogens, nitro-
gens, oxygens, and other elements in the chemical structure) of the compounds
that were synthesized. NMR spectra provide information on how the various
moieties within the chemical structure interact, and, along with the MS frag-
mentation pattern, they are used to show that the compounds prepared are
those with the in vitro biological activity. A common problem at this stage of
the discovery process is that the hits being evaluated have poor purity, some-
times 50 percent or less, and thus the biological activity observed may not be
only from the hits but also from pharmacologically active impurities or degra-
dation products. Thus, each of the hits to be considered further should be 
characterized for purity, which requires an analytical chemistry assay that can
separate a hit from impurities and/or degradants and that can detect not only
the hit but also any impurity and/or degradant. Analytical chemistry tech-
niques employed for determining the purity of hits are chromatographic 
assays such as thin-layer chromatography (TLC), high-performance liquid
chromatography (HPLC), and for macromolecule leads, size exclusion chro-
matography and sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS–PAGE). The most common detection system for each of these assays is
ultraviolet (UV) detection at a relatively low wavelength (i.e., 214nm, since
most organic compounds absorb light at this wavelength). Given the chemi-
cal structure of an analyte (i.e., a discovery hit), an experienced analytical
chemist can usually select the appropriate assay method and the initial method
parameter settings. Parameters that will need to be considered include the
chromatographic column type (reversed–phase, normal phase, ion exchange,
size exclusion) and size, the mobile phase and its composition (organic phase,
buffer, and the percentage of each), the elution technique (isocratic or gradi-
ent), and the detection system (UV, refractive index, MS). The discovery lead
is dissolved in the mobile phase and is injected. The chromatogram should
contain one major peak (i.e., the discovery hit) and possibly a number of minor
peaks, which may be impurities from the synthetic procedure. If more than
one major peak is detected, further evaluations are immediately necessary
since the compound of interest may be “contaminated” with another com-
pound or may have partially degraded. Which of these major components has
the desired biological activity will need to be assessed before additional testing
is conducted.

If a discovery hit has one or more chiral centers, a stereospecific analytical
chemistry method with the ability to separate all of the enantiomers will be
necessary. Chiral chromatography or derivatization to form diastereoisomers
(compounds with two asymmetric centers) are techniques commonly used. If
a single enantiomer is being considered for further development, conversion
to the other enantiomer is considered instability with the formed enantiomer
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being a degradation product. If possible, the enantiomers should be separated
(using analytical chemistry techniques) or synthesized and tested in the in vitro
pharmacological assay as soon as possible. If one enantiomer has more bio-
logical active than the other, further studies should be conducted on the “more
active” enantiomer. If the enantiomers have similar biological activity, devel-
opment of a racemic mixture is a possibility. However, regulatory authorities
recommend that the pharmacology, pharmacokinetic, and toxicology profiles
of the enantiomers be separately determined and the results be used to justify
the development of a racemic mixture over a single enantiomer. Thus, evalu-
ations on the enantiomers are needed as early as possible and should start with
the in vitro pharmacology assay.

In Vivo Pharmacology Assays

After a sufficient quantity of the active compounds “discovered” during the in
vitro pharmacology screening process have been prepared and characterized,
additional studies are conducted to more fully evaluate the biological activity
of these hits. An important requirement for this additional testing is having or
developing an animal model, or in vivo pharmacological assay, that correlates
to, or mimics, a disease or disorder in humans. Developing these animal models
can be time consuming and expensive and is often complicated by the fact that
the model may not simulate the disease as manifested in humans. Many impor-
tant human diseases, including psychoses, depression, Alzheimer’s disease,
AIDS (acquired immunodeficient syndrome), and many cancers, do not yet
have predictive animal models. In addition, most targets being discovered
using genomic and proteomic efforts do not yet have an in vivo pharmaco-
logical model.

A necessary first step in the development of an in vivo pharmacological
assay is to determine where in the body [i.e., the organ(s) or tissue(s) or par-
ticular cell types within an organ or tissue] the target is expressed and 
how interaction with the target will mediate the disease process. If a target is
also expressed in organs or tissues that are not associated with the disease 
or disorder, interactions with the target in these organs/tissues may produce
undesirable effects. Thus, targets that are widespread in the body may not 
be as “drugable” as a target that is expressed only in organ/tissue of interest
[i.e., a brain neuron for a central nervous system (CNS) disorder]. Another
important aspect is whether the target is within a cell and, if so, where 
within the cell; has the active site on the cell surface; or is excreted by the cell
and thus is in extracelluar space. Targets that are intercellular may be more
difficult to reach and may be involved in more than one biochemical 
pathway or cascade. Inhibiting or activating such a target may result in the
desired effect but may also adversely affect other processes and thus lead to
undesirable responses. Targets that are on cell surfaces are usually readily
assessable and frequently are involved in a single process, such as providing a
signal for controlling an intercellular reaction or assisting in the transport of
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an ion or biochemical through the cell wall. Targets that are in extracelluar
space are also readily assessable but may have a wider distribution through-
out the body. Information or where and why a target is expressed is 
critical for the successful definition of an animal model of a human disease or
disorder.

After the animal model has been characterized, various dose levels of the
hit(s), identified from screens of combinatorial chemistry libraries or other
sources, are administered to the test species and a dose–response curve is gen-
erated. The most commonly used endpoint is the dose that provides a 50
percent effective dose response (the ED50). Structural analogs of the hit(s) are
frequently synthesized and tested in the same model to generate a family of
curves with varying biological potencies or ED50’s. These structural analogs
may contain the addition or deletion of polar or nonpolar moieties that
enhance or decrease the biological activity of the hit. Structural changes that
enhance the biological activity of a hit are continued until a compound with
the desired pharmacological profile or biological potency is obtained. This hit
is now designated a lead. Frequently, a number of leads, each with a unique
chemical structure, are identified.

At times, companies select the lead with the greatest biological activity in
the in vivo pharmacological assay for further development. However, at this
point in the drug discovery process, many unanswered questions still exist.
Some of these concerns are:

1. Does the animal model used to identify the leads reflect, in most or all
aspects, the disease in humans?

2. Is the delivery or extent of exposure of all the leads similar so that the
generated dose–response curves accurately predict the compound with
the greatest in vivo potency?

3. Are the route and frequency of administration and the formulation used
to dose the pharmacological animal model similar to those proposed 
for preclinical animal safety studies and for human safety and efficacy
evaluations?

4. Do the leads have similar pharmacokinetic and drug metabolism pro-
files so that the durations of exposure to the pharmacologically active
compounds are similar?

5. Do any of the leads produce unacceptable toxicity in organs or physio-
logical systems not involved in the desired pharmacology of the leads?

Before the more formal and definitive preclinical development begins,
attempts should be made to answer as many of these questions as possible.
The following section discusses some of the assays utilized in drug developa-
bility experiments that can be conducted relatively quickly and cheaply to
ascertain whether a lead has the necessary biopharmaceutical, or druglike,
characteristics needed for further development.
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11.3 DEVELOPABILITY ASSAYS

Completed drug discovery research studies indicate that a compound (now
designated a discovery lead) has sufficient in vitro and in vivo biological activ-
ity to mediate a disease process and thus has potential to become a human
therapeutic agent. Is this lead now ready to be transferred from the discovery
area to the preclinical development group? Should additional, nondefinitive
research experiments be conducted to more fully characterize the properties
of the lead? If more studies are considered necessary, what experiments should
be conducted? If additional studies are to be performed, what types of bio-
logical and chemical assays are available to support these efforts?

Frequently, more than one discovery lead has the desired biological activ-
ity in the in vivo pharmacological assay. When that is the case, which of 
these leads should be selected for entry into the more formal preclinical 
drug development process? What criteria, other than biological potency,
should be used for selecting this “optimal” lead from a group of leads? Can a
series of research experiments (i.e., lead optimization studies) be identified for
determining which of the leads have the druglike attributes considered nec-
essary for successful development and which of the leads have undesirable
properties or demerits that would be suggestive of potential development
problems?

This section describes some of the biological and chemical research assays
that could, and in most cases should, be used to evaluate the potential of a dis-
covery lead to become a developmental candidate or to select the optimal lead
from a group of discovery leads. Figure 11.1 shows where these developabil-
ity experiments fit into the drug discovery and development process. These
nondefinitive developability studies may also uncover problems that have to
be resolved before the definitive preclinical development studies, required to
support a regulatory agency submission for first-in-human clinical trials, are
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started and before the clinical protocols to evaluate the human safety, efficacy,
and pharmacokinetics of a drug candidate are designed.

Before the preclinical drug development program is begun and because
each discovery program is company and compound specific, a number of ques-
tions should be asked and answered so that the developability assessment
research studies (both types and designs and whether or not appropriate
assays are available) may be planned effectively and the timelines for their
completion can be determined. These questions include, but are not limited
to:

1. What is (are) the human disease indication(s) or disorder(s) to be
studied in the clinic?

2. What are the proposed route and frequency of dosing for human clini-
cal trails?

3. What is the estimated pharmacologic active substance (i.e., the discov-
ery lead or an active metabolite) concentration in physiological fluids
and how long should that concentration be maintained so that the
desired biological response can be obtained?

4. What, if any, are the biological markers to monitor toxicity or therapeu-
tic effectiveness in to-be-conducted preclinical, nonclinical, and clinical
studies?

Additional questions need to be considered, including whether a lead can
be synthesized and purified in sufficient quantity to support a development
program, how to document and validate these processes, how to characterize
and document the identity of and impurities present in the drug substance 
and the proposed drug product, and how to determine the stability of the drug
substance and the proposed drug product. While each of these processes
requires assays, these questions are outside the scope of this discussion in this
chapter.

At least eight, and possibly more, scientific disciplines are involved in the
developability characterization of a discovery lead or group of leads, and each
of these disciplines utilize different assays, some biological and other chemi-
cal. As shown in Figure 11.2, these disciplines are in vivo pharmacology, ana-
lytical chemistry, solubility and stability, drug delivery, bioanalytical chemistry,
animal pharmacokinetics, drug metabolism, and toxicology. The following sec-
tions provide some summary information on the assays for each of these sci-
entific disciplines. The discussion is mostly for a single discovery lead; if more
than one lead is being evaluated to select the lead with the most druglike 
properties, which depends on a variety of factors such as disease indication,
route and frequency of dosing, and so forth, for further development, similar
experiments could be conducted on each lead. Normally, these developability
assessment experiments are conducted in an iterative fashion with the attrib-
utes considered most important evaluated first. Generally, in vitro evaluations,
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which are less costly (both in terms of resources and time), are conducted
before in vivo studies. If a lead or none of the leads in a group of leads has
the desired profile for a given attribute, additional discovery leads should be
identified and tested, like the SAR approach discussed earlier. Once a lead or
a number of leads from a group has an acceptable profile for each attribute
being evaluated, that lead or group of leads moves into the next stage of devel-
opability assessment experiments. This lead-optimization iterative process
should be continued until a lead with the desired properties has been identi-
fied. At times, more than one lead will have the desired, or at least an accept-
able, developability profile. When that pleasant occurrence happens, a primary
lead can be designed with the other leads serving as backup candidates.

Additional Pharmacology

Preliminary pharmacology evaluations using in vitro or animal model assays
developed and characterized during the discovery process will have shown
that a lead interacts with a biological process suggestive of human therapeu-
tic benefit. Depending on the design and extent of these early studies, addi-
tional pharmacology studies or assays may be needed to further characterize
the dose, or physiologic fluid concentration, response curve using the proposed
clinical route and frequency of administration. If possible, these pharmacol-
ogy studies should be conducted in both males and females to show that the
biological response is not gender specific. If the indication is a disease of age,
older or younger animals, as appropriate, should be evaluated. The ED50 dose
should be determined and that value divided into the no-observable-adverse-
effect-level (NOAEL) dose in the same animal species, described later in the
section on toxicology, estimates a therapeutic ratio (TR) or index (TI). If the
TR is one or less, a lead will most likely elicit adverse effects in addition to
the beneficial response. Unless the lead is for the treatment of a life-
threatening disease, such as AIDS, some cancers, or certain CNS indications,
a low TR is a warning sign that the lead may not have the necessary proper-
ties for further development. A TR of 5, preferably 10 or higher, indicates that
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a lead will most likely produce a pharmacological response before causing
dose-limiting toxicities.

If possible, these developability pharmacology studies should be conducted
with dosing to steady state unless the frequency of dosing to be used in clini-
cal trials is as a single-dose or a few dose therapeutic. The number of doses
required to reach steady state depends on the lead’s pharmacokinetic profile
(discussed later in the section on preliminary pharmacokinetics) in the same
animal model. These multiple-dose studies provide information on the fre-
quency of dosing necessary to maximize the biological response. This is par-
ticularly important for compounds that inhibit an enzymatic system or are
effective only during certain phases of the cell cycle.

Another important aspect that should be considered when conducting these
pharmacology evaluations is the identification and characterization of poten-
tial biological markers that may be predictive of therapeutic benefit. For some
targets, markers may already be known, and, if so, assays for these markers
should be adapted and incorporated into the studies. However, for many
targets, predictive biological markers are not yet available. If the interaction
of the lead with a target inhibits or enhances the formation of a particular bio-
chemical, the concentration of that biochemical may be indicative of thera-
peutic response. Developing and utilizing assays for this marker first in animal
models and then in human clinical studies may define a surrogate marker for
tracking disease response or progress.

These pharmacology evaluations assist in the selection of dose levels and
dosing regimens for preliminary and definitive toxicology studies and for
initial human pharmacology or phase 1 safety and tolerance clinical trials. If
the effective pharmacologic dose is unknown, underdosing and achieving no
therapeutic response or overdosing and being unable to define an NOAEL
dose are undesirable possibilities. In such cases, the development of a poten-
tial beneficial therapeutic agent could be inappropriately discontinued.

Formulation Development Assays

Nonclinical formulation definition of a lead is not usually studied in detail
during the transition from discovery to preclinical development. The experi-
ments necessary to define an acceptable formulation depend on the proposed
clinical route of administration and usually require substantial quantities (i.e.,
milligram or gram amounts) of the lead. For a compound to be administered
by intravenous injection or infusion, the formulation needs to be compatible
with blood so that the compound does not precipitate when administered and
has minimal local toxicity. Leads that are highly lipophilic or have limited
aqueous solubility are the most likely compounds to have these types of prob-
lems. A low extent of, or a high variability in, absorption can cause problems
for leads administered by other routes, such as oral, subcutaneous, or dermal.
For compounds that are poorly absorbed, the amount reaching the site of
action may be insufficient to elicit or to maintain a desired pharmacologic
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response. If the absorption is variable and the TR is low, a toxic response may
be observed in some, but not all, animals or later in some humans. Experi-
ments conducted by the author have shown that when the extent of absorp-
tion is 50 percent or more and the variability of absorption is less than 50
percent of the amount absorbed, which gives a 25 to 75 percent range of
absorption, a lead has an acceptable bioavailability for further development.
For leads with an extent of absorption less than 25 percent of the administered
dose or a variability of absorption of more than 100 percent of the amount
absorbed, other formulations with absorption enhancers or solubilizers might
be evaluated to improve the drug delivery profile. If improvement in the drug
delivery profile is not possible, the chances that a lead with low, variable
absorption will become a therapeutic product are greatly reduced. The candi-
dacy of such a compound should be carefully considered.

The analytical chemistry assay defined for characterizing a discovery hit
should be further developed for the quantification of a lead in nonclinical for-
mulations and should predict whether the compound degrades from the time
of preparation to the time of dosing. An assay with this ability is called a 
stability-indicating assay. The physical and chemical properties of the lead
usually suggest a technique (heat, light, pH) that can degrade the compound.
Samples stored under nondegrading and degrading conditions are assayed 
by the stability-indicating assay. If the lead is not stable, formulation excipi-
ents possibly can be added to prevent the degradation or the lead can be main-
tained under conditions that provide sufficient stability for testing in animal
models. However, when a lead has limited stability, either alone or in non-
clinical formulations, the development of a clinical formulation with a suffi-
cient shelf life for marketing is problematic. Again the candidacy of such a
compound should be carefully considered.

For proteins and other large molecules, degradation may include changes
in the secondary or tertiary structure, provided that rearrangement back to
the original, biologically active structure does not occur. Stability-indicating
assays for macromolecules should assess structural changes that cause reduc-
tions in biological activity. However, a protein may have a number of amino
acids removed from one or both ends of the molecule and still retain some,
and possibly all, biological activity relative to the intact protein. This chemi-
cally modified peptide may have different drug delivery and pharmacokinetic
profiles or be more toxic than the parent protein. Structural modifications may
not be apparent if biological activity alone is used to determine the amount
of the macromolecule in a formulation. Thus, experiments to demonstrate that
an assay method is stability indicating need to be carefully designed and 
conducted. For macromolecules, a specific chemical assay, such as HPLC or
enzyme-linked immunosorbent assay (ELISA), and a biological potency assay,
such as the in vitro pharmacological assay, may be necessary to determine the
concentration and stability of a compound in a formulation.

The stability-indicating assay should be used to determine the amount of
the lead in nonclinical formulations used for dosing animals in in vivo phar-
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macology, preliminary pharmacokinetic, drug metabolism, and toxicology
studies. For single-dose studies, samples from each formulation at each dose
level can be collected before dosing and after the completion of dosing. For
multiple-dose studies, samples from each formulation used can be collected
before the first dose and after the last dose or at selected other times. Results
from these analyses ensure that the formulations contained the desired
amount of the lead, that the concentrations did not change during the dosing
period, and that the test species received the appropriate dose levels.

Another application of a stability-indicating assay is to evaluate the solu-
bility profile of the discovery lead under the various conditions that the lead
may experience during dosing and delivery to the site of pharmacological
action. As mentioned earlier, a lead needs to have some aqueous solubility in
order the effectively cross membranes. A lead to be orally administered will
be subjected to high acidic conditions in the stomach and then to the more
neutral conditions of the upper gastrointestinal (GI) tract before being
absorbed into systemic circulation. Thus, stability of the lead is necessary
under both acidic and neutral conditions. For most other routes of delivery, a
lead will be subjected to neutral (i.e., physiological) to slightly basic condi-
tions. The analytical chemistry assay developed earlier is usually capable of
evaluating the solubility of a lead over the range of pHs. With slight modifi-
cation, the robotic system used for the in vitro pharmacology assay can be
adapted for the generation of samples for solubility assessments. Using the
concentration of the lead that provides the desired biological activity as a start-
ing point, the desired solubility range can be estimated. For a lead with high
potency (i.e., pg/mL or ng/mL), aqueous solubility at the milligram/milliliter
level may not be necessary. A high-concentration solution, frequently in an
organic solvent such as DMSO, of the lead is prepared and small aliquots,
usually microliter quantities, are added to aqueous solutions that contain a
buffer, commonly phosphate buffer saline (PBS), and are adjusted in pH to
give the desired pH range. After appropriate mixing, the samples are cen-
trifuged or filtered to remove any precipitate (i.e., unsolubilized lead), and
aliquots of the supernatant are assayed using the quantitative analytical chem-
istry method. The concentrations of the lead in the samples are used to prepare
a solubility profile for that lead. Discovery leads that have poor aqueous sol-
ubility under conditions expected to be encountered during dosing and deliv-
ery to the site of pharmacological activity usually make poor drug candidates.

Drug Delivery Assays

Without an acceptable nonclinical formulation, the extent and variability of
delivery may make interpretation of results from developability studies mean-
ingless and prevent the continued development of a potentially useful thera-
peutic agent. The best formulation is of little or no use if the lead is not
effectively delivered to the site of biologic action. One of the primary reasons
discovery leads are not successful drug candidates is limited or insufficient
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transport across various membranes from the site of dosing to the site of activ-
ity. Only compounds administered intravenously to mediate a disease indica-
tion expressed in the cardiovascular system do not have to cross at least one
membrane in order to reach the site of action. Thus, assessments of a lead’s
ability to cross membranes should be conducted as early as possible. Many
pharmaceutical companies use delivery potential as a key indicator for
whether or not a discovery lead should move into preclinical development.

Since most membranes are lipophilic in nature, a lead has to have some
lipophilic characteristics in order to effectively diffuse into and across the
membrane. However, in order to reach the membrane, the lead has to be dis-
solved in the surrounding media, which is aqueous. Thus, the lead also needs
some hydrophilic properties in order to have sufficient aqueous solubility to
be transported to the membrane. An estimate of a lead’s ability to have both
the lipophilic and hydrophilic characteristics necessary for effective delivery,
primarily from the GI tract, can be determined from the chemical structure of
the compound and using what is commonly called Lipinski’s rules of five,
which are four rules with cut-off numbers that are 5 or multiples of 5. These
rules are:

1. A molecular weight of less than 500 daltons.
2. A log P (octanol–water coefficient) of less than 5.
3. Hydrogen bond donors (sum of hydroxyl and amine groups) less than 5.
4. Hydrogen bond receptors (sum of nitrogen and oxygen atoms) less 

than 10.

While these rules may be somewhat predictive of a lead’s ability to cross 
membranes, not all compounds having the desired characteristics are orally
absorbed or effectively transported across membranes. Thus, laboratory exper-
iments, which need characterized assays, are required to determine if a lead
will effectively be delivered to the site of biologic action.

A number of in vitro models or assays are available to evaluate the deliv-
ery potential of a lead. For a lead to be administered orally, the Caco-2 model
is most commonly employed. Other in vitro systems are available to evaluate
transport across other membrane types, including the blood-brain barrier
(BBB) for CNS disorders, lung for pulmonary delivery, skin for topical deliv-
ery or to treat dermal disorders, and eye for ocular delivery. Each of these
assay systems is summarized below. The analytical chemistry assay discussed
earlier is usually capable of quantifying the lead in samples generated by these
in vitro delivery models.

For determining the potential intestinal absorption and secretion of dis-
covery leads, the most commonly used in vitro assay system employs Caco-2
cells, which were originally derived from a human colorectal carcinoma. When
cultured on semipermeable membranes, Caco-2 cells differentiate into a highly
functionalized epithelial barrier with remarkable morphological and bio-
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chemical similarity to the small-intestinal epithelium. The disappearance of a
discovery lead in the reservoir above the confluent cell layer and the perme-
able membrane and the appearance of the lead and/or degradants or metabo-
lites on the other side are measured using an analytical chemistry technique.
Permeability coefficients obtained from Caco-2 cell transport studies have
been shown to correlate with human intestinal absorption. Caco-2 assessments
are commonly conducted in 24-well assay systems and can be configured for
high-throughput systems.

A 96-well technique using a lipid membrane has been shown to have excel-
lent correlation with other in vitro absorption systems (e.g., Caco-2 cells) and
with in vivo results. When the assessment of the delivery potential of a large
number of discovery leads, or even discovery hits, is needed, this membrane
assay system may have application.

Whether attempting to assess the ability of discovery lead(s) for a CNS indi-
cation to reach the site of action or evaluating the potential toxicity of a lead(s)
that should not be extensively delivered to the brain, assessment of transport
across the BBB is a necessary first assessment. Primary microvascular cells
from bovine brain tissue, which express the appropriate tight junctions and
have the P-glycoprotein transport characteristics of the BBB, are commonly
used for studying BBB permeability. The assay system and analytical chem-
istry techniques used for Caco-2 studies of GI permeability are employed.

Pulmonary delivery is a route of administration that has a number of advan-
tages over oral administration. A discovery lead(s) administered to the lung
can reach systemic circulation without having to cross the GI mucosa and
without having to get past the liver, where many compounds are highly metab-
olized (i.e., have high first-pass metabolism). To evaluate the potential of a dis-
covery lead for delivery through the lung, an in vitro assay system is available.
Cultured, normal, human-derived tracheal/bronchial epithelial cells form a
pseudostratified, highly differentiated model that closely resembles the epithe-
lial tissue of the respiratory tract. Histological cross sections of both the in
vitro tissue and a normal human bronchiole show a pseudostratified mucocil-
iary phenotype. Numerous microvilli and cilia on the apical surface are present
and confirm the presence of tight junctions. Cultures grown on cell culture
inserts at the air–liquid interface provide gas-phase exposure of volatile mate-
rials and allow the measurement of transepithelial permeability for inhaled
drug delivery studies on discovery leads.

Another potential route of delivery is dermal, and an in vitro assay system
is available for evaluating the ability of a discovery lead(s) to penetrate
through the skin and thus to reach systemic circulation. Normal human epi-
dermal keratinocytes cultured on a permeable membrane produce a stratified,
highly differentiated, organotypic tissue model of the human epidermis. The
cultured tissue consists of metabolically and mitotically active cells organized
into basal, spinous, and granular layers along a multilayered stratum corneum.
The skin construct has an air-liquid interface and exhibits in vivo-like mor-
phological and growth characteristics that allows discovery leads to be directly
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applied to the surface of the tissue. This in vitro system approximates the
barrier of normal human skin. The topical mode of application of the lead
mimics the route of human exposure for some disease indications. Of course,
treatment of some skin disorders does not require delivery of a therapeutic
agent across the skin and into the body. When that is the case, substantial deliv-
ery into systemic circulation may be considered a developability demerit since
only local exposure is desired and necessary to effectively treat the disorder.
The in vitro skin assay may then be used to predict which discovery leads have
less delivery across the skin and thus be predictable of lower exposure to
potential organs or tissues of toxicity.

If the human disease or disorder to be evaluated is expressed in the eye,
the ability of a discovery lead(s) to be delivered to the site of biological 
activity can be evaluated using an in vitro assay that mimic the eye. A three-
dimensional in vitro tissue construct models the human corneal epithelium.
Normal, human-derived epidermal keratinocytes cultured on a permeable
membrane form a stratified, squamous multilayered epithelium similar to that
of the cornea. This in vitro construct has an air-liquid interface and exhibits in
vivo-like morphological and growth characteristics allowing discovery leads to
be directly applied to the surface of the tissue and to approximate in vivo con-
ditions. Analysis of a discovery lead(s) concentration on the liquid side of the
system provides a measure of delivery into the eye.

Bioanalytical Chemistry Assays

If not already available (which is common for newly discovered leads that may
mediate a novel disease target), a bioanalytical chemistry method or assay
needs to be defined and characterized for the quantification of the lead(s) in
physiological fluids. This assay can then support experiments in some of the
other scientific disciplines involved in assessing the developability of the lead
and, after appropriate validation, the preclinical, nonclinical, and clinical
development of a selected drug candidate. For preliminary studies, a bioana-
lytical chemistry assay should be characterized to demonstrate the range of
reliable results, the lower and upper limits of quantification, specificity, accu-
racy, and precision. In addition, evaluations to determine the matrix to be used
(blood, plasma, serum) should be conducted, and, once selected, the stability
of the lead in that matrix type should be determined.

The first step in developing and characterizing a bioanalytical chemistry
assay is to select the analytical technique. For an analyte with a molecular
weight of less than 1000, instrumental methods such as HPLC coupled to an
MS or liquid chromatography/mass spectrometry (LC/MS) or to a tandem or
LC/MS/MS (a very sensitive and specific technique, and the most common
method employed today by the pharmaceutical industry), or HPLC or gas
chromatography (GC) with a variety of detectors, including UV, fluorescence,
flame ionization (FID), and electron capture (EC), may be used. A macro-
molecular lead may require an ELISA or radioimmunoassay (RIA) method,
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both of which require the generation of antibodies for capture and detection
of the macromolecule. Generation of these antibodies may not be possible in
the timeline required for supporting developability assessment experiments.
If the in vitro pharmacology assay has been sufficiently characterized (as dis-
cussed below), this assay may have application as a bioanalytical chemistry
assay. Samples of the lead prepared in assay diluent and in a physiological 
fluid and over a large concentration range should be analyzed to show that
the technique produces an appropriate signal to detect the analyte and to
determine the potential interference caused by the matrix, which is termed
assay specificity. The ability to quantify a lead in a physiological fluid may
depend on the matrix. For example, serum is a poor choice when the analyte
interacts with clotting factors and thus may be coprecipitated when blood is
allowed to clot to produce serum. The matrix that gives the best recovery and
has the least interference when the compound is added to whole blood should
be selected.

The specificity of an assay evaluates the potential interferences from phys-
iological matrix components in specimens from the different animal species to
be used in pharmacology and toxicology experiments. Samples from each
species to be studied are analyzed neat (with no added analyte or lead) and
fortified with known amounts of the lead, and the results are calculated using
a standard curve prepared in assay diluent. The response obtained from the
neat samples indicate the level of interference from each matrix, and the cal-
culated amounts in the fortified samples show the difference in absolute recov-
ery from the matrix compared with the analyte in buffer. If the absolute
recovery is low, that is, less than 50 percent, and/or highly variable, that is,
greater than 25 percent, the assay may not have the desired characteristics to
quantify the lead in collected physiological fluid specimens. Additional devel-
opment should be expended on such a method so that the assay will provide
reliable results that can be used to evaluate the pharmacokinetic profile of the
lead.

Acceptable results from the above experiments suggest whether a bioana-
lytical chemistry method should be able to quantify a lead in a physiological
matrix. The range and reliability of quantification of the assay are assessed
through the preparation and analysis of standard curves, prepared in either
diluted or undiluted matrix, and multiple samples fortified at two or more con-
centrations and commonly referred to as quality control (QC) samples. The
standard curve responses that can be described by a mathematical equation
(linear, quadratic, sigmoidal) define the range of reliable results. The lower
limit of quantification (LLQ) is the lowest signal that can be accurately mea-
sured above background and should not be confused with the limit of detec-
tion (LOD), which is the lowest level that can be detected. The upper limit of
quantification (ULQ) is the highest signal that can be defined by the response
curve. The results from the analysis of QC samples, usually three or more at
each concentration, provide information on precision, defined as the ability to
obtain similar calculated concentrations from samples containing the same
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amounts of analyte, and accuracy, which is the ability to predict the actual con-
centration of the analyte in a sample.

The ability to measure a lead in a physiological fluid is not useful if the
analyte is unstable during collection, processing, storage, or sample prepara-
tion. Thus, a nondefinitive stability study should be conducted to ensure that
the compound does not degrade in blood during processing to obtain plasma
or serum, during the time (hours, days, and weeks) and under the conditions
(room temperature, refrigerated, frozen at -20 or -80°C) that collected spec-
imens may be stored until analyzed, and during sample preparation, which
includes thawing of frozen samples. The design of stability experiments is
usually analyte and program specific. The results ensure that measured con-
centrations in unknown specimens reflect the amount of lead present at the
time of collection.

Successful completion of the above experiments will characterize the assay
method for use in evaluating a lead in animal models. If multiple leads are
being evaluated, an assay capable of quantifying multiple leads using the same
assay conditions should be the goal. If a lead is selected for further develop-
ment, the method will need to be validated for each matrix and for each
species before being used to support definitive toxicology, drug metabolism,
and pharmacokinetic studies.

Pharmacokinetic Assays

The first animal pharmacokinetic (PK) study confirms that the bioanalytical
chemistry assay is useful in characterizing the absorption and disposition pro-
files of a lead. The animal species for this study is usually the same as used in
in vivo pharmacology evaluations, most likely a rodent. A study design or assay
for a lead that has pharmacologic activity when administered orally to rats
may consist of dosing at least two rats with intravenous (IV) bolus injections
at a dose level between 25 and 50 percent of the pharmacologically active dose
and dosing at least two rats orally (PO) at the pharmacologically active dose.
Serial blood samples, collected from each rat and processed to obtain the
desired physiological fluid, are analyzed by the developed and characterized
bioanalytical chemistry assay. The number of samples and the collection times
are program specific and are usually determined by the “desired” PK profile
for the lead, which in turn is defined by the desired interaction of the lead with
the target. Commonly, 10 samples are collected from each test species. After
IV dosing, the collection times might be 0 (predose), 10, 20, 30, 45, 60, 90, 120,
240, and 480min postdose. For the PO doses, the collection time series could
be 0 (predose), 15, 30, 45, 60, 90, 120, 180, 240, and 480min postdose. The goal
of the specimen collection time series should be to have a sufficient number
of samples available for defining important PK parameters, such as distribu-
tion and disposition rate constants and their associated half-lives, concentra-
tion maximum (Cmax), and time (Tmax) to Cmax after non-IV dosing, and area
under the concentration–time curve (AUC). The physiological fluid concen-
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tration of the lead versus time profiles after IV dosing provide preliminary
information on the distribution and disposition kinetics of the lead. These IV
results certify that the assay method is useful for quantifying the lead in spec-
imens obtained from animals, predict the concentration ranges that can be
expected in animal specimens at pharmacological and toxicological doses, and
assist in determining the sampling times to be used in more definitive animal
PK experiments. The plasma concentration versus time profiles after PO
dosing provide preliminary information on the absorption kinetics and the
absolute bioavailability of the lead. The design of additional animal PK studies
depends on the results of the preliminary animal PK study, the theoretic
kinetic profile needed to produce the desired pharmacology response, and the
results from preliminary toxicology experiments (discussed below).

For most drug development programs, toxicology studies in two or more
species are necessary. In this case, preliminary animal PK studies should be
conducted in each species projected for use in animal safety studies. If differ-
ences in delivery or disposition exist between species and result in an
enhanced or decreased toxicology profile, the PK profiles may explain, in part,
the different toxicology profiles. If possible, physiological fluid specimens
should be obtained from animals in the preliminary toxicology studies to
determine the extent and uniformity of exposure, which is termed toxicoki-
netics (TK) over the evaluated dose range. Normally, three or four specimens
from each animal are sufficient for TK evaluations, but this level of sampling
may not be possible for all studies. A single specimen at one collection time
can be obtained from one or two animals in a dose group, and the other
animals in that dose group can be sampled at other times. Analyses of these
specimens provide data on the extent of exposure but not on the uniformity
of exposure within a dose group. For multiple-dose studies, specimens are
usually obtained after the first dose and after the last, or next to last, dose. The
results provide information on possible changes in exposure and on the accu-
mulation potential of the lead and can be used to design multiple-dose animal
PK and other development studies. If the change in disposition or accumula-
tion is substantial, modification of the dosing regimen may be necessary to
obtain the desired concentration profile after dosing to steady state.

Drug Metabolism Assays

The number and design of drug metabolism (DM) studies needed to charac-
terize the fate of a lead in the body depend on the results from preliminary
animal PK and toxicology studies. Commonly, the results from these in vivo
experiments are not available during discovery, and developability assess-
ments and in vitro DM assays are utilized to determine the metabolic stabil-
ity and/or the extent of metabolism of a lead and to compare the extent of
metabolism among various species, including humans. These in vitro experi-
ments can be conducted in a variety of assay systems, including CYP450
isozymes (the enzymes responsible for most oxidative metabolism of drugs),
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microsomes, hepatocytes, or liver slices. Since hepatocytes contain both phase
1 (oxidative, hydrolysis, and reduction) and phase 2 (conjugation) metabolism
systems and can be relatively easily obtained from pharmacology and toxi-
cology animal species and from human donors, many researchers select this
model for the first assessment of metabolism. If the results from hepatocytes
show extensive metabolism, additional in vitro experiments are usually con-
ducted first in microsomes to ascertain if oxidative metabolism is present and
then in isolated CYP450 isozymes to determine which enzyme, or enzymes, is
responsible. Extensive metabolism is not necessarily a death knell for a dis-
covery lead. If rapid clearance from the body is a desired developability
attribute for effectively treating a disease indication, rapid metabolism to inac-
tive metabolites may be advantageous. However, for most disease indications,
extensive metabolism may prevent delivery of a pharmacologically active sub-
stance to the site of biological action in sufficient concentration to produce
the desired response. Thus, a lead that is extensively metabolized may not be
a successful drug candidate.

Another reason for conducting in vitro metabolism studies early is to deter-
mine if species differences are present. Evaluating metabolism in the phar-
macological and proposed toxicological animal species and in humans assists
in selecting the species that are similar, at least in metabolism, to humans for
definitive toxicology studies. If an animal species has limited metabolism while
humans may have extensive metabolism, pharmacological and/or toxicologi-
cal metabolites may be responsible for some, or all, of the biological activity
or adverse effects in humans, and these responses would not be observed in
the animal model. Conversely, if an animal species has extensive or different
metabolism compared to humans, the pharmacological and/or toxicological
profiles in that species would probably not be predictive of efficacy and/or
safety in humans.

If desired, which is sometimes the case when metabolism is extensive, the
metabolites generated from in vitro systems can be isolated and identified.
After preparation of sufficient quantities for additional testing, these metabo-
lites can be evaluated for pharmacological and/or toxicological potential. This
author, like many drug discovery and development researchers, has found
metabolites with equal or greater biological activity when compared to the
parent compound. At times, these pharmacologically activity metabolites have
more druglike attributes than the parent and can be developed either as a
replacement of the parent or as a second-generation drug candidate.

Toxicology Assays

Toxicology studies or assays are conducted to define the safety profile of a
compound and include definition of the NOAEL, maximum tolerated dose or
MTD, potential organs of toxicity, and potential biochemical markers to detect
and track toxic events. Most discovery leads that do not become therapeutic
products have unacceptable toxicity in animals and/or humans. Before the
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definitive toxicology studies needed to support submission for first-in-human
testing are initiated, a number of in vitro and animal experiments can be con-
ducted to characterize the potential toxicity of a discovery lead. These early
toxicology evaluations are usually conducted in the same species as used in
pharmacology evaluations. As mentioned earlier, the lowest dose that has no
toxicity, or an acceptable level of toxicity, is compared with the dose that gives
the desired pharmacological response in the same animal species to obtain a
TR or TI for that species.

A toxicology program to obtain toxicological characterization of a discov-
ery lead should be accomplished through close interaction with the efforts of
other scientists conducting other developability experiments. Before drug
safety studies are conducted, a sufficient quantity of the lead should be avail-
able and characterized, using appropriately characterized analytical chemistry
assays, so that testing is conducted with a known compound. If the lead
requires formulation before dosing, the formulation should be the same for
each study. If a change in the synthesis, purification, or formulation is neces-
sary to improve the biopharmaceutical properties of the lead or the drug deliv-
ery profile, then some of the early toxicology studies should be repeated with
the new formulation to determine whether the safety profile has been altered.
These early safety studies do not need to be, but in many cases are, conducted
in compliance with Good Laboratory Practice (GLP) regulations. However,
these experiments should be designed and conducted as close as possible to
the processes used for definitive GLP toxicology studies. Then, the results will
be scientifically defensible and useful in predicting the toxicity expected from
the GLP studies. Examples of the early toxicology studies or safety assays
needed to characterize a lead include the following.

In Vitro Toxicology When a number of discovery leads has been identified
and needs to be further evaluated to select the optimal lead for further eval-
uations, the potential for toxic effects may be determined using in vitro assays,
such as cell-based systems or microarrays. By incubating various concentra-
tions of the leads with cells, such as the pharmacological target cell or hepa-
tocytes, and measuring an adverse effect, such as cell death or change in cell
function, the compounds can be stratified as to toxicological potential. Since
nephrotoxicity is second only to hepatotoxicity as a major problem associated
with adverse experiences during clinical trials, both hepatocytes and primary
human kidney cells are commonly used in in vitro toxicology evaluations. Sim-
ilarly, microarrays that have systems considered predictive of toxic events can
be used to determine which leads “turn on” or “turn off” these systems after
a lead has been incubated with cells or administered to an animal model and
appropriate samples collected. Defining the appropriate samples and when to
collect them can be difficult. If the wrong samples are collected or the right
samples are collected at the wrong times, the results may not be predictive of
the toxicological profile of the discovery lead(s). While most, if not all, toxi-
cologists think these in vitro systems cannot be used to predict toxicology in
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animal models or humans, the results may be useful in evaluating a group of
discovery leads to determine which lead may have a more acceptable profile
compared to the others.

An alternate approach for an in vitro toxicological assessment is to use a
biological marker that is considered predictive of toxic events. One pos-
sibility for such a marker is glutathione S-transferases (GSTs), which are
important phase 2 drug-metabolizing enzymes. GSTs are found in high con-
centrations in several organs of key toxicological importance, such as the
kidney and liver, and GST expression is induced in the presence of many toxic
substances. GSTs are rapidly and readily released in the event of toxicologi-
cal insult, thus making GSTs very sensitive biomarkers of organ damage.

Discovery leads are incubated with hepatocytes from various species. After
incubation and centrifugation to remove the cells, the supernatants are assayed
for GST content using already available and characterized assays. If 
appropriately designed, in vitro metabolism studies conducted with hepato-
cytes could be the source of these samples. Since hepatocytes contain 
both phase 1 and phase 2 metabolism systems, this in vitro toxicological 
assessment provides information not only about the safety profile of a dis-
covery lead but also on that of its metabolites. The concentration range eval-
uated should include a level near the projected pharmacologically active 
level, a level at 5 to 10 times the projected pharmacologically active level, and
a level near the maximum solubility of the lead (determined during solubility
assessments).

In Vivo Toxicology To evaluate the qualitative and quantitative single-dose
toxicity of a drug candidate, a single dose at a number of dose levels is admin-
istered by the proposed clinical route and the animals are observed for 14 days
after dosing. The acute study is not an LD50 (dose that is lethal to 50 percent
of test species) study, which is not needed for overall risk assessment accord-
ing to an ICH guideline. This ICH guideline suggests that the drug candidate
dose levels include at least one that produces pharmacological activity and one
that causes overt evidence of major or life-threatening toxicity and that a
vehicle control group is included. The acute toxicity study should evaluate
both the IV route and the intended clinical route of administration, unless the
clinical route is IV. The studies are usually conducted in two relevant mam-
malian species, one of which is a nonrodent, and unless scientifically unjustifi-
able (i.e., a gender-specific human disease or disorder), should use equal
numbers of males and females for each species evaluated. The test species is
observed for 14 days after dosing and, as with all toxicology studies, all signs
of toxicity with time of onset, duration of symptoms, and reversibility are
recorded. Also, the time to first observations of lethality is recorded. Gross
necropsies are performed on all animals sacrificed moribund, found dead, or
terminated after 14 days of observation and the results are presented by group.
An evaluation of results should include all observations made and a discus-
sion of the toxicological findings and their implications to humans, taking into
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account the pharmacology of the lead, the proposed human therapeutic use
and dose, and experience with related drugs. The highest no-toxic-effect dose
and the highest nonlethal dose are noted. A similar design, without the 14-day
observation period, can be employed to evaluate the potential toxicology
profile of a lead or a group of leads.

Organs or tissues that are the targets of toxicity may be identified during a
full histology workup of animals in each dose group and from the results
obtained from the analyses of clinical chemistry samples. However, during
developability assessment, a full histology assessment may not be necessary
and a selected set of organs or tissues (i.e., those considered most likely to be
organs of toxicity such as the liver, kidney, lung, heart, brain) may be evalu-
ated. If possible, investigations into the biochemical mechanism of identified
toxicity should be initiated. Results from these experiments can provide
insight into potential toxicities for a lead or a class of leads in definitive toxi-
cology studies, identify biological markers that predict a toxic event, and
suggest conditions in human patients where administration of a drug candi-
date is contraindicated. If results from the early toxicology studies show that
a lead has an unacceptable level of toxicity, the development candidacy of such
a compound should be carefully considered.

If desired, the safety of a lead can be further assessed by conducting safety
pharmacology and/or genotoxicity studies. These studies, which are to be com-
pleted prior to the initiation of human clinical testing, are more commonly
conducted after selection of a drug candidate. However, if some discovery
leads are considered “equal” after other developability assessments have been
completed, the results from safety pharmacology or genotoxicity studies may
be able to identify the “optimal” lead or determine that some leads do not
have the desired profile and should not be selected as the drug candidate.

11.4 CONCLUSIONS

During drug discovery and developability assessment, many biological and
chemical assays are needed for evaluating the biological potency of com-
pounds and for characterizing the attributes and demerits of discovery leads.
Generally, two different assay set types, like the two faces of a coin,
are necessary. On one side, the discovery side, assays need to be defined and/or
developed to evaluate thousands of compounds quickly and to determine
which, if any, of these compounds have the ability to antagonize or agonize 
a target that is thought to play an important role in a human disease 
process or disorder. Pharmacology, both in vitro and in vivo, and analytical
chemistry assays used to support this activity need to be designed with this
goal in mind.

On the other side or face of the coin are developability assessment assays
that are used to evaluate whether or not a discovery lead, or one of a group
of leads, has the desired attributes considered necessary for successful devel-
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opment and does not have a major demerit that may be predictive of devel-
opment problems.

In this author’s opinion, many discovery leads are transferred to the pre-
clinical development process with insufficient characterization to assess their
development potential. This lack of knowledge usually results in poorly
designed experiments that are not data productive and that, in many cases,
have to be repeated when the drug candidate shows unexpected toxicity, low
and variable delivery, instability or solubility problems, or unacceptable phar-
macokinetic and drug metabolism profiles. In all too many cases, the recogni-
tion of these problem areas results in the termination of development for a
potentially useful therapeutic agent. At best, the problems encountered cause
a delay, at times substantial, in the development of a candidate while addi-
tional studies are conducted to elucidate the causes of the problems and 
minimize their effect. Then, the definitive development experiments have to
be repeated.

The developability experiments, with their associated assays, can more fully
characterize a discovery lead before the compound enters the definitive pre-
clinical, then the nonclinical and clinical, drug development processes. The
experimental designs and assays could also be used, with minor modifications,
to evaluate a group of discovery leads with acceptable biological potency and
thus to select the lead with the best characteristics, that is, the most druglike
attributes and the least demerits, for further development.

If these developability experiments are completed as part of the transition
from discovery to development, discovery leads that do not have the charac-
teristics necessary to become therapeutic agents can be identified early and
prevented (i.e., the fail early, fail often approach) from entering the develop-
ment process. Analogs of a lead with unacceptable characteristics can be 
evaluated to find a development candidate that has more optimal properties.
In addition, the results from the developability studies will allow the preclin-
ical development studies to be designed and conducted in a timely, cost-effi-
cient manner and thus most likely allow the candidate to have an earlier entry
into the clinic.
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12.1 INTRODUCTION

Importance of Studying Protein–Protein Interactions

Protein–protein interactions are intrinsic to virtually every cellular process
ranging from cell cycle control, DNA (deoxyribonucleic acid) replication,
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transcription, splicing, and translation, to intermediary metabolism, secretion,
formation of cellular macrostructures and enzymatic complexes. Apart from
a variety of stable protein–protein interactions, there are a plethora of tran-
sient protein–protein interactions that control and regulate a large number of
cellular processes. All modifications of proteins involve such transient
protein–protein interactions. Indeed, glycosyl transferases, acyl transferases,
kinases, phosphatases, and proteases interact only transiently with their
protein substrates. Such protein-modifying enzymes encompass a large
number of fundamental processes such as signal transduction, cell growth, and
metabolic pathways.

Since protein–protein interactions play a role in nearly all events that take
place in a cell, information on the function of an unknown protein can be
obtained by investigating its interaction with other proteins whose functions
are already known. Thus, if the function of one protein is known, then the func-
tion of its binding partner is likely to be related. This concept has been called
“guilt by association” and allows the researcher to employ a relatively small
number of functionally characterized proteins and to quickly assign functions
to their uncharacterized binding partners.

Moreover, alteration of protein–protein interactions is known to contribute
to many diseases. As an example, tumor-forming viruses cause uncontrolled
proliferation of the host cell by dissociating important protein–protein 
interactions between regulatory proteins of the cell cycle [1]. Hence, the
manipulation of protein–protein interactions that contribute to disease is a
potential therapeutic strategy. The contact surfaces of the protein complexes
have unique structure and properties, and they are more conservative in 
comparison with the active site of enzymes. So they represent prospective
targets for a new generation of drugs. During the last decade, numerous 
investigations were undertaken to find or design small molecules that 
block protein dimerization or heterologous protein–protein interactions 
[2].

To date, a variety of genetic and biochemical methods exist for studying
protein–protein interactions and identifying inhibitors of such interactions.
This chapter describes recent developments in proteomic research. In more
detail, the first part of this chapter focuses on technologies recently developed
in protein interaction investigation, that is, yeast two-hybrid screens, phage
display, protein microarray technology, two-dimensional electrophoresis
coupled to mass spectroscopy, and so forth. Different strategies are compared;
problems that are encountered in studying protein–protein interactions, solu-
tions to these problems, and advantages and limitations of various methods
and techniques are also discussed.

The second part presents recent approaches to identify and characterize
new inhibitory molecules that act by disrupting biologically relevant
protein–protein interactions. In particular, screening strategies that employ
variants of the technologies reviewed in the first part of this chapter are 
discussed.
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12.2 METHODS FOR THE STUDY OF PROTEIN–PROTEIN
INTERACTIONS

Two-Hybrid System

Principle of Yeast Two-Hybrid System The yeast two-hybrid system was
originally developed by Fields and Song as a genetic assay to detect
protein–protein interactions in a cellular setting [3]. It takes advantage of the
finding that many eukaryotic transcription activators have at least two distinct
functional domains, one that directs binding to a promoter DNA sequence and
one that activates transcription [4, 5]. This fact was demonstrated by exchang-
ing DNA binding domains and activation domains from one transcription
factor to another while retaining its function. For example, it was shown that
the activation domain of yeast GAL4 protein could be fused to the DNA-
binding domain of Escherichia coli LexA to create a functional hybrid tran-
scription activator in yeast [6].

In the classical yeast two-hybrid approach, a bait is constructed by fusing a
protein X to the DNA binding domain (DBD) derived from a transcription
factor and a prey is created by fusing a protein Y to the activation domain
(AD) of a transcription factor. The bait and prey fusions are coexpressed in
yeast, where the interaction of X and Y leads to the reconstitution of a func-
tional transcription factor and induces the expression of a reporter gene(s)
integrated in the region downstream of the DBD binding sites (Fig. 12.1).
Commonly, auxotrophic markers (e.g., HIS3 and LEU2) that can be selected
for are used as reporter genes in combination with the lacZ gene encoding
bacterial b-galactosidase. LEU2 and HIS3 allow selection of positive interac-
tions by monitoring growth on selective plates lacking leucine or histidine,
respectively, whereas lacZ expression can be easily measured using a colori-
metric assay. Thus, the yeast two-hybrid system is devised to identify genes
encoding proteins that physically interact with a given protein in vivo. The
technique enables not only the characterization of known interaction couples
but also the identification of new interacting partners and even embodies the
technological means to manipulate protein–protein interactions.

The yeast two-hybrid system presents a number of major advantages over
alternative biochemical and genetic approaches. First of all, it relies on an
assay performed in vivo (in the yeast host cell), and thus it is not affected by
the artificial conditions of in vitro assays. Second, it allows very high numbers
of coding sequences to be assayed in a relatively simple experiment. In fact,
an appealing feature of yeast two-hybrid system is the minimal requirements
to start a screening. Only the complementary DNA (cDNA), full-length or
even partial, of the gene of interest is required, in contrast to sometimes high
quantities of purified proteins or good-quality antibodies needed in classical
biochemical approaches. In addition, one of the major advantages of this
system is that the identification of an interacting protein implies that at the
same time the corresponding gene is cloned.
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Weak and transient interactions, often the most interesting, can be more
easily detected in two-hybrid assays since the genetic reporter gene strategy
results in a significant amplification. By doing semiquantitative experiments,
one can even interpret affinities from two-hybrid experiments. An exhaustive
study of the sensitivity of the two-hybrid system with regard to the affinity 
of the protein–protein interaction has demonstrated that the strength of 
interaction, as predicted by the two-hybrid approach, usually correlates 
with that determined in vitro, allowing discrimination of low-, intermediate-,
and high-affinity interactions [7]. The GAL4-based two-hybrid system 
can detect protein–protein interactions with a dissociation constant (Kd) of 
10-6 M [8].

Since the emergence of the two-hybrid approach in 1989, a number of
improvements have been developed that have increased its applicability. The
two-hybrid system was initially predicted to be limited to the analysis of cyto-
plasmic proteins, as extracellular proteins are often N-glycosylated and
contain disulfide bonds, both of which do not occur in the yeast nucleus [9].
However, several successes were reported with transmembrane receptors.
Appropriate extracellular receptor–ligand interactions were demonstrated for
the growth hormone, prolactin and growth-hormone-releasing receptors [10,
11]. Proteins of length as small as 8 to 10 residues [12] and as large as 778
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(a)

(b)

Figure 12.1 Principle of the yeast two-hybrid system. (a) Two chimeras, one (Bait)
containing the DNA binding domain (DBD) fused to a protein X, and one (Prey) con-
taining an activation domain (AD) fused to a protein Y, are cotransfected into an
appropriate host strain. (b) If X and Y interact, the DBD and AD are brought into
proximity and can activate transcription of a reporter gene(s) (here lacZ).
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residues [13] have been investigated in a two-hybrid study. Hydrophobic
domains may affect expression but may be less problematic when expressed
as a small percentage of the overall protein and when contained within the
protein itself.

It should be noted, however, that the two-hybrid system cannot be used for
all protein–protein interaction studies. For several experimental reasons, some
proteins are not suited for this approach. Limitations and drawbacks of the
two-hybrid system are listed in the next paragraphs.

First of all, a potential risk regards the use of artificially made fusion pro-
teins. The fusion might change the actual conformation of the bait and/or prey
and consequently alter its functionality. This misfolding might result in a
limited activity or in the inaccessibility of binding sites. The best way to check
the correct conformation of the protein of interest is to test its interaction with
a known binding partner. This will only work if both fusion proteins are folded
properly. Another way to circumvent the problem could be the reciprocal
transfer of proteins, that is, switching the protein from the DBD fusion to the
AD fusion and vice versa.

Since the readout of the two-hybrid system makes use of a transcriptional
event, one of the most crucial initial experiments is to test whether the bait
protein is able to activate transcription on its own. This can be a problem with
transcriptional activators that naturally contain domains that activate the
reporter genes when fused to the DBD. In addition, many proteins other 
than transcription factors have been shown to activate transcription when 
artificially fused to DBD [14]. Both classes of proteins are referred as self-
activators. When dealing with self-activators, several approaches can be under-
taken. First, the expression level of the DBD-X fusion can be decreased by
using centromeric vectors and/or weaker promoters. Second, when using HIS3
as a reporter gene, the concentration of 3-aminotriazole (3AT) can be
increased to elevate the growth threshold of the host strain. The drug 3AT acts
as a competitive inhibitor of the HIS3-encoded enzyme [8]. Under these con-
ditions, it is expected that, even though the DBD-X fusion activates HIS3 tran-
scription to some extent, the DBD-X/AD-Y interaction leads to more HIS3
expression to overcome the growth threshold imposed by 3AT [15]. However,
these two strategies are not always successful, especially for strong self-
activators. In this case, a “switched” two-hybrid system can be used [16],
wherein the bait protein is fused to the activation domain (AD-X) and a 
DBD-Y library is screened.

One of the most ambiguous drawbacks is that the two-hybrid system makes
use of yeast, Saccharomyces cerevisiae, as a host. The use of yeast can be seen
as an advantage since yeast is closer to higher eukaryotics than those systems
based on bacterial hosts or in vitro experiments. However, some interactions
depend upon posttranslational modifications that do not, or inappropriately,
occur in yeast. Such modifications are frequent and include phosphorylation,
some types of glycosylation, and the formation of disulfide bridges. Some new
versions of the two-hybrid system, however, try to overcome this problem by
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coexpressing the enzyme responsible for the posttranslational modification.
Several plasmids have been designed to allow conditional expression of such
a “third” partner. In addition to performing posttranslational modifications 
of one or both of the two interacting proteins, this third protein can directly
contribute to the formation of a trimeric complex [17]. For instance, it has 
been shown that a tyrosine phosphorylation-dependent interaction could be
detected when the corresponding kinase was coexpressed in yeast cells [18].
These different variations that involve third partners as native proteins, in the
absence of any fused domains, are referred to as tri-brid systems.

Another limitation of the two-hybrid system is that both the DBD-X and
the AD-Y fusions need to be translocated into the yeast nucleus. Thus, some
two-hybrid vectors encode DBD and AD fused to a nuclear localization signal
(NLS) to target the fusion proteins to the nucleus. However, proper localiza-
tion can represent a major difficulty, especially when dealing with membrane-
anchored proteins, extracellular proteins, or proteins that contain strong
targeting signals. For this reason, some variations of the system have been
designed for those proteins that are not active in the yeast nucleus, such as the
ubiquitin-based split-protein sensor (USPS) system [19] and the Sos recruit-
ment system (SRS) [20].

In addition, some proteins might become toxic upon expression in yeast. A
number of proteins, such as homeobox gene products or cyclins are indeed
toxic when expressed into the yeast nucleus. The use of an inducible promoter
might circumvent the problem. Other proteins might proteolyze essential
yeast proteins or the DBD and AD fusions.

It should also be kept in mind that it is impossible to exclude the possibil-
ity that a third protein Z is bridging the two interacting partners, and there-
fore a two-hybrid screen does not necessarily identify direct binary
interactions. For example, some DBD-X fusions (e.g., DBD-lamin) are capable
of allowing activation by the AD-Y fusions independent of a direct contact
between X and Y. In addition, indirect interactions have been reported where
an endogenous yeast protein acts as a bridge [21]. Nevertheless, the detection
of such indirect protein–protein interactions can still be considered as an indi-
cation of a potential functional link between two proteins.

Finally, one of the major concerns for the yeast two-hybrid system are the
so-called false positives, which actually include two different categories,
namely technical and biological ones. The technical false positive is an appar-
ent two-hybrid interaction that does not rely upon the assembly of two-hybrid
proteins. Since the screen is based on the transcriptional activation of reporter
genes, any event leading to an increase in the rate of transcription might 
be misinterpreted as a positive DBD-X/AD-Y interaction. The biological 
false positive means a bona fide two-hybrid interaction with no physiological
relevance. Due to the so-called time/space constraints, it is potentially 
possible that two proteins, although able to interact, are never in close 
proximity to each other within the cell. The two proteins could be expressed
in different cell types, or, even when present in the same cell, they could be
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localized in different intracellular compartments. Moreover, interacting pro-
teins can be expressed at different times during embryogenesis or during
homeostasis (e.g., at different points in the cell cycle). So once two interact-
ing partners are selected, the biological significance of this interaction has to
be investigated.

Most recently, modified two-hybrid strategies have been designed to
increase the specificity in order to limit the above problems of false positives.
Several strategies have been proposed. First, multiple reporter genes were
designed for which the corresponding promoters are unrelated, containing dif-
ferent initiation sites and TATA boxes. Since many false positives of the two-
hybrid method are promoter context dependent, the specificity of the assay is
increased by testing the phenotypes conferred by different reporter genes in
the same cell [22, 23]. Second, the expression level of the two fusion proteins
was reduced by using truncated versions of the alcohol dehydrogenase 1
(ADH1) promoter and centromeric vectors, which are maintained at low
copies in the yeast [24]. Third, mating strategies were introduced that enable
parallel screening with many different baits [25, 26].

The quality of a two-hybrid screen can also be evaluated in terms of the
number of expected interactions that were not detected. These are often
referred to as false negatives. In many cases, the reasons for the lack of recov-
ery of expected interactions are unknown, but several possibilities can be spec-
ulated. For example, the instability and/or the improper folding of a DBD-X
or AD-Y fusion protein could affect its transcriptional activity. Alternatively,
particular fusion proteins might be toxic and affect the viability of the host
cells. In addition, the gene encoding an interacting protein may simply not be
represented in the library due to a low complexity of the library or a bias in
the representation of that clone.

Despite these and other limitations, the power of the yeast two-hybrid
system is so enormous that it has quickly become the most frequently used
assay to detect novel protein–protein interactions. A recent publication esti-
mates that more than 50 percent of all interactions described in the literature
have been detected using the yeast two-hybrid system [27].

Reagents Several comparable versions of yeast two-hybrid system are avail-
able. All systems share common elements. All use (1) a plasmid that directs
the synthesis of a bait, that is, a known protein that is brought to DNA by
being fused to a DBD, (2) a plasmid that directs the synthesis of a prey(s), that
is, a protein(s) fused to an AD and eventually other useful moieties, and finally
(3) one or more reporter genes (reporters) with upstream binding sites for the
bait. The versions differ in their specifics, and these details can be relevant to
their successful use. The following paragraphs provide an overview of the most
common yeast two-hybrid system reagents.

Target and Bait Vectors When performing a two-hybrid screen, the first deci-
sion to be made is the choice of the most appropriate vector system. A large



number of different DBD- and AD-containing vectors are available. A list of
the most commonly used plasmids in the yeast two-hybrid system together
with their peculiar features is reported in Table 12.1. In addition, Parent et al.
[28] have compiled an extensive list of yeast cloning vectors.

The most extensively used DBD and AD vectors are GAL4-based, proba-
bly because they were the first commercially available. The GAL4-based DBD
vectors contain a portion of the yeast GAL4 protein [8, 29, 30]. This portion,
encoded by residues 1 to 147, is sufficient to bind tightly to appropriate DNA
binding sites, directs dimerization, and localizes fused proteins to the nucleus;
it also contains a domain that weakly activates transcription from mammalian
cell extracts in vitro, and it is thus conceivable that this domain may increase
transcription resulting from weakly interacting proteins. The GAL4-based AD
vectors usually contain the GAL4 activation domain II (aa 768–881).

Alternative systems make use of the DBD of the bacterial LexA protein
and the AD of VP16 or the so-called B42AD. In LexA-based two-hybrid
systems, the DBD is provided by the entire E. coli LexA protein [31, 32].
LexA carriers a dimerization domain at its C-terminus [33] and normally func-
tions as a repressor of SOS genes in E. coli by binding LexA operator
sequences that are part of the promoter [34]. When used in the yeast two-
hybrid system, the LexA protein does not act as a repressor because the LexA
operators are integrated upstream of the minimal promoter and coding region
of the reporter gene. In yeast, LexA and most LexA derivatives enter the
nucleus but are not necessarily nuclear localized. Both systems, GAL4 and
LexA, have advantages and drawbacks that make the choice quite difficult.
Since the LexA- and the GAL4-based two-hybrid systems have different prop-
erties, it is not unreasonable to imagine that some interactions might be
detected differently in the two systems. Trying both will increase the chance
of success.

Activation domain vectors can differ not only in the activation domain they
carry but also in whether they contain other useful moieties such as epitopes
tags and/or nuclear localization sequences [8, 29, 31, 32]. Some AD vectors, for
example, pACT2, encode a hemaglutinin (HA) epitope tag (YPYDVPDYA in
single-letter code), fused in frame to the activation domain [35]. This allows
the protein to be detected with commercially available anti-HA antibodies in
Western blot analysis. Some ADs are stronger than others. Although strong
ADs should allow detection of weaker interactions, their expression can also
be toxic to the cell due to poorly understood effects, either by subtraction of
cofactors needed for transcription of other genes or by toxic effects that man-
ifest when strong ADs are brought to DNA. Thus, it is possible that strong
ADs may prevent detection of some interactions. AD fusion proteins also
differ in whether they are expressed conditionally [31] or constitutively [8, 29].
Conditional expression allows the transcription phenotypes obtained in selec-
tions for interactors to be ascribed to the synthesis of the fusion protein, thus
reducing the number of false-positive cells that grow because their reporters
are aberrantly transcribed.
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A key feature to be considered when choosing a vector for a successful
screening is the promoter that regulates the expression level of the hybrid pro-
teins. The 1500-bp full-length ADH1 promoter, which normally drives the
expression of the metabolic enzyme alcohol dehydrogenase 1, allows high-
level expression of sequences under its control. Expression from this promoter
is maximal during logarithmic growth of the yeast cells and becomes repressed
in late log phase by ethanol accumulation in the medium. Instead of this 
full-length promoter, some two-hybrid vectors, for example, pGAD424 and
pGBT9, contain a truncated 410-bp ADH1 promoter. Expression from this
promoter leads to low or very low levels of fusion protein expression [36]. The
choice of the expression vector might be also influenced by the nature of the
target. If the target is expected to interfere with the endogenous yeast metab-
olism, a lower expression might be beneficial. However, if the expression of
the fusion protein needs to be assayed (e.g., by Western blot analysis), a higher
expression level is more convenient.

The expression level depends not only on the promoter strength but also
on the copy number of the plasmid. In most commonly used two-hybrid plas-
mids, the origin of replication is the 2m origin. The 2m plasmids are maintained
stable and at high copy numbers (50 to 100 copies per cell) in yeast and func-
tion solely for their own replication [37]. It should be noted that in the context
of a reverse two-hybrid system (see Reverse Two-Hybrid System), the expres-
sion levels of the fusion proteins should be maintained as low as possible since
“background” interactions, which are more likely to occur at high protein
expression levels, will kill the yeast cell. Therefore, the vectors used in the
reverse two-hybrid systems make use of low-copy, centromeric vectors. Also
when using toxic proteins, the use of centromeric plasmids in forward two-
hybrid screens can be most helpful.

Finally, other characteristics that might influence the choice of a vector 
are of a more practical nature. In all vector systems care must be taken to
maintain the proper reading frame when creating the fusion proteins. Thus,
an important parameter to be considered when choosing a vector is the 
compatibility of the multiple cloning site. Another consideration concerns 
the marker gene(s). The most commonly used markers in yeast are genes
encoding amino acid biosynthetic enzymes. Most two-hybrid yeast strains 
have a lesion in either TRP1, LEU2, HIS3, ADE2, and/or URA3, which
enables selection for cells that were transformed with plasmids that carry the
corresponding gene by growth in the absence of the appropriate amino 
acid(s). Alternatively, in a recently introduced vector (pHybLex/Zeo) zeocin
is used as a selection marker.

Reporter Genes and Host Yeast Strains Reporter genes differ in the pheno-
types they confer. Positive selection markers, such as lacZ, are widely used and
provide colorimetric readout after an enzymatic assay. In the alternative, pro-
totrophic markers (LEU2 or HIS3) can be used and enable positive selection
on media deficient for the specific amino acid encoded by the reporter gene,
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wherein a two-hybrid interaction results in cell growth. Reporter genes result-
ing in a sensitivity phenotype, such as G418 [38], CYH2 [39], or CAN1 [40],
allow counter selection, wherein a productive protein–protein interaction
abrogates cell growth (see Reverse Two-Hybrid System). In this case, yeast
growth selection can be utilized to select mutations, proteins, peptides, or small
molecules that dissociate target protein–protein interactions.

Many two-hybrid systems commonly use dual reporter systems to confirm
the identification of a protein–protein interaction and/or putative novel
binding partners isolated via a screen. For example, after an initial genetic
selection based on growth assays, a secondary screen is performed with a
second and different reporter gene such as lacZ to allow higher specificity [8,
31, 32]. This strategy allows one to address the question of the large numbers
of transformants that need to be screened to properly survey the complexity
of cDNA libraries.

Reporters also differ in the number and affinity of upstream binding sites
for the bait and in the position of these sites relative to the transcription start
point [31]. In the GAL4-based two-hybrid system, either the intact GAL1
upstream activating sequence (UAS), which contains four GAL4 binding sites,
or an artificially constructed UAS consisting of three copies of the 17-mer con-
sensus binding sequence is used. To avoid interference by endogenous GAL4
and GAL80 proteins, the yeast host strains used in the GAL4-based two-
hybrid system must carry deletions both of the GAL4 and GAL80 genes. Due
to the absence of these two proteins, the yeast cells grow more slowly as 
compared to the wild-type yeast. The use of bacterial LexA overcomes this
problem. In LexA-based two-hybrid systems, expression of the reporter gene
is under the control of six to eight copies of the LexA operator sequence and
a minimal promoter.

Reporter genes can be integrated into the genome or reside on a plasmid.
The disadvantage of having another plasmid containing the reporter gene, and
thus the need for an additional auxotrophic marker, is compensated by several
advantages. One of the major advantages of having the lacZ reporter gene on
a high-copy-number plasmid is that weak signals are greatly amplified, which
makes it possible to assay b-galactosidase activity directly on the selection
plate by including X-gal in the medium. This avoids tedious replica and/or
filter lift assays.

Finally, reporter genes differ in the number of molecules of the reporter
gene product necessary to score the phenotype. These differences affect the
strength of the protein–protein interactions that the system can detect. A list
of the most commonly used yeast strains and reporter genes is given in Table
12.2.

Library Choice The source of DNA for the library is a key parameter for a
successful screen. It is always a good idea to start with a library prepared from
a tissue in which the target protein is known to be biologically relevant. A list
of laboratory-made or commercially available cDNA or genomic libraries
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cloned in AD vectors is reported in Table 12.3. In most screens, cDNAs 
were derived from random- or oligo(dT)-primed RNA (ribonucleic acid). It
should be kept in mind that, in contrast to genomic libraries, the relative re-
presentation of each cDNA closely reflects the endogenous expression level 
of the corresponding gene. Thus, interesting interacting proteins might be
underrepresented, if their RNA is expressed at low levels in the cell. One solu-
tion is the use of normalized libraries. The process of normalizing cDNA
libraries consists of reducing the representation of highly expressed cDNAs
[41]. In addition, the choice of a random-primed versus an oligo(dT)-primed
cDNA library can significantly influence the results of the screen. Discrete
protein domains are more likely to be screened with random-primed libraries,
while clones encoding nearly full-length proteins are enriched when oligo(dT)-
primed libraries are used. In contrast, the complexity of genomic libraries is
directly correlated to the size of the genome and to the number of indepen-
dent clones that compose the library. For organisms that possess compact
genomes, with small intergenic sequences and few introns, screening a genomic
library instead of a cDNA library could be advantageous.

When screening libraries, a good representation is crucial. To screen a mam-
malian cDNA library until saturation, more than 5 to 10 ¥ 106 yeast transfor-
mants need to be screened. In classical two-hybrid library preparations only
one out of six fused cDNAs is in the correct frame, increasing the total number

496 STRATEGIES AND METHODS

TABLE 12.2 Overview of Most Commonly Used Yeast Strains and Their Reporter
Genes

Reporter Gene
Strain Reporter Gene(s) Regulated by Origin of UAS

GAL4-Based

Y187 lacZ GAL4 GAL1 (= 4 ¥ UASG 17-mer)
SFY526 lacZ GAL4 GAL1 (= 4 ¥ UASG 17-mer)
H7Fc lacZ, GAL4 3 ¥ UASG 17-mer

HIS3 GAL4 GAL1 (= 4 ¥ UASG 17-mer)
YRG-2 lacZ, GAL4 3 ¥ UASG 17-mer

HIS3 GAL4 GAL1 (= 4 ¥ UASG 17-mer)
CG-1945 lacZ, GAL4 3 ¥ UASG 17-mer

HIS3 GAL4 GAL1 (= 4 ¥ UASG 17-mer)
Y190 lacZ, GAL4 GAL1 (= 4 ¥ UASG 17-mer)

HIS3 GAL4 GAL1 (= 4 ¥ UASG 17-mer)

LexA-Based

EGY48 LEU2 6 ¥ LexA op
EGY191 LEU2 2 ¥ LexA op
L40 HIS3, 4 ¥ LexA op

lacZ 8 ¥ LexA op
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of independent clones to be screened to over a million. Making directional
libraries of a relevant tissue or cell type could be a solution.

Screening of libraries selects for optimized interactions. Many isolates may
not represent full-length cDNA. Indeed, it has been shown that protein sub-
domains can interact better than full-length proteins, probably reflecting
domain function during folding of the protein. The best way to circumvent this
problem is probably to clone only full-length cDNAs in the correct open
reading frame. Although extremely time consuming, this approach was taken
to establish the complete yeast protein linkage map (see Whole Genome
Approaches Using the Two-Hybrid System).

For the library plasmid there is a major difference in the promoter used
between the LexA and GAL4 system. While in the most commonly used plas-
mids of the GAL4 system, fusion proteins are weakly and constitutively
expressed, they are cloned behind a stronger but inducible promoter in the
LexA system. In one of the last versions of library plasmid used in the GAL4
system, pACT2, a truncated weakly expressing version of ADH1 is used.

Important is also the relative strength of the AD, related to its ability to 
initiate transcription. Both VP16 and the AD of GAL4 are strong activators
making the system more sensitive. This might be needed for the detection of
weak interactions but inevitably results in higher backgrounds. Therefore,
the use of B42AD, which has intermediate transactivation activity, might be
beneficial in conducting a screening.

New Developments Since the original description of the yeast two-hybrid
system 16 years ago, a number of “variations on a theme” based on the initial
idea have been described. In one set of variations, the classical configuration
of the two-hybrid fusion proteins was modified to expand the range of possi-
ble protein–protein interactions that could be analyzed. For example, systems
were developed to detect interactions that involve transcriptional activators
or repressors, and membrane or extracellular proteins. In another set of vari-
ations, systems were developed to detect trimeric interactions or macromole-
cular interactions where a third protein activates or modifies one of the fused
proteins and facilitates the protein–protein interaction (three-hybrid systems).
Finally, the original concept was turned upside down and reverse two-hybrid
systems were developed to identify mutations, peptides, or small molecules
that dissociate protein–protein interactions. The next paragraphs describe 
the first two types of two-hybrid system variants; the reverse two-hybrid
systems are discussed in the second part of the chapter. An additional review
on progress and variations in two-hybrid and three-hybrid technologies is
available [42].

Improvements of Classical Yeast Two-Hybrid System Refinements of vectors
for use in the yeast two-hybrid system have been reviewed by Roder et al.
[43]. A new host strain has been recently developed that is extremely sensi-
tive to weak interactions and eliminates nearly all false positives using simple
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plate assays. This yeast strain contains three reporter genes: HIS3, ADE2, and
LacZ, each under control of a different promoter (GAL1, GAL2, and GAL7,
respectively) that responds to the same activator, GAL4 [23]. In another
system, the target protein is expressed as a fusion with the DBD domain of
the human estrogen receptor (ER) in a yeast strain containing an integrated
URA3 reporter gene driven by one or three ER response elements (EREs).
In contrast to the HIS3- and LEU2-based systems, it can be assayed quanti-
tatively by determining the activity of the reporter gene product orotidine-5¢-
monophosphate decarboxylase in cell-free extracts, and also allows negative
selection by using 5-fluoroorotic acid [44].

Two-Bait Systems The last few years have seen the advent of two-bait systems
in which different baits are bound to DNA upstream of different reporters.
These systems have been used to identify proteins that interact with different
domains of a protein (Snf1) [45], different alleles of a protein (Ras) [46], and
to identify mutant proteins that differentially bind to two known binding part-
ners of a wild-type protein (Ste5) [47]. Combining data from these systems
with data from classical two-hybrid systems likely can help dissect multimeric
protein complexes [46]. In fact, two-bait systems, like other systems in which
a third protein is expressed, can detect interactions that depend on modifica-
tion or bridging by a third protein [48].

Sos Recruitment System A recent variation of the yeast two-hybrid system,
termed Sos recruitment system (SRS), is based on the Ras pathway in yeast
and has the advantage of bypassing the reconstitution of a transcription factor
[20]. The SRS is based on the observation that the mammalian guanosine 5¢-
diphosphate–guanosine 5¢-triphosphate (GDP–GTP) exchange factor (GEF)
hSos can only activate Ras when hSos is localized to the plasma membrane.
In mammalian cells, this occurs by recruitment to the cytoplasmatic tail of acti-
vated growth factor receptors. The yeast S. cerevisiae requires a functional Ras
signaling pathway for cell viability. A yeast strain containing a point mutation
in the yeast GEF, cdc25-2, shows temperature-sensitive growth, but expression
of hSos artificially targeted to the membrane by myristoylation or farnesyla-
tion can restore growth at nonpermissive temperature. Thus, the SRS uses the
requirement of hSos to be recruited to the membrane to rescue growth as a
method to detect protein–protein interactions. The target protein is fused to
the GEF domain of hSos (GEF-X), and the partner protein or cDNA to be
screened is fused to the Src membrane-anchoring (MA) domain (MA-Y).
When these fusion proteins are coexpressed in a cdc25-2 yeast strain, the cells
grow at the nonpermissive temperature only if the two hybrid proteins inter-
act; in this case, the GEF-X/MA-Y interaction allows recruitment of hSos to
the membrane and rescue of the yeast cdc25-2 mutation (Fig. 12.2).

The SRS may be the method of choice in studying interactions that involve
transcriptional activators or repressors because it is not based on a transcrip-
tional readout. Initially, the SRS was tested using the interacting AP-1 factors
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c-Jun and c-Fos, which are difficult to study in a conventional yeast two-hybrid
system since both factors are strong self-activators [20, 49]. This system has
been then successfully applied for identification of BRCA1 interacting part-
ners [50]. In addition, certain proteins may function more physiologically when
expressed in the cytoplasm rather than in the nucleus. For example, the SRS
could be more suitable for examining interactions between proteins that
require modification by cytoplasmic or membrane-associated enzymes.

However, a potential limitation of the SRS-based screening procedure is
the isolation of false positives encoding Ras. In fact, mammalian Ras can
bypass the requirement for a functional Ras GEF and represents a predictable
false positive in this system. A possible solution to the problem is based on
the observation that overexpression of GTPase activating protein (GAP) can
suppress the bypass of the Cdc25 function by Ras [51]. However, it remains
to be determined whether this improvement indeed significantly decreases the
number of false positives.
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(a)

(b)

Figure 12.2 Principle of the SRS system. (a) In yeast cells carrying the cdc25-2 muta-
tion the yeast Ras guanyl exchange factor cdc25 (ySos) is inactivated at nonpermissive
temperature (36°C), leading to growth arrest. A bait X that is fused to the human Ras
guanyl exchange factor Sos (hSos) cannot overcome the growth defect because the
hSos-X fusion protein is located in the cytoplasm. (b) If an interacting protein Y is
localized to the plasma membrane by means of a myristoylation signal, the interaction
between X and Y recruits hSos-x to the membrane where it stimulates GDP exchange
on Ras, thereby circumventing the cdc25-2 mutation. Consequently, the yeast cells will
grow at 36°C.



The USPS System The ubiquitin-based split-protein sensor (USPS) system,
originally developed by Johnsson and Varshavsky [19], relies on the proper-
ties of the ubiquitin protein. The ubiquitin protein consists of 76 amino acids
and is highly conserved between all eukaryotes [52]. Its primary function is to
act as a “tag” for degradation by being attached to proteins through ubiquitin
conjugating enzymes. Once a protein becomes tagged with several ubiquitin
moieties, it is transported to the 26S proteasome, where ubiquitin-specific pro-
teases (UBPs) cut the peptide bond at a double glycine motif in the junction
between the attached ubiquitins and the target protein. The released ubiqui-
tin moieties are then recycled back to the cytoplasm, whereas the target
protein is degraded by the 26S proteasome [53].

The USPS system takes advantage of the highly specific cleavage mediated
by the UBPs. The expression of a fusion protein consisting of ubiquitin and a
C-terminally attached reporter in yeast results in fast and complete cleavage
by UBPs within minutes [19]. The folded structure of ubiquitin is crucial to
the recognition and subsequent cleavage events by UBPs: expression of an N-
terminal ubiquitin moiety carrying a point mutation in a hydrophobic core
residue (NubG) together with the C-terminal ubiquitin moiety (Cub) in the
same yeast cell does not result in cleavage by UBPs anymore, presumably
because the partially unfolded NubG moiety does not recognize and bind to
the Cub moiety. As the UBPs do not recognize Cub alone, no cleavage of the
attached reporter takes place. In order to exploit the ubiquitin moieties as
reporters for detecting protein–protein interactions, two binding partners, X
and Y, are fused to NubG and Cub, respectively. Upon interaction of X and
Y, the NubG and Cub moieties are brought into close proximity, resulting in
a partial refolding of NubG, followed by reassociation of NubG and Cub into
what the authors termed split-ubiquitin. Split-ubiquitin represents a good sub-
strate for UBPs and, therefore, the attached reporter is cleaved off (Fig. 12.3).
In the original description of the system, the reporter protein used was human
dihydrofolate reductase (DHFR) expressed as a fusion to Cub, and cleavage
of such a hybrid was used as an indication for X/Y interaction.

As the formation of split-ubiquitin and the subsequent cleavage by UBPs
do not depend on any particular intracellular localization of the proteins, the
split-ubiquitin system is suitable for the study of membrane proteins. This
system has been successfully used to detect interaction among a variety of pro-
teins, including sucrose transporters [54], yeast oligosaccharyl transferases
[55], transmembrane proteins normally present in the endoplasmic reticulum
[56, 57], and proteins involved in viral replication in Arabidopsis [58]. This 
two-hybrid variant was also proven capable of reconstituting the well-
characterized homodimerization of the yeast Gcn4p leucine zipper domain.
However, this strategy has not yet been adapted for the identification of novel
interacting proteins.

Protein Three-Hybrid Systems The protein three-hybrid systems represent
an additional adaptation of the yeast two-hybrid system that allows investi-

504 STRATEGIES AND METHODS



gation of ternary protein complexes. In fact, stable interaction of proteins X
and Y may rely on the presence of a third protein Z. Protein Z either medi-
ates the interaction or induces a conformational change in one of the proteins
(e.g., X) so that it promotes interaction with another protein Y. One of these
systems was employed by Zhang and Lauter [48] to investigate intracellular
associations of proteins during initiation of the epidermal growth factor recep-
tor (EGFR) signal transduction cascade. Within the yeast cells, the EGFR
cytoplasmic domain was expressed as a DBD fusion protein and Sos as an AD
fusion protein. To identify new interacting proteins, a mouse brain library
fused to the SV40 T-antigen NLS was coexpressed from a third vector in con-
junction with the EGFR–DBD and the Sos–AD hybrid proteins, leading to
the identification of the mouse Grb2 protein [48]. Recently, another variant of
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(a)

(b)

(c)

Figure 12.3 The ubiquitin-based split-protein system (USPS). (a) Native ubiquitin is
recognized by UBPs, which cleave at a double-glycine motif located at the carboxy ter-
minus of ubiquitin. A reporter protein (R) that is fused to the C-terminus of ubiquitin
is released upon cleavage. (b) Cleavage at an extended loop separates ubiquitin into a
C-terminal (Cub) and an N-terminal (Nub) domain. The introduction of a point muta-
tion into Nub (NubG) causes its partial misfolding and therefore abolishes the binding
of Nub to Cub. As UBPs do not recognize the isolated Cub domain, the reporter R is
not cleaved from the C-terminus of Cub. (c) A protein X is fused to NubG and its inter-
acting partner Y is fused to Cub. The interaction of X and Y brings NubG and Cub
together, allowing the partial refolding of NubG and leading to their reassociation into
split-ubiquitin. Like native ubiquitin, split-ubiquitin is recognized by UBPs, leading to
the cleavage and release of the reporter R.



this system was proposed by Tirode et al. [17]. This version uses both LexA
and GAL4 plasmids and is based on the addition of a Met25 promoter for the
third partner. This third partner is cloned on the same plasmid that already
encodes the GAL4 and LexA hybrid proteins. By doing this, a selection
marker is saved. Transcription of the third protein is repressed upon addition
of methionine in the culture medium and provides an elegant way to perform
negative controls [17].

An alternative use of a third protein coexpressed with the two-hybrid fusion
proteins is exploiting the third protein’s ability to modify or activate one 
of the fused proteins and facilitate the protein–protein interaction. As an
example, the kinase three-hybrid system termed tri-brid system can detect
protein–protein interactions that depend on posttranslational modifications.
In fact, one of the limitations of the classical version of the yeast two-hybrid
system is the lack of some crucial posttranslational modifications (such as tyro-
sine phosphorylation) in S. cerevisiae [59]. This was solved by introduction of
a third component, that is, a cytosolic tyrosine kinase, which then phosphory-
lated substrates in the yeast cell. In principle, it should be possible to incor-
porate any posttranslational or allosteric regulation that is desired. However,
care must be taken that the posttranslational modification is properly per-
formed in yeast [60].

Finally, a yeast multiprotein system that allows simple and rapid detection
of interactions among up to four proteins was recently developed by Loregian
et al. [61]. This system, which further expands the three-hybrid system 
to include a fourth protein, could be most useful to dissect multiprotein 
complexes.

Mammalian Two-Hybrid Although most two-hybrid systems use yeast, some
mammalian variants do exist. In one, the gene of interest is expressed as a
fusion with the GAL4 DBD. The second gene is expressed as a fusion with
VP16 AD. A third vector, pG5CAT, contains the chloramphenicol acetyl-
transferase (CAT ) reporter gene downstream of a GAL4 responsive UAS.
These three vectors are cotransfected into a mammalian cell line. Interaction
between proteins X and Y is assayed by measuring CAT gene expression by
any standard method [62]. In another version, interaction of proteins fused to
VP16 with a GAL4-derived bait drives expression of hygromycin B phospho-
transferase, CAT, or CD4 cell surface antigen [63].

New Applications of the Yeast Two-Hybrid System During the past decade,
together with the evolution of the technique, new applications have emerged.
Apart from the molecular dissection of known interactions and the identifi-
cation of new interacting partners, several new problems can now be addressed
by means of the two-hybrid technology.

Interaction Suppression Interaction suppression makes use of the two-hybrid
technique to evaluate the biological relevance of an interaction between two
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proteins. First, mutations that affect interaction of a target protein (A) to its
partner (B) are identified. Once a mutant version of A is found, the influence
of this mutation on the phenotype can be studied. However, if one finds
mutants of protein A that do not bind protein B, one cannot exclude that also
the interaction of protein A with an unknown protein C is abolished and
accounts for the change in phenotype. Therefore, in a second step one has to
search for binding suppressors, that is, a mutant version of B that is able to
interact with the mutated version of A and restores the altered phenotype.
This approach was taken to study the Ras/Raf pathway [64–66].

Protease Trap This system relies on the nuclear localization of the hybrid
protein [67]. A functional transcription factor is fused to a domain that pre-
vents it from translocating into the nucleus. If a protease site is cloned in
between the transcription factor and this domain, it is possibile to search for
a protease that cuts off the antinuclear localization domain enabling nuclear
localization of the transcription factor and finally resulting in reporter gene
expression. This approach could also be applied to screen for target sequences
for a known protease by cloning random sequences in between the two func-
tional domains.

Whole Genome Approaches Using the Yeast Two-Hybrid System One of the
most spectacular and ambitious applications of the two-hybrid system consists
of establishing so-called protein linkage maps (PLMs). These maps consist of
all possible protein interactions that occur during the entire life span of a cell.
PLMs might provide information on new functions of known proteins by dis-
covery of unexpected interactions, identify cross-connections between cellular
pathways, result in the identification of novel drug targets, and gain more
insight in the overall cell system. Since it is a genetic system, the yeast two-
hybrid system is well suited to high-throughput applications such as the iden-
tification of interactions that take place between all proteins expressed in a
given cell or organism.

Currently, two approaches are being used to generate PLMs. In the so-
called matrix approach, or array approach, a set of open reading frames
(ORFs) is amplified using the polymerase chain reaction (PCR), cloned as
both bait and prey (i.e., as a fusion to a DBD and as a fusion to an AD), and
then expressed into isogenic yeast strains of opposite mating type. The yeast
strain expressing a DBD fusion is then mated with an array of clones each
expressing a different AD fusion [25]. Since yeast mating is a very efficient
process, numerous combinations of DBD-X/AD-Y can be assayed simultane-
ously. Practically, this task is carried out by robots that transfer aliquots from
a lawn of cells expressing one DBD fusion to arrays of cells each expressing
a different AD fusion. This procedure is repeated for each strain expressing a
DBD fusion, until all DBD fusions have been mated with the entire AD array.
Positive interactions are selected through the ability of diploid yeast colonies
containing an interacting fusion pair to grow on selective media. In order to
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eliminate the false positives arising from such an approach, the experiments
are performed in duplicate, and only interactors found in both experiments
are considered to be true positives. An advantage of the matrix approach is
that it rapidly becomes clear which locations produce false positives, confirm-
ing that the system is working properly; if a particular AD hybrid in the 
array binds all DBD fusions, it most likely represents a false positive and
should thus be discarded. This approach is nevertheless restricted by several
limitations. First, only known or predicted proteins can be tested, and this 
is an obvious key problem in genome-wide projects. Second, the matrix
approach enables the use of a single set of growth conditions, which precludes
the possibility of using different selective conditions for each specific 
interaction. For example, the 3AT concentration cannot be adjusted to account
for weak self-activation of some baits. Third, the use of full-length proteins for
both the DBD-X and the AD-Y fusions might prevent the identification of
several interactions due to various intrinsic problems such as folding, degra-
dation, and toxicity.

A second approach in genome-wide yeast two-hybrid analysis is the so-
called library screening approach in which DBD fusions are screened against
complex libraries containing AD fusions of full-length ORFs or ORF frag-
ments. In contrast to the matrix approach, this method does not separate the
different AD fusions on an array. Instead, the library is divided into pools, and
each yeast strain expressing a DBD fusion is mated with a library pool. Then,
diploid cells containing an interacting protein pair are selected. The library
screening approach is more sensitive than the matrix approach since it 
uses not only full-length ORFs but also random ORFs fragments. Often, a
protein–protein interaction can be detected using fragments of the proteins of
interest but not the full-length proteins, as they do not fold properly when
expressed in yeast or are degraded [68]. The use of fragments often circum-
ventes these problems. On the other hand, library screens are much more
expensive and time consuming than matrix screens since they require the
analysis of larger numbers of clones. In addition, the library plasmids encod-
ing AD hybrids have to be isolated and sequenced from all selected clones in
order to identify the interacting partners.

In the past few years, several systematic two-hybrid projects have been
undertaken to analyze protein–protein interactions at a global level [68–72].
These are summarized in Table 12.4, together with relevant information 
about the type of cell or organism that was investigated, the method that was
used to perform the screen, and the number of protein–protein interactions
that were identified. The first PMLs were reported in 1994 for Drosophila
melanogaster [73], followed by similar screenings for T7 bacteriophage [74]
and a subset of yeast proteins involved in messenger RNA (mRNA) splic-
ing [26]. Likewise, Walhout et al. [68] and Boulton et al. [71] mapped
protein–protein interaction networks involved in Caenorhabditis elegans
vulval development and DNA-damaging response components, respectively.
Finally, Rain et al. [72] have recently built a large-scale protein–protein inter-
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action map of the human gastric bacterial pathogen Helicobacter pylori, whose
genome encodes 1590 putative ORFs [75]. A total of 261 baits were used to
detect 1524 interactions, resulting in a protein interaction map covering much
of the proteome.

The most comprehensive large-scale screening approaches reported to date
focus on the yeast S. cerevisiae. Two groups studied all 6131 annotated yeast
ORFs using both matrix and library screening approaches [69, 70, 76]. Initially,
Ito et al. [76] performed a large-scale matrix screen using 159 ORFs that were
cloned as DBD and AD fusions. They analyzed 430 matings (representing 10
percent of all possible combinations between DBD and AD fusions) and iden-
tified 175 interactions, of which 163 had not previously been reported. They
recently completed their systematic approach, identifying a total of 841 inter-
actions [70]. The second group performed both matrix and library screenings
[69]. Using the matrix method, 192 ORFs were created as DBD fusions 
and then mated with the 6131 yeast ORFs fused to the AD, resulting in 281
protein–protein interactions. For the library screen, a library was made by
pooling all 5345 AD-fused ORFs. These were then mated separately to the
same 5345 ORFs fused to the DBD, yielding a total of 692 protein–protein
interactions.

A surprising observation was made when comparing the results of Ito et al.
[76] and Uetz et al. [69]. Despite the fact that both groups used the same yeast
ORFs in their experiments, only 20 percent of all interactions detected in the
two screens overlapped [70]. The reasons for this small overlap are difficult to
explain, but most likely the differences are due to the different experimental
settings. For example, the different DBD and AD plasmids used by the two
groups may have affected the folding and expression level of the proteins, the
use of PCR to amplify the yeast ORFs may have introduced mutations that
abolish interactions, and, most importantly, the stringency of selection may
have been different, eliminating interactions seen by one group from the other
group’s results. In summary, the large-scale screenings carried out so far indi-
cate that even when using exhaustive library screens that potentially cover all
interactions in a genome, it is still difficult to estimate what percentage of
protein–protein interactions that occur in a cell or organism under investiga-
tion are actually identified in such screens. The small overlap between data
sets of Ito et al. [76] and Uetz et al. [69] suggests that even within the subset
of protein–protein interactions that can be detected using the yeast two-hybrid
system, such screenings are still far from being exhaustive.

Peptide Display Technologies

Surface display of peptide and proteins is another approach to detect and 
characterize protein–protein interactions. The advantage of peptide display
technology over other research tools and its great potential have been demon-
strated by successful applications in diverse fields of biomedical research,
including drug discovery [77–79].
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Phage Display Phage display is the most widely adopted molecular display
technique. Smith first demonstrated in 1985 [80] that an E. coli phage can
express a fusion protein bearing a foreign peptide on its surface and suggested
that libraries of recombinant phages could be constructed and screened to
identify proteins that bind to a specific partner. In general, phage display
usually refers to an in vitro selection technique in which a peptide or a protein
is genetically fused to a coat protein of a filamentous phage, such as M13, fd,
and f1, resulting in display of the fused protein to the surface of the virion,
while the DNA encoding the fusion resides within the phage.

Protein sequences are usually fused to the amino terminus of either the
major coat protein, pVIII (about 3000 copies per phage), or a tail protein, pIII
(5 copies per phage). Thus, a foreign DNA sequence inserted in these genes
results in multiple copies of the fusion protein displayed by the phage. This is
termed polyvalent display. In general, polyvalent display is limited to small
peptides because larger inserts interfere with the function of the coat proteins,
and the phage becomes poorly infective. In polyvalent display, the peptides
are either displayed in an unconstrained form or in a constrained form by
introducing flanking cysteine residues. The latter peptides are much less flex-
ible, and peptides selected from constrained libraries have quite often higher
affinities than those selected from unconstrained libraries. The minor coat
protein pVI has been also used to display foreign peptide sequences fused at
its C-terminus, a system that can be more suitable when a free C-terminal end
is necessary for proper activity [81].

Next, a phage library is enriched for members that bind an immobilized
target by a procedure called panning (Fig. 12.4) in which the phage library is
incubated with the protein of interest bound to a plastic dish or well. After
washing to remove nonspecifically bound phages, specifically bound phages
are eluted either by competition with free target or by more stringent washes.
The library is then amplified in E. coli, and the selection is repeated to enrich
for phages possessing peptides specifically binding to the target protein. Mul-
tiple rounds of selection make this approach very efficient. Finally, the DNA 
is extracted from individual viral plaques and sequenced to determine the
sequence of the peptides that bind to the target protein.

A major advance in phage display came with the development of the mono-
valent systems in which the coat protein fusion is expressed from a phagemid,
and a helper phage supplies a large excess of the wild-type coat protein [82,
83]. Therefore, the phages are functional because the recombinant protein
forms only a small amount of the total coat protein. The vast majority (>99
percent) of the population of phage virions displays either one or no copies
of the fusion protein on their surface. Such phages can accommodate up to
100kDa of heterologous protein without any significant decrease of phage
infectivity. In addition, monovalent phage display avoids potential avidity
effects observed with polyvalent display, in which the phage can attach to the
absorbent at multiple points.
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Consequently, phages were used for the display not only of short peptides
but also of functional proteins such as antibody fragments, hormones, enzymes,
and enzyme inhibitors, as well as for the selection of specific phage on the basis
of functional interactions (antibody–antigen, hormone–hormone receptor,
enzyme–enzyme inhibitor, etc.). Antibodies have been displayed on phages in
the form of scFv or Fab¢ fragments using either the phage or the phagemid
system. In the latter case, either the VH-CH1 or VL-CL chain is fused to pIII
while the other chain is expressed without pIII fusion. Thus, phage display has
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Growing E. coli
Cells Containing
Phagemid
Libraries

Superinfection 
with Helper Phage

Production of
Phagemid Particles

Incubation of
Phagemid with
Coated Ligands

Amplification of
Selected Phagemids

Selection of
Phagemid-Infected
Cells (AmpR)

Infection of
E. coli Cells

Elution of
Bound Phagemids

Washing Steps

Figure 12.4 Scheme of the panning cycle. Phage particles displaying fusion proteins
of peptide variants are produced by infecting phagemid libraries, i.e., E. coli cells car-
rying the phagemid as a plasmid DNA, with helper phage (upper left). These particles
are incubated with a target of interest that has been immobilized on a plate or bead
(lower left). Particles with low affinity for the target are washed away (bottom). The
remaining particles are eluted by disrupting the binding interactions between the phage
and target, e.g., with acid, and then used to infect fresh E. coli cells; clones are selected
for antibiotic resistance (right half). The enriched clones are now ready to be pack-
aged. The process is then repeated, resulting in stepwise enrichment of the phage 
pool in favor of the tightest binding sequences. After multiple rounds of selection/
amplification, individual clones are characterized by DNA sequencing.



been applied successfully not only to epitope mapping but also to identifica-
tion of critical amino acids responsible for protein–protein interactions and to
isolate leads for the discovery of new therapeutics (see the second part of this
chapter).

Phage display presents several advantages for the study of protein–protein
interactions. It is a rapid procedure and has been shown to be widely applic-
able. There are, however, limitations to the technique. In early examples of
phage display, the length of the peptides displayed on bacteriophage virions
was usually restricted to 6 to 15 amino acids because larger polypeptides (>10
residues for pVIII display) compromised phage infectivity and thus could not
be efficiently displayed. The development of phagemid display systems solved
this problem by fusing the peptides to an additional coat protein encoded by
a phagemid vector and subsequently infecting with a helper phage [82]. Other
intrinsic restrictions of display systems based on filamentous phage include
their inability to display protein sequences toxic to bacterial cells and the fact
that the fusion protein must be secreted across the bacterial membrane. An
alternative system to alleviate the toxicity problem is represented by the use
of bacteriophage l, in which the synthesis of any toxic protein can be repressed
during the lysogenic state and induced for a very short time just before cell
lysis [84]. Furthermore, protein secretion is not required for phage l display
because this phage assembles intracellularly. In addition, l-based systems offer
the advantage of efficient construction and maintenance of very large libraries.
Two l-phage display systems have recently been described. One approach
entails fusion to the V gene, which encodes a tail fiber, at the end corre-
sponding to the C-terminus [85]. Alternatively, peptide sequences can be 
fused to the amino terminus of the D protein on the phage capsid [84]. Other
phage vectors wherein displayed protein sequences are not secreted are the
bacteriophage T4, where polypeptides can be exposed by fusion with the C-
terminus of fibritin, a protein of the bacteriophage neck [86], and the bac-
teriophage T7 (see Reagents).

Other disadvantages of the phage display include the use of a bacterial host,
which may preclude the correct folding or modification of some proteins, and
the fact that all phage-encoded proteins are fusion proteins, which may limit
the activity or the accessibility for binding of certain proteins.

Finally, one should keep in mind that, since the phage display libraries
consist of fully randomized peptides displayed on phage, a binding partner
identified in a particular panning experiment will not necessarily correspond
to a “natural” ligand for the target. The panning procedure iteratively selects
for those peptides that best bind the target under the panning conditions in
vitro, without regard to the biological role of the target in vivo. For certain
targets, such as antibodies with linear epitopes, the selected sequence will in
all likelihood correspond to that region of the antigen recognized by the anti-
body. For targets that bind to large surfaces of a protein, or discontinuous
regions of the primary sequence, the selected sequences are less likely to
resemble the “natural” ligand. As a result, caution should be taken if one is
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planning on using the DNA corresponding to the selected sequences as probes
when trying to clone any natural ligand proteins. In contrast, cDNA expres-
sion libraries are limited to natural proteins and, as a result, are much more
likely to yield the native ligand for the target protein.

Other Peptide Display Systems In the past few years, there have been
numerous developments in the peptide display technology to make it applic-
able to a variety of protein–protein and protein–peptide interactions.

Bacterial Display Systems A significant restriction of phage display is the
unpredictable expression bias against some eukaryotic protein sequences
expressed in E. coli, because incorporation of any protein fusion into phage
particles depends upon the ability of E. coli to express that protein sequence
in soluble form. A number of alternatives to phage display have been devel-
oped for the detection of protein–protein interactions in bacteria. One
approach to physically link a protein to its gene is by fusion with the lac
repressor [87]. Other methods of isolating peptides by attaching the encoded
protein to its gene include affinity selection of nascent proteins translated 
on polysomes [88] and expression on the surface of bacteria [89]. Proteins 
or peptides have been displayed on the surface of E. coli, fused either to 
outer membrane proteins [90] or flagella [91]. However, like phage display,
E. coli display is subjected to potential library bias due to expression in a
prokaryotic host.

Eukaryotic Display Systems In contrast to E. coli, yeast cells possess eukary-
otic posttranslational processing enzymes and secretory machinery. Thus, a
display system using S. cerevisiae as the host organism should overcome the
library biases due to expression in a prokaryotic host. The yeast surface display
system uses the a-agglutin mating adhesion receptor, which consists of two
domains, Aga1 and Aga2 [92], to display recombinant protein on the surface
of S. cerevisiae. Peptide sequences are fused to the carboxyl terminus of Aga2,
and the Aga2 fusion is disulfide bonded to Aga1, which is in turn covalently
linked to the yeast cell wall by phosphatidyl inositol glycan linkages. There-
fore, each product of a DNA library is tethered to the surface of the yeast cell
wall in a manner that makes it accessible to macromolecular recognition
without steric hindrance from cell wall components. This could be of signifi-
cant advantage when displaying peptides as candidate molecules for the dis-
ruption of protein–protein interactions (see the second part of this chapter).

A mammalian peptide display system also exists, wherein proteins of inter-
est are targeted and anchored to the cell surface by cloning their genes in
frame with an N-terminal secretion signal and the C-terminal transmembrane
anchoring domain of platelet-derived growth factor receptor (see Reagents).
In addition, a variety of eukaryotic viruses have been also proposed for the
display of foreign peptides. Examples of these are the tobacco mosaic virus,
in which Plasmodium malariae epitopes were displayed both on the surface
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of a loop region and at the C-terminus of the coat protein [93], and human
rhinovirus 14, on whose surface a library of variants of the V3 loop of 
human immunodeficiency virus type 1 (HIV-1) gp120 has been displayed [94].
The eukaryotic display of peptide sequences has been successfully achieved
also using the baculovirus Autographa californica, through expression of
foreign peptide sequences as coat protein fusions [95].

In Vitro Display Technologies Some new display technologies have recently
emerged that operate entirely in vitro and use PCR rather than cells to amplify
genetic material [79]. For example, one of these systems relies on the unique
properties of a replication initiator protein,P2A,encoded by the A gene of E.coli
bacteriophage P2. This protein covalently attaches to the same molecule from
which it has been expressed. By constructing a peptide library from random
sequences linked to the A gene, the expressed P2A-peptide fusion moieties are
directly tagged with the peptide coding sequence. These in vitro display tech-
nologies, by circumventing the need to introduce DNA into a host cell, could
allow the construction of libraries that are several orders of magnitude larger
(potentially up to 1015 molecules) than those obtainable when using whole cells
or viruses for peptide display. Moreover, the linkage between the peptide
sequence and its encoding nucleic acid leads to several advantages, including a
greater control over binding conditions to the target molecule and the ease with
which PCR-based mutagenesis and recombination can be performed.

The choice of the most appropriate expression system for the display of
peptide libraries ultimately depends on the protein–protein interaction of
interest. There would be no advantage, for example, in using a eukaryotic
display system for the display of short sequence libraries when phage systems
have proven so effective because of their simplicity, minimal cost, and ease of
manipulation. On the other hand, eukaryotic display systems could be
required for longer peptide sequences whose functional display needs proper
posttranslational modifications.

Reagents In the last few years there has been significant progress in devel-
oping vectors for peptide display. In early versions of phage display, the foreign
DNA was inserted into the phage genome between the N-terminal domains
of gene III needed for infection and the C-terminal domain required for 
morphogenesis. In subsequent versions, the fusion site was moved to the N-
terminus, which improved infectivity of the phage. Based on these findings,
libraries displaying peptides of various length instead of gene fragments were
created by various groups and successfully applied to the identification of
protein ligands and epitope mapping.

Another important reason for improving the vectors for display of cDNA
libraries was that fusion to either pIII or pVIII requires maintenance of the
correct reading frame at both the junction with the signal sequence and with
the C-terminus of the phage coat protein. Therefore, full-length cDNAs cannot
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be used as they contain stop codons. To overcome this problem, vectors have
been developed that only require a single fusion at the end of the cDNA
encoding the amino terminus [81, 96].

One of the currently most used versions is the Ph.D. display system, which
enables the display of custom peptide libraries on the surface of bacteriophage
M13 as coat protein fusions, creating a physical linkage between each dis-
played peptide and its encoding DNA sequence. This system utilizes the
display vector M13KE, which is an M13 derivative with cloning sites engi-
neered for N-terminal pIII fusion, resulting in a valency of 5 displayed pep-
tides per phage. The use of a phage vector, rather then a phagemid, simplifies
the intermediate amplification steps since neither antibiotic selection nor
helper phage superinfection are required. However, displayed proteins longer
than 20 to 30 residues have a deleterious effect on phage infectivity.

Large display libraries can be easily made using the T7Select vector. Pep-
tides up to 50 residues can be displayed in large copy numbers (415 per phage);
in the alternative, proteins up to 1200 amino acids can be displayed in low copy
numbers (0.1 to 1 per phage) or midcopy numbers (10 per phage). Displayed
peptides and proteins do not need to be exported through the periplasm and
the cell membrane, as phage assembly takes place inside the E. coli cell and
mature phages are realesed by cell lysis. Moreover, T7 grows rapidly, which
saves time during cloning/screening procedures, and is extremely stable,
expanding the variety of agents that can be used in panning.

The FliTrx Random Display Library system employs the same basic route
of expression-fusion protein display as does phage display, but without the
phage. The vehicle of choice is the FliTrx vector, which positions a diverse
library of peptides in a flagellin (fliC)-thioredoxine (trxA) fusion protein
(FliTrx). The recombinant protein is exported and assembled into partially
functional flagella and displayed on the bacterial cell surface in a conforma-
tionally constrained form due to insertion of the peptide into the active-site
loop of the thioredoxine protein. Peptides inserted in this loop have both their
N- and C-terminus tethered by the rigid and stable tertiary fold of the thiore-
doxine molecule. With this system, phage infection and isolation steps are
eliminated.

Finally, the pDisplay is a mammalian expression vector that is designed to
target recombinant proteins to the surface of mammalian cells. Displayed 
proteins can be analyzed for their ability to interact with known or putative
ligands. Proteins are targeted and anchored to the cell surface by cloning 
the gene of interest in frame with pDisplay’s unique N-terminal cell surface
targeting signal and the C-terminal transmembrane anchoring domain of
platelet-derived growth factor receptor.

Protein Microarrays

Another approach for the high-throughput characterization of protein–
protein interactions that has been recently developed exploits the protein
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microarray technology [97]. Here, proteins are expressed, purified, and
attached to the surface of a microarray in a way that preserves their folding
and their ability to specifically bind other proteins. Initially, protein chips were
utilized to identify yeast genes encoding specific biochemical activities [98].
Recently, Zhu et al. [99] applied this technology to the study of protein–
protein interactions.

Advances in microfabrication [100] and surface chemistry methods [101]
have all allowed the development of several protein microarray formats,
including the commercially available ProteinChips, functional protein arrays,
antibody arrays, peptide arrays, interaction arrays, and surface plasmon reso-
nance (SPR)-based arrays.

Apart from protein–protein interactions, protein microarrays can also be
used to study other binding activities, such as protein–nucleic acid, protein–
small molecule, and protein–drug interactions. Although these are all in vitro
assays, the advantage is that the experimental conditions can be well con-
trolled. For example, different cofactors or inhibitors can be included in the
assays to vary the stringency of the binding reaction. Another advantage is
that these assays are not biased toward abundant proteins. In addition, with
adequate detection methods, protein microarrays can be used to identify the
protein substrates of various enzymes such as proteases, methyl transferases,
protein kinases, and phosphatases [102]. Finally, protein microarrays can be
used to identify in vivo posttranslational modifications by probing for specific
modifications, such as phosphorylation or glycosylation, using antibodies or
lectins, respectively. Protein microarrays also have the potential advantage of
allowing analysis of the kinetics of protein–protein interactions via real-time
detection methods.

In summary, protein microarrays can be used to globally analyze the activ-
ities of proteins including their interaction with proteins, nucleic acids, lipids,
carbohydrates, and small molecules. Because of its versatile and miniaturized
nature, microarray technology is expected to enormously flourish in the near
future. Different types of commonly used protein microarrays are listed in
Table 12.5 and described in the following sections.

ProteinChips In the ProteinChip technology, proteins are exposed to chips
with different surface features in parallel so that sets of proteins with common
properties (hydrophilic, hydrophobic, charged, etc.) will attach to a particular
type of surface. After washing to remove unbound proteins, proteins of 
interest can be enriched on the chip surface by selective washing, and/or pro-
tease digestion [103]. ProteinChips require very small sample amounts and 
can be used directly with biological fluids to provide information on post-
translational modifications, protein structure, and other properties [103, 104].
Currently, ProteinChips have been used for a wide variety of applications
including the identification of collagen binding proteins in Lactobacillus
species [105] and the quantitation of prostate-specific membrane antigen
levels [106].
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Functional Protein Microarrays Another approach for the exhaustive char-
acterization of the biochemical activities of proteins of interest is using 
functional protein microarrays. In this technique, sets of proteins or even an
entire proteome is overexpressed, purified, distributed in an array format, and 
then assayed for specific activities. These arrays can be used not only to 
screen for biochemical activities of interest but also to analyze posttransla-
tional modifications and to detect binding to proteins, antibodies, small mol-
ecules, and drugs. The latter use has potentially powerful applications in drug
discovery.

There are several types of functional protein arrays (reviewed in [102]):
nanowells, which are miniature wells; thick absorbent surfaces, such as 
hydrogels; and solid surface supports, such as glass slides. Nanowell arrays 
typically contain wells 1mm or less in diameter. The wells can be made of
plastic material, such as polydimethylsiloxane (PDMS), or alternatively can 
be etched in glass. The nanowells have the advantges of compartmentalizing
samples and of reducing evaporation. Using the nanowell arrays, Zhu et al.
[98] characterized the kinase–substrate specificity of almost all (119 of 122)
yeast kinases using 17 different substrates. The substrates were first covalently
attached to the surface of the nanowells, and then the protein kinases 
were incubated with the substrates and [33P]ATP (adenosine 5¢-triphosphate).
After washing away the kinases and unincorporated ATP, the nanowell 
chips were analyzed for phosphorylated substrates. Not only known
kinase–substrate interactions were detected but also many novel activities
were identified.

Glass microscope slides are also widely used for functional protein micro-
arrays, as they are compatible with many commercial scanners. MacBeath 
and Schreiber [107] used this format to detect antibody–antigen interactions,
protein kinase activities, and protein binding to small molecules. The major
limitation in functional protein microarrays has been the preparation of pro-
teins to analyze. This requires high-throughput expression and purification
methods that can yield a large number of functionally active proteins. This
problem was recently overcome (see High-Throughput Protein Production).

Antibody Microarrays In antibody microarrays, antibodies are usually
spotted onto a glass slide; then the arrays are incubated with a cell lysate or
serum to allow the antigens present in the sample to bind to their cognate anti-
bodies. The bound antigen is detected either by using radioactively labeled or
fluorescently tagged proteins or by using a secondary antibody against each
antigen of interest.

Low-density antibody arrays have been created that quantitate the levels
of several proteins in serum [108, 109] and blood [110]. Recently, Sreekumar
and colleagues [111] spotted 146 different antibodies on high-density glass
arrays to characterize the differential expression of a number of antigens in
LoVo colon carcinoma cells. They found that radiation treatment of the cells
upregulated the levels of many interesting proteins, including tumor necrosis
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factor-related ligand, DNA fragmentation factors 40 and 45, and p53, and
downregulated the levels of other proteins.

The major problem with antibody arrays is antibody specificity. Haab et al.
[112] evaluated the reactivity of 115 antibodies with their cognate antigens.
Protein microarrays containing either immobilized antibody or immobilized
antigen were probed with antigens or antibodies, respectively. Only 30 percent
of the antibody–antigen pairs showed specific binding, indicating that most
antibodies are not suitable for quantitative detection. Nevertheless, for those
antibodies that are specific, quantitation of antigen levels in a complex mixture
could be obtained. In fact, in a later study they demonstrated that antibody
microarrays could be used to obtain serum profiles [113].

SPR-Based Arrays Surface plasmon resonance (SPR) has been shown to be
a versatile detection tool to analyze the kinetics of protein–protein interac-
tions over a wide range of affinities, molecular weights, and binding rates
[114–116]. Although the commercially available SPR chips are not yet high-
throughput, Myszka and Rich [117] recently described a sensor surface with
64 individual immobilization sites in a single flow cell. Alternatively, Sapsford
and colleagues [118] developed an antibody array biosensor and studied the
kinetics of antigen–antibody interactions. Surface plasmon resonance–
biomolecular interaction analysis (SPR–BIA) is another chip-based method
that has been used for kinetic and thermodynamic studies of protein–protein
interactions. Finally, in an adaptation of biosensor technology, soluble recom-
binant insulinlike growth factor receptor domains have been isolated on a chip
to analyze protein–protein interactions [119]. This allowed the characteriza-
tion of the binding of protein domains to other proteins and also provided
information about the function of nonbinding domains.

Peptide Microarrays A modified version of protein microarrays is peptide
microarrays, which can be used as potential ligands and as substrates for enzy-
matic activites when probing with proteins or other molecules. In one recent
study, Houseman and colleagues [120] immobilized 9-mer peptide kinase 
substrates on a gold-coated glass surface to form a high-density peptide micro-
array and analyzed the phosphorylation of the peptides using fluorescence,
SPR, and phosphoimaging. They could also quantitatively evaluate the effect
of three kinase inhibitors. This study demonstrated the usefulness of coupling
peptide chips with various detection methods to quantitatively analyze the
dynamics of enzyme–substrate interactions, which could have potential appli-
cations in drug discovery.

Interaction Arrays In the field of protein–protein interaction assays, dot-blot
filter arrays have been used to screen for specific interactions of immobilized
proteins with other proteins. For example, Ge [121] has described a protein
array for quantitative detection of protein binding to a variety of proteins,
nucleic acids, and small molecules. A set of 48 proteins were spotted onto
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nitrocellulose filters and a 32P-labeled glutathione S-transferase (GST) fusion
of the human protein p52, known to be a transcriptional activator, was 
incubated with the array. He detected binding to nucleolin, which has been
reported to have several functions, including ribosomal RNA processing and
regulation of cell doubling time in cancer cells. In addition, interactions of
DNA, RNA, or low-molecular-weight ligands with the immobilized molecules
were shown. Such arrays could be miniaturized and therefore have the poten-
tial to be created in a microarray format.

Recent work by Zhu et al. [99] demonstrated the extraordinary power of
array-based technology for proteomic studies. They cloned ~94 percent (>5800
of 6131) of the yeast ORFs in a yeast expression vector that expresses the 
proteins as N-terminally GST-Hisx6 double-tagged fusions and developed a
high-throughput protein purification method using the GST tags. The purified
proteins were then attached to Ni-NTA-coated glass slides using the Hisx6
tags. These microarrays could be utilized to characterize protein–protein inter-
actions on a genome-wide scale. Using calmodulin as a model protein to probe
the arrays, many known interactions could be confirmed and a set of novel
binding proteins was detected. Analysis of the sequences of these proteins
revealed the presence of a binding motif and therefore demonstrated the
specificity of the binding interaction. Moreover, experiments aimed at detect-
ing protein–lipid interactions demonstrated that this technology also enables
the identification of proteins able to bind low-molecular-weight molecules.
This suggests that an entire proteome can be immobilized onto a glass surface
to directly screen for interactions with proteins and small molecules and 
therefore opens the possibility to examine an entire proteome directly for
protein–drug interactions.

Reagents and Methods

High-Throughput Protein Production A major limiting factor influencing 
the development of protein arrays is the availability of adequate protein
reagents. Proteins are more challenging to prepare for the microarray format
than DNA. For successful implementation on chips, proteins need to be 
chemically stable to the derivatization and retain activity. Protein functional-
ity is often dependent on the state of proteins, such as subcellular localization,
posttranslational modifications, and binding to other proteins. Nevertheless, in
recent years many research groups and companies have contributed enormous
effort in developing high-throughput protein purification methods. The 
commonly used methods for preparing protein reagents include cloning as
fusions to protein tags such as Hisx6 or GST, expression in a suitable host,
and high-throughput purification [122]. High-throughput methods have 
been used to purify proteins from various host cells, including E. coli,
yeast, insects, and human cell lines, allowing the preparation of microarrays
containing over 100 proteins and even an entire proteome [99, 102, 122–
128].
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Alternatively, proteins can be produced using cell-free expression systems.
For example, Keefe and Szostak [129] developed an mRNA display system in
which each protein is in vitro translated and covalently linked through its C-
terminus to the 3¢ end of its coding mRNA. More interestingly, He and Taussig
[130] have reported a method for in vitro translation of Hisx6-tagged proteins
directly onto Ni-NTA-coated surfaces via a protein in situ array (PISA),
enabling single-chain antibodies to be arrayed for high-throughput immuno-
assays. This method has the advantage of synthesizing in situ proteins that may
not be amenable to deposition from solution or to cell-based expression (e.g.,
insoluble proteins).

Antibodies used for protein microarrays can derive from polyclonal sera or
can be hybridoma-derived mAbs, recombinant antibodies, or antibodies
selected from phage display libraries.

Finally, while most approaches entail the attachment of purified proteins 
to solid supports, some approaches adopt on-chip synthesis of probes. These
include the high-density peptide chemical synthesis approach. The so-called
SPOT technology of immobilized peptides is being developed for a number
of surfaces including chips and membranes to study several activities, includ-
ing protein–protein interactions [131]. Membranes are made functional by
chemical derivatization followed by spacer/linker attachment. Peptides are
then created by standard Fmoc peptide synthesis. Such a synthetic strategy
enables the use of peptides containing unnatural residues.

Supports Due to the susceptibility of protein activity to derivatization and
immobilization chemistries, considerable effort has been directed toward 
optimizing the solid surface of protein arrays. It is important that the support
retains proteins in an active state at high densities, can be printed in such a
fashion that the proteins remain in a moisturized environment, and is com-
patible with most commercial arrayers and scanners. Soft substrates such as
polyvinylidene fluoride (PVDF), polystyrene, and nitrocellulose membranes,
which have been used to attach proteins in traditional biochemical assays (e.g.,
immunoblot and phage display), are often not suitable to protein microarrays
[121, 122, 132]. These surfaces often do not allow high protein density, as the
spotted material may spread on the surface, and/or they may not allow optimal
signal-to-noise ratios [123, 127, 128, 133]. These problems have been overcome
using other materials that have low fluorescence background and thus are
compatible with most assays. The nature of the surface chemistry varies and
includes porous acrylamide gel, membranes, plain glass, polymeric microwells,
nanowells, and three-dimensional (3D) surface structures (Table 12.5).

Polyacrylamide gel and agarose microarrays, patterned on a glass surface,
have been created by Guschin et al. [134] and Afanassiev et al. [135], respec-
tively. Because both acrylamide and agarose tend to form hydrophilic and
highly porous matrices, proteins can readily diffuse and therefore need to be
immobilized by cross-linking to reactive ligands present in the matrix. Ana-
lytes are then added to these 3D arrays to perform the assays [134]. Because
of the formation of 3D matrixes on the glass surface, the binding capacity is
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higher than that on a 2D surface; moreover, the moisturized environment pre-
vents protein denaturation and thereby helps keep proteins in their active
state. In addition to the sophisticated processes required to fabricate such 3D
matrixes, the major disadvantage of the 3D arrays is that it is more difficult to
change buffers and recover trapped molecules from these microarrays [102].
In contrast to 3D arrays, Zhu et al. [98] created an open nanowell structure
on a PDMS surface supported by standard glass slides. The nanowells signifi-
cantly reduce evaporation and minimize cross-contamination and background.
Thanks to the open nanowell structure, different reagents and buffers can be
sequentially added, which is essential for some biochemical assays. In addi-
tion, bound molecules can be easily recovered from the nanowells. Moreover,
by covering the nanowells with gold, mass spectrometry and SPR analyses can
be performed. The major disadvantage of this technology is that specialized
equipment is required to load the nanowells at high density. Many researchers
now directly array proteins and antibodies/antigens onto plain glass slides [98,
99, 107, 112, 136, 137]. To keep proteins in a wet environment during the array-
ing process, glycerol (30 to 40 percent) is added to the sample buffer and the
spotting is performed in a moisturized environment [99, 107].

An additional consideration concerns the optimization of the chemistry
used to attach the proteins to the support, as certain proteins are more prone
to nonspecific adsorption and loss of functionality upon exposure to solid
phases. To immobilize proteins to a solid substrate, the surface of the substrate
has to be modified to achieve the maximum binding capacity. A convenient
method is to coat the glass surface with a thin nitrocellulose membrane or
poly-lysine such that proteins can be passively adsorbed to the modified
surface through nonspecific interactions [121, 136, 138]. The attached proteins
lay on the surface in random orientation and can be washed off under strin-
gent washing conditions. Moreover, the background level is usually higher
because of nonspecific attachment.

To achieve more specific and stronger protein binding, several groups 
have created reactive surfaces on glass that can covalently cross-link to 
proteins [98, 99, 107]. Generally, a self-assembled monolayer (SAM) is formed
using a bifunctional silane cross-linker, which has one functional group that
reacts with the hydroxyl groups on glass surface and another free one that can
either directly react with primary amine groups of proteins (i.e., aldehyde or
epoxy groups) or can be further chemically modified to reach maximum
binding specificity [107, 139]. Gold-coated glass surface is another variation
[120, 140]. To form a SAM on a gold surface, bifunctional thio-alkylene is
usually utilized, which has a SH group that reacts with gold and another free
one that reacts with target molecules. The advantage of using gold-coated
surface is that mass spectrometry and SPR can eventually be used as detec-
tion methods to identify the bound molecules or to monitor the dynamics 
of the reactions, respectively [120, 140, 141]. This approach provides the 
opportunity to study dynamics of biochemical reactions in a high-throughput
fashion and thus has great potential in drug discovery and biomedical research
[141].
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In the above covalent cross-linking approaches, because the reactive groups
are also present in the side chains of proteins, it is conceivable that the pro-
teins bind to the surface in a random fashion, which may alter the native 
conformation of proteins, reduce the activity of proteins, or make them 
inaccessible to interacting partners. Perhaps the best means of protein attach-
ment is via highly specific affinity interactions [98, 133]. Proteins fused with a
high-affinity tag at their N- or C-terminus are linked to the surface of the chip
through this tag, and, thus, all of the attached proteins should orient uniformly
away from the surface [99]. Using this method, immobilized proteins are more
likely to remain in their native conformation, while the analytes have easier
access to the active sites of proteins. This approach was first successfully
demonstrated in attaching 5800 fusion proteins containing a Hisx6 tag onto a
Ni-NTA-coated glass slide [99] (see, above, Interaction Arrays). Other affin-
ity methods such as glutathione/GST and phosphonate/serine esterase cuti-
nase ligand/protein tags have been also proposed [142].

Protein Delivery Systems (Arrayers) Arrays are created by spotting proteins
onto the solid surface in an organized high-density format followed by immo-
bilization to create a stable probe. Although a 96-format dot-blot instrument
has been used to create low-density protein arrays on filters [121, 123, 138],
high-density protein microarrays (>30,000 spots per slide) can be obtained
using robotic printing tools (“arrayers”). Considerable expertise in this 
field has been achieved from work with DNA microarrays using photolithog-
raphy, ink jet and contact printing, liquid dispensing, and piezoelectrics [143].
All of these methodologies have advantages and disadvantages related to the
accuracy of dispensing and the compatibility with high-throughput arraying of
proteins.

The contact printing arrayers deposit subnanoliter sample volumes directly
to the surface using tiny pins with or without capillary slots. Because these
contact printing robots cannot align their pins to the prefabricated structures
and need to touch the surface, noncontact robotic printers, which use ink-
jet technology, were used to deliver nanoliter to picoliter protein droplets to
nanowells [98] and polyacrylamide gel packets [144]. Recently, electrospray
deposition technology was applied to deliver dry proteins to a dextran-
grafted surface [145]. This technology further decreased the spot size from
~150 to ~30mm.

Other successful reports of protein arraying include a system for automated
high-density protein delivery onto PVDF filters from liquid bacterial cultures
[127]. Use of a thin (250 mm) transfer stamp enabled high spotting density
(4,800 spots per slide) and detection of 10 pg of protein.

Finally, a group from Harvard University [107] has recently reported a
method for generating high-density (16,000 spots/cm2) protein arrays onto
chemically derivatized (aldehyde-containing silane) glass slides in low (nano-
liter) volume. The proteins were deposited onto the array in the presence of
glycerol to avoid loss of functionality due to dehydration. The approach is sug-
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gested where it is intended to study protein–protein interactions or to carry
out protein substrate identification.

Detection Methods The detection devices used in protein microarrays
include charge-coupled device (CCD) cameras or laser scanners with confo-
cal detection optics. Fluorescence detection methods are generally the pre-
ferred detection method because they are safe, simple, and extremely sensitive
and can have very high resolution [128, 133]. Typically, a chip is either directly
probed with a fluorescent molecule (e.g., fluorescently labeled protein) or 
in two steps by first using a tagged probe (e.g., biotin), which can then be
detected using a fluorescently labeled affinity reagent (e.g., streptavidin).
Some researchers made use of fluorescent cyanine dyes (e.g., Cy5) on anti-
body arrays, detecting human myeloma proteins [146]. Cyanine dyes were also
used for a recent study of protein–protein interactions [147]. Another 
fluorescent labeling method is rolling circle amplification (RCA), which is
extremely sensitive [148]. However, other detection methods have been pro-
posed. For example, ELISA (enzyme-linked immunosorbent assay) was 
first used to detect proteins for both glass arrays [134] and filter arrays [124,
136]. Zhu et al. [98] and Ge [121] have used radioisotope labeling to study
kinase–substrate interactions in nanowells, and protein–protein, protein–
DNA, and protein–drug interactions on filter arrays, respectively.

Because labeling molecules can sometimes affect protein activity and are
restricted to the available detection channels, nonlabeling methods have
advantages as a direct detection approach for protein microarrays. As an
example, the surface-enhanced laser desorption and ionization (SELDI) tech-
nology adapted mass spectrometry as a readout system to analyze differential
protein expression on spot arrays [149, 150]. Protein extracts are incubated on
different spots of the same adsorptive surface chemistry (e.g., cation–anion
exchange material, hydrophobic surface, etc.). After washing away unbound
proteins, the whole variety of nonspecifically captured target proteins can be
analyzed using SELDI mass spectroscopy.

Label-free SPR-based detection systems can also be used [114, 151].
Intrinsic Bioprobes have linked a SPR-based biosensor to MALDI-TOF
(matrix-assisted laser desorption ionization–time of flight) mass spectrometry,
designed as a chip-based proteomic tool for providing information about the
function and structure of proteins [101]. This allows the real-time analysis of
protein interactions with a sensitivity in the low femtomolar range.

Time-resolved fluorimetry (TRF) offers the advantage of greater sensitiv-
ity due to a lower background signal [152]. This is achieved by the use of 
pulsed excitation and time-gated detection. An adaptation of an immuno-
assay recently used antibodies to detect protein on a solid surface. The 
antibodies were covalently attached to a unique oligonucleotide primer.
This novel approach permitted a rolling circle amplification reaction for
increased sensitivity by PCR amplification of the associated DNA tag [137,
153, 154].
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Atomic force microscopy (AFM) is a powerful detection technology
capable of detecting protein interactions at the level of a single molecule [155].
Protiveris is developing protein biosensors, based on chemomechanical actu-
ation of silicon microcantilevers in a principle similar to AFM. This unique
technology should provide very high sensitivity without the need for derivati-
zation. In a recent example applied to a biological system, microcantilever-
based arrays have been used to detect prostate-specific antigens [156].

Protein Mass Spectrometry

For organisms with known genomes, recent advances in protein mass spec-
trometry (MS) have vastly facilitated the dissection of interactions in protein
complexes [157]. Proteins and tryptic peptides from these complexes can be
analyzed by MALDI–TOF [157], sequences deducted from their mass, and 
the sequences compared with a database of predicted proteins encoded by 
the organism’s genome. If mass alone cannot predict the exact sequence, frag-
mentation methods (nanoelectrospray tandem mass spectrometry) can be
used to produce stretches of up to 16 residues of sequence from femtomolar
amounts of protein fragments [158].

So far, such methods have been used to identify caspase 8 as an interactor
with immunoprecipitated CD95 [159] and to characterize the protein com-
plement of a number of multiprotein complexes including the yeast spindle
pole body [160], the yeast spliceosomal U1 small nuclear ribonucleoprotein
(snRNP) [161], the yeast anaphase promoting complex [162], the spliceosome
[163], and trans-Golgi network-derived transport vesicles [164].

Clearly, mass spectrometric methods have tremendous potential. As its 
sensitivity and ease of use increase, MS will come to complement biological
methods for detecting and analyzing protein interactions and may eventually
supplant them. However, other than its considerable cost and the high level
of technical sophistication required, the most significant limitation of MS for
analysis of protein interactions is that the protein complexes first need to be
isolated by physical methods such as electrophoresis [158]. Many proteins will
not be detected because, for example, they are too small, large, scarce, alka-
line, or acidic to be analyzed by two-dimensional gel analysis, or because the
interaction is too weak and transient to allow affinity purification.

Reagents and Methods
Separation and Isolation of Proteins by 2D PAGE An established technique
for protein separation is two-dimensional polyacrylamide gel electrophoresis
(2D PAGE), which separates proteins based on two properties: their size and
their isoelectric point. Two-dimensional PAGE is capable of profiling many
thousands of proteins on a single matrix with exquisite resolution, separating
isoforms differing by a single posttranslational modification. Posttranslational
modifications detectable by 2D PAGE include deamidation [165], phosphory-
lation [166], and glycosylation [167, 168]. Thus, 2D PAGE is an open assay
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approach, which allows the separation and detection of proteins from a wide
variety of sources without the need for any prior knowledge of function.

In recent years, there have been several technical advances that have led to
improvement in the quality of 2D PAGE separations. Most notably, these
include the introduction of immobilized pH gradients (IPGs), which provide
better reproducibility and increased resolution [169–172]. Originally, the 
pH gradient for isoelectric focusing in 2D PAGE was created by carrier
ampholytes. These are mixtures of a few hundred different homologs of
amphoteric buffers, synthesized together in one reaction flask. The mixtures 
contain buffers with isoelectric points evenly distributed over a wide pH spec-
trum (i.e., from pH 3 to pH 10), and they have high buffering power at their
isoelectric points. When an electric field is applied, they begin to migrate
according to their charges toward the anode or the cathode, and automatically
form stable pH gradients. The pH gradient works well when protein separa-
tion is performed in native conditions. However, in order to obtain a high-
resolution 2D protein separation, electrophoresis is usually performed under
denaturing conditions, which destabilizes the pH gradient and increases the
running time.

Today, with the development of IPGs [173], the pH gradients in these gels
are prepared by copolymerizing acrylamide monomers with acrylamide de-
rivatives containing carboxylic and tertiary amino groups. Because the buffer-
ing groups that form the gradient are fixed, the pH gradient cannot drift and
is not influenced by the sample composition. The use of IPGs has allowed
many methodical innovations for 2D PAGE. Premanufactured gel strips and
instruments are available as commercial products. The immobilized strips are
of various lengths and cover various pH ranges, including broad pH range (pH
3 to 10), narrower ranges (pH 4 to 7 and pH 6 to 11), and even a range of a
single pH unit increment. The method can be applied to different experimen-
tal purposes, and the separation can be improved by using larger gel format
and narrow pH range immobilized strips.

The ability of 2D PAGE to resolve thousands of proteins in one gel makes
it an unbeatable technology, and it is expected to remain in use for another
decade. However, although a powerful technique, there are limitations to 2D
PAGE-based approaches. First, it is rather labor intensive and requires a high
level of skill. Moreover, 2D PAGE has proven resistant to automation [174,
175] and image analysis remains a bottleneck. Second, without prior enrich-
ment the approach can lack the sensitivity of other assay formats, such as
ELISA [176, 177]. Thus, scarce proteins either cannot or can hardly be
detected on 2D gels. Although this problem can be circumvented by increas-
ing the sample amount, there may be a risk of overloading the system and
reducing the resolution [177]. Finally, proteins with extreme pH (below 3 or
above 10) are not separated [169], but focused as vertical lines on both sides.
In addition, many large or hydrophobic proteins do not enter the gel during
the first dimension and are therefore refractory to separation and quantita-
tion by 2D PAGE [178, 179].
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Methods of Protein Detection and Image Analysis There are many ways to
detect proteins in 2D gels. The most common methods are Coomassie blue
staining [180, 181] and silver staining [182, 183]. Other methods, including [35S]-
Met or 14C radiolabeling [184, 185], zinc imidazole [186, 187], colloidal gold
[188, 189], India ink [97, 190], ponceau S, and amido black [181], can also be
used in different applications to achieve better sensitivity in particular cases.
However, there are some drawbacks. For example, glycoproteins are not
stained by Coomassie blue [180], and many organic dyes are unsuitable for
protein detection on PVDF membranes if samples are to be used for 
MALDI-TOF.

After 2D electrophoresis and protein visualization by staining, images of
gels are digitized for computer analysis by an image scanner or fluorescent
scanner and are then subjected to analysis by special image analysis software
(either PDQUEST from BioRad or ImageMaster from Amersham Pharma-
cia Biotech). The 2D patterns are very complex, and special software tools are
required to find differentially expressed proteins in a series of gels, such as
posttranslational modified proteins or up- and downregulated proteins. Image
spots on the gels are initially detected, manually edited, and then matched.

LC-MS-Based Approaches An alternative to 2D PAGE for the separation
of proteins is liquid chromatography (LC). Reverse-phase high-pressure liquid
chromatography (RP-HPLC) has the advantage of using a liquid phase com-
patible with direct injection into a mass spectrometer (LC-MS) for identifica-
tion. Unfortunately, proteins are not generically amenable to high-quality
separation by RP-HPLC. This problem has been solved by digesting the pro-
teins to peptides with a protease, usually trypsin. The resulting peptides behave
in a more predictable manner than the intact proteins and can be readily 
separated by RP-HPLC. This approach has meant that analysis of protein mix-
tures by multidimensional LC in conjunction with MS is becoming feasible
[191]. To date, the LC-MS approach has been successfully used to character-
ize protein complexes [191, 192] and to specifically look at protein–protein
interactions [193].

Protein Identification Using Mass Spectrometry After resolving the protein
mixtures, the next step is protein identification. Proteins can usually be 
identified by peptide mass fingerprinting (PMF) [187, 194–196] and database
searching. In PMF, the peptide masses of unknown proteins are compared to
the predicted masses of peptides from the theoretical digestion of proteins in
a database. First, the protein spots are excised and digested with a protease
(e.g., trypsin or chymotrypsin). The digest is then applied onto a sample plate
and coated with matrix. The matrix is typically a small energy-absorbing 
molecule such as a-cyano-4-hydroxycinnamic acid or 2,5-dihydroxybenzoic
acid. The analyte is spotted, together with the matrix, on the sample plate and
allowed to evaporate, resulting in the formation of crystals. The plate is then
put into the MALDI-TOF mass spectrometer, and the laser is automatically
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targeted to specific places on the plate, and peptide mass spectra are then
obtained. If the protein is digested with trypsin, the trypsin autolytic fragment
peaks can serve as internal standards for mass calibration. Several software
packages are available to perform database matching such as Protein Prospec-
tor [197], ProFound [198], and MASCOT [199] (see Table 12.6). The more
numbers of peptides match to a protein in database, the more likely the protein
identification is. The advantage of using PMF is that the protein identification
process is fast and user-friendly. But the success of the method can be com-
promised by several factors: (1) mass redundancy of peptides with the same
masses but different amino acid compositions can cause ambiguity in protein
identification; (2) PMF cannot identify posttranslationally modified peptides
since such information is not present in the database; (3) PMF cannot analyze
samples containing a mixture of proteins since they generate mixtures of 
peptides after the digestion; and (4) insufficient peptides are obtained in the
PMF to submit to the database search, that is, there is insufficient data to iden-
tify the unknown protein.

When such problems occur, it is necessary to use postsource decay (PSD)
to confirm the result. Because PSD can deduce the amino acid sequence of
peptides from normal, posttranslationally modified, or novel proteins of inter-
est, this can significantly increase the accuracy of the protein identification and
sometimes leads to the discovery of new proteins. With peptide sequencing, the
amino acid sequence of unknown peptides can be obtained and then used to
search the database to identify the protein from which it was derived. Unlike
PMF, PSD can be used for gels containing more than one protein. This advan-
tage greatly improves the protein identification process since protein bands
from one-dimensional (1D) gel can be identified whether homogenous or not.
The PMF data can be supplemented with partial amino acid sequence infor-
mation along the result of database search, so an unsuccessful search of the
protein database with the PMF data may be reversed with an additional partial
sequence. The drawback of PSD is that it is not user-friendly since the process
is not easily automated. As a result, MS analysis and database searching takes
considerable time and must be performed by an experienced operator.

Affinity Tagging and Mass Spectroscopy Affinity purification has long been
used to study interaction of several proteins in a multiprotein complex. Several
methods have been used for isolating protein complexes, of which the most
common is the use of GST fusions [200] where the protein of interest whose
binding partners need to be determined is expressed as a fusion protein with
a cleavable GST tag and immobilized to a solid support. The immobilized
protein is incubated with a cell extract containing the target proteins so that
multiprotein complexes can be formed. The protein complexes are then
cleaved off from the GST tag, purified, and the bound proteins identified by
2D PAGE and MS [200].

Because no a priori knowledge of the interacting proteins is needed, this
approach can be used to identify novel interactions between known proteins
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in a cellular pathway or new interacting partners. The purification of a protein
complex not only helps to identify its components but also provides informa-
tion on the relationship between apparently unrelated cellular pathways [200].
A crucial requirement for the characterization of protein complexes is high
affinity between the tagged protein and the other complex elements to ensure
that components of the protein complex are not lost during the purification
process [201].

Using this approach, the human spliceosome multiprotein complex has
been isolated using biotinylated RNA as a bait and analyzed with a 2D gel to
identify 19 novel factors [163]. Other protein complexes that have been char-
acterized using this approach include proteins found in the yeast nuclear-pore
complex and the GroEL chaperonin system [202].

The high-throughput potential of this approach has been demonstrated by
two recent reports on the systematic characterization of protein complexes 
in yeast [203, 204]. These two high-throughput studies differed in their experi-
mental design. In one study, Ho et al. [204] constructed 725 inducible FLAG
epitope–tagged fusions, which were overexpressed and purified together with
their associated proteins. This study identified more than 3000 protein–protein
interactions involving 1578 yeast proteins. In another study, Gavin et al. [203]
integrated a tandem affinity purification (TAP) tag cassette by homologous
recombination at the 3¢ end of each ORF and used haploid growing cells.
The advantages of this strategy are that in the resulting yeast strains there is
no competition for the “untagged” protein and that expression is under the
control of the endogenous promoters. After TAP and sodium dodecyl sulfate
(SDS)–PAGE, peptide mass fingerprinting by MALDI-MS was used to iden-
tify the proteins. Starting with a set of more than 500 chromosomal tagged
genes, Gavin et al. [203] were able to purify and subsequently characterize 232
protein complexes encompassing 1440 yeast proteins. The differences in the
results of these two studies likely reflect the fact that one study used endoge-
nous protein levels, whereas the other used overexpressed proteins. The over-
expressed proteins are likely to interact with more proteins, but they may also
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TABLE 12.6 Publicly Available Database Matching Tools for Protein Identification
from Mass Spectrometry Data

Name URL

Mascot http://www.matrixscience.com
Mowse http://www.hgmp.mrc.ac.uk/Bioinformatics/Webapp/mowse
MS-Tag http://www.prospector.ucsf.edu
Pepsea http://www.pepsea.protana.com
ProFound http://www.proteometrics.com
Protein Prospector http://www.prospector.ucsf.edu/
SEQUEST http://www.fields.scripps.edu/sequest
Sonar http://www.proteometrics.com



associate with proteins that they do not normally bind and thereby yield false
positives.

Compared with the yeast two-hybrid approach and protein microarrays,
affinity purification coupled to MS detection offers some major advantages
but also has some drawbacks. On the whole, this approach is more physio-
logical because protein–protein interactions are analyzed in vivo, rather than
reconstituted ex vivo or in vitro. The approach is not restricted to one partic-
ular cell type or organism. Importantly, it also reveals which proteins and iso-
forms belong to a given cellular proteome. Whereas in the yeast two-hybrid
system both binding partners are expressed as fusion proteins, in the affinity
purification approach only one component of the complex is expressed as a
fusion protein, reducing the probability of steric interference. On the other
hand, a clear advantage of the two-hybrid system and of protein microarrays
is that these strategies are economical and more easily amenable to automa-
tion for high-throughput approaches. They also are better suited for the detec-
tion of transient or unstable interactions. It is important to note that the yeast 
two-hybrid system and protein microarrays yield information about binary
physical interactions, which are not necessarily mapped by affinity purification
approaches and vice versa. Therefore, all methods are highly complementary
and should be applied in combination to produce a comprehensive protein–
protein interaction map of a given cell.

Computational Methods of Analysis of Protein–Protein Interactions

Computational methods play an important role at all stages of the character-
ization of protein–protein interactions. They are used to predict putative inter-
actions, to validate the results of high-throughput interaction screens, and to
analyze the protein networks inferred from interaction databases.

Publicly accessible databases of protein–protein interactions are most
useful for the analysis of protein interaction data. Several databases that are
currently available (Table 12.7) provide access to both experimental data and
the results of different computational methods of inference. For example, mol-
ecular interaction (MINT) is a database designed to store data on functional
interactions between proteins. Beyond cataloging binary complexes, MINT
was conceived to store other types of functional interactions, including enzy-
matic modifications of one of the interacting partners. Presently, MINT stores
4568 interactions, 782 of which are indirect or genetic interactions [205]. The
database of interacting proteins (DIP) documents experimentally determined
protein–protein interactions. At the moment, it contains 10,432 interactions,
90 percent of which are from high-throughput experiments in microorganisms
[27]. Entries describing interactions among proteins from mammalian pro-
teomes are approximately 750. BIND (Biomolecular Interaction Network
Database) has a somewhat larger scope and provides information about
bimolecular interactions, complexes, and pathways [206]. BIND contains 
5939 interactions, approximately 300 of which describe interactions among

METHODS FOR THE STUDY OF PROTEIN–PROTEIN INTERACTIONS 533



TA
B

L
E

 1
2.

7
D

at
ab

as
es

 o
f 

P
ro

te
in

–P
ro

te
in

 I
nt

er
ac

ti
on

s

D
at

ab
as

e
U

R
L

C
om

m
en

ts
R

ef
er

en
ce

s

B
IN

D
ht

tp
://

w
w

w
.b

in
d.

ca
In

te
ra

ct
io

n 
da

ta
ba

se
 t

ha
t 

ar
ch

iv
es

 b
io

m
ol

ec
ul

ar
 in

te
ra

ct
io

n,
1

co
m

pl
ex

 a
nd

 p
at

hw
ay

 in
fo

rm
at

io
n

D
IP

ht
tp

://
di

p.
do

e-
m

bi
.u

cl
a.

ed
u

C
ol

le
ct

io
ns

 o
f 

ex
pe

ri
m

en
ta

lly
 d

et
er

m
in

ed
 p

ro
te

in
–p

ro
te

in
 

2
in

te
ra

ct
io

ns

In
te

rD
O

M
ht

tp
://

In
te

rD
om

.li
t.o

rg
.s

g
T

hi
s 

da
ta

ba
se

 f
oc

us
es

 o
n 

pr
ov

id
in

g 
su

pp
or

ti
ng

 e
vi

de
nc

e 
fo

r 
3

th
e 

de
te

ct
ed

 p
ro

te
in

 in
te

ra
ct

io
ns

 b
as

ed
 o

n 
pu

ta
ti

ve
 

pr
ot

ei
n 

do
m

ai
n 

in
te

ra
ct

io
ns

L
iv

eD
IP

ht
tp

://
di

p.
do

c-
m

bi
.u

cl
a.

ed
u/

ld
ip

.h
tm

l
E

xt
en

si
on

 o
f 

D
IP

 p
ro

vi
di

ng
 a

cc
es

s 
to

 in
fo

rm
at

io
n 

on
 

4
fu

nc
ti

on
al

 s
ta

te
s 

of
 p

ro
te

in
 c

om
pl

ex
es

M
IN

T
ht

tp
://

cb
m

.b
io

.u
ni

ro
m

a2
.it

/m
in

t
5

M
IP

S
ht

tp
://

m
ip

s.
gs

f.d
e

S.
ce

re
vi

si
ae

sp
ec

ifi
c;

al
so

 p
ro

vi
de

s 
in

fo
rm

at
io

n 
on

 g
en

et
ic

 
6

in
te

ra
ct

io
ns

P
R

E
D

IC
T

O
M

E
ht

tp
://

pr
ed

ic
to

m
e.

bu
.e

du
C

om
pi

la
ti

on
 o

f 
fu

nc
ti

on
al

 li
nk

 p
re

di
ct

io
ns

 w
it

h 
7

ex
pe

ri
m

en
ta

l,
ge

no
m

e-
sc

al
e 

ye
as

t 
tw

o-
hy

br
id

 d
at

a

534



ST
R

IN
G

ht
tp

://
w

w
w

.b
or

k.
em

bl
-

C
om

pi
la

ti
on

s 
of

 f
un

ct
io

na
l l

in
k 

pr
ed

ic
ti

on
s 

ba
se

d 
on

 g
en

e 
8

he
id

el
be

rg
.d

e/
ST

R
IN

G
pr

ox
im

it
y,

co
m

m
on

 e
vo

lu
ti

on
ar

y 
hi

st
or

y 
(p

hy
lo

ge
ne

ti
c 

pr
ofi

le
s)

,a
nd

 d
om

ai
n 

fu
si

on
 e

ve
nt

s

T
he

 G
R

ID
ht

tp
://

bi
od

at
a.

m
sh

ri
.o

n.
ca

/
C

om
pi

la
ti

on
 o

f 
B

IN
D

,M
IP

S,
an

d 
se

ve
ra

l g
en

om
e-

sc
al

e 
9

gr
id

/s
er

vl
et

/I
nd

ex
da

ta
se

ts
;S

.c
er

ev
is

ia
e

sp
ec

ifi
c

1.
B

ad
er

,G
.

D
.,

D
on

al
ds

on
,I

.,
W

ol
ti

ng
,C

.,
O

ue
lle

tt
e,

B
.

F.
,P

aw
so

n,
T.

,H
og

ue
,C

.W
.

(2
00

1)
.

B
IN

D
—

T
he

 B
io

m
ol

ec
ul

ar
 I

nt
er

ac
ti

on
 N

et
w

or
k 

D
at

ab
as

e.
N

uc
le

ic
 A

ci
ds

 R
es

.,
29

,2
42

–2
45

.
2.

X
en

ar
io

s,
I.

,S
al

w
in

sk
i,

L
.,

D
ua

n,
X

.J
.,

H
ig

ne
y,

P.
,K

im
,S

.M
.,

E
is

en
be

rg
,D

.(
20

02
).

D
IP

,t
he

 D
at

ab
as

e 
of

 I
nt

er
ac

ti
ng

 P
ro

te
in

s:
A

 r
es

ea
rc

h 
to

ol
 f

or
 s

tu
dy

-
in

g 
ce

llu
la

r 
ne

tw
or

ks
 o

f 
pr

ot
ei

n 
in

te
ra

ct
io

ns
.N

uc
le

ic
 A

ci
ds

 R
es

.,
30

,3
03

–3
05

.
3.

N
g,

S.
K

.,
Z

ha
ng

,Z
.,

Ta
n,

S.
H

.,
L

in
,K

.(
20

03
).

In
te

rD
om

:A
 d

at
ab

as
e 

of
 p

ut
at

iv
e 

in
te

ra
ct

in
g 

pr
ot

ei
n 

do
m

ai
ns

 f
or

 v
al

id
at

in
g 

pr
ed

ic
te

d 
pr

ot
ei

n 
in

te
ra

c-
ti

on
s 

an
d 

co
m

pl
ex

es
.N

uc
le

ic
 A

ci
ds

 R
es

.,
31

,2
51

–2
54

.
4.

D
ua

n,
X

.J
.,

X
en

ar
io

s,
I.

,E
is

en
be

rg
,D

.(
20

02
).

D
es

cr
ib

in
g 

bi
ol

og
ic

al
 p

ro
te

in
 i

nt
er

ac
ti

on
s 

in
 t

er
m

s 
of

 p
ro

te
in

 s
ta

te
s 

an
d 

st
at

e 
tr

an
si

ti
on

s:
T

he
 L

iv
eD

IP
da

ta
ba

se
.M

ol
.C

el
l.

P
ro

te
om

ic
s,

1,
10

4–
11

6.
5.

Z
an

zo
ni

,A
.,

M
on

te
cc

hi
-P

al
az

zi
,L

.,
Q

uo
nd

am
,M

.,
A

us
ie

llo
,G

.,
H

el
m

er
-C

it
te

ri
ch

,M
.,

C
es

ar
en

i,
G

.
(2

00
2)

.
M

IN
T

:A
 M

ol
ec

ul
ar

 I
N

Te
ra

ct
io

n 
da

ta
ba

se
.

F
E

B
S 

L
et

t.,
51

3,
13

5–
14

0.
6.

M
ew

es
,H

.W
.,

Fr
is

hm
an

,D
.,

G
ul

de
ne

r,
U

.,
M

an
nh

au
pt

,G
.,

M
ay

er
,K

.,
M

ok
re

js
,M

.,
M

or
ge

ns
te

rn
,B

.,
M

un
st

er
ko

tt
er

,M
.,

R
ud

d,
S.

,W
ei

l,
B

.(
20

02
).

M
IP

S:
A

 d
at

ab
as

e 
fo

r 
ge

no
m

es
 a

nd
 p

ro
te

in
 s

eq
ue

nc
es

.N
uc

le
ic

 A
ci

ds
 R

es
.,

30
,3

1–
34

.
7.

M
el

lo
r,

J.
C

.,
Y

an
ai

,I
.,

C
lo

df
el

te
r,

K
.H

.,
M

in
ts

er
is

,J
.,

D
eL

is
i,

C
.(

20
02

).
P

re
di

ct
om

e:
A

 d
at

ab
as

e 
of

 p
ut

at
iv

e 
fu

nc
ti

on
al

 li
nk

s 
be

tw
ee

n 
pr

ot
ei

ns
.N

uc
le

ic
A

ci
ds

 R
es

.,
30

,3
06

–3
09

.
8.

vo
n 

M
er

in
g,

C
.,

H
uy

ne
n,

M
.,

Ja
eg

gi
,D

.,
Sc

hm
id

t,
S.

,B
or

k,
P.

,S
ne

l,
B

.(
20

03
).

ST
R

IN
G

:A
 d

at
ab

as
e 

of
 p

re
di

ct
ed

 f
un

ct
io

na
l 

as
so

ci
at

io
ns

 b
et

w
ee

n 
pr

o-
te

in
s.

N
uc

le
ic

 A
ci

ds
 R

es
.,

31
,2

58
–2

61
.

9.
B

re
it

kr
eu

tz
,B

.J
.,

St
ar

k,
C

.,
Ty

er
s,

M
.(

20
03

).
T

he
 G

R
ID

:T
he

 G
en

er
al

 R
ep

os
it

or
y 

fo
r 

In
te

ra
ct

io
n 

D
at

as
et

s.
G

en
om

e 
B

io
l.,

4,
R

23
.

535



mammalian proteins. Even if these databases are still largely incomplete, they
have provided bioinformaticians and biologists in general with a unique and
easily searchable depository of interaction information.

12.3 DISCOVERY OF INHIBITORS OF 
PROTEIN–PROTEIN INTERACTIONS

Protein–protein interfaces are considered to be new prospective drug targets.
Indeed, given the ubiquitous nature of protein–protein interactions, and the
knowledge that inappropriate protein–protein binding can lead to disease, it
is not surprising that protein–protein interactions have attracted the attention
of scientists in the pharmaceutical industry and elsewhere who are interested
in producing inhibitors for use as biochemical tools or therapeutic agents.
There are ample examples in the literature of the use of antibodies, dominant
negative proteins, or peptides to inhibit particular protein–protein assemblies.
In contrast, there are only a few examples of small “druglike” molecules that
disrupt protein–protein interactions and can act inside cells, but the number
of successes is rapidly growing [207, 208].

A variety of strategies can be adopted to identify and characterize com-
pounds that disrupt protein–protein interactions. Here, only recent advances
in screening strategies that employ variants of the technologies reviewed in
the first part of this chapter are discussed.

Two-Hybrid System Variants

Variants of the classical yeast two-hybrid system known as reverse two-hybrid
[1, 209] and split-hybrid [210] systems have been recently developed for iden-
tifying peptides and/or small molecules that dissociate protein–protein inter-
actions. These extensions of the yeast two-hybrid system from a basic tool of
exploratory research to a tool for drug discovery take advantage of several
key aspects of yeast. S. cerevisiae provides a robust organism that can easily
be manipulated by molecular techniques, the complete genome information 
is available, reagents are inexpensive, and assays are easily configured to
automation for high-throughput screen design. On the other hand, a primary
constraint of these permutations of the two-hybrid system may be the per-
meability of yeast to inhibitor molecules. Therefore, the applicability of these
systems seems to be limited to small molecules and, in any case, preliminary
studies should be performed to evaluate the permeability properties of each
molecule. If standard yeast strains prove relatively impermeable to the desired
molecule, this barrier may be circumvented by utilizing yeast permeability
mutants such as PDR5, erg6, or SNQ2 [211], although the viability of such
strains may present additional complications. Alternatively, inhibitory pep-
tides dissociating a target protein–protein interaction could be identified by a
reverse three-hybrid system, wherein yeast cells expressing the two interacting
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fusion proteins are co-transformed with a third vector expressing the peptide
library in a nonfused form or fused to the SV40 T-antigen NLS, by analogy to
three-hybrid systems that we and others recently proposed to detect ternary
protein–protein interactions [48, 61].

Reverse Two-Hybrid Systems The reverse two-hybrid system is an “upside-
down” version of the classical yeast two-hybrid system in which the interac-
tion between target proteins causes the activation of a toxic or lethal marker
gene. All reverse two-hybrid systems make use of yeast strains in which 
productive protein–protein interactions increase the expression of a counter-
selectable marker that is toxic under particular conditions. Under these con-
ditions, dissociation of an interaction provides a selective advantage, thereby
facilitating detection. A few growing yeast colonies in which hybrids fail to
interact can be identified among millions of nongrowing colonies expressing
interacting proteins.

Several reverse two-hybrid systems have been proposed. The first reverse
two-hybrid system uses a yeast strain that is resistant to cycloheximide due to
the presence of a mutant CYH2 gene [39]. This strain also contains the wild-
type CYH2 allele under the transcriptional control of the GAL1 promoter.
The CYH2 gene encodes the L29 ribosomal protein and confers cycloheximide
sensitivity [212] and is dominant over the cyh2 allele, which produces 
cycloheximide resistance. Using this reporter gene, a productive protein–
protein interaction of GAL4-based fusion proteins drives expression of the
CYH2 gene, and the yeast strain becomes sensitive to cycloheximide, result-
ing in abrogation of cell growth when cells are plated on selective media con-
taining cycloheximide. Disruption of the protein–protein interaction results in
a failure of CYH2 gene transcription, and cells retain the cycloheximide-
resistant phenotype; thus, the strain is able to grow on media containing 
cycloheximide.

Another reverse two-hybrid system makes use of the counterselectable
marker URA3 (Fig. 12.5). The URA3 gene encodes an enzyme, orotidine-5¢-
phosphate decarboxylase [213], involved in uracil biosynthesis, that confers
uracil prototrophy allowing cell growth on uracil-deficient media. The same
enzyme can also catalyze the conversion of a nontoxic analog, 5-fluoroorotic
acid (5-FOA), into a toxic product, 5-fluorouracil [214]. This conveniently
allows both positive and negative growth selection, on medium lacking uracil
or on medium containing 5-FOA, respectively. Hence, mutations that prevent
an interaction can be selected from large libraries or randomly generated
alleles. Similarly, molecules that dissociate or prevent an interaction could be
selected from large libraries of peptides or compounds [209, 215].

In the past few years, the reverse two-hybrid system has been applied suc-
cessfully to the selection of dissociative molecules. In the first description of
this approach, Vidal et al. [209] demonstrated that peptides corresponding to
portions of adenovirus E1A protein were able to disrupt the pRB/E2F1 inter-
action. In another study, the interaction between the activin receptor R1 and
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the immunophilin protein FKBP12 was shown to be dissociated by nanomo-
lar concentrations of the small molecule FK506 [216]. Recently, a novel com-
pound, WAY141520, which inhibits the interaction between b3 and a1B
subunits of N-type calcium channels, has been selected from a collection of
~150,000 molecules [217]. This study demonstrated that small-molecule
inhibitors can indeed be identified from large libraries using the reverse two-
hybrid system.

Split-Hybrid System An alternative approach to inhibition studies of
protein–protein interactions, which has been termed the split-hybrid system,
uses the E. coli tetracycline repressor (TetR) and operator as a coupled two-
step sequential reporter gene system [210]. In this system, expression of TetR
is induced following protein–protein interaction. TetR consequently binds to
a tetR operator-regulated HIS3 gene, repressing its transcription (Fig. 12.6).
In these conditions, cell growth is inhibited on media deficient in histidine.
Dissociation of the target protein–protein interaction therefore prevents tetR
transcription, which in turn restores HIS3 synthesis and allows cells to grow
in the absence of histidine. The system can be modulated by addition of 
tetracycline, which relieves the repression in a dose-dependent manner, to
selection media. The system’s utility was demonstrated by testing interactions
of cyclic adenosine 5¢-monophosphate (cAMP) response element binding
protein (CREB) and its coactivator protein CREB binding protein (CBP).
The interaction of CREB and CBP depends on phosphorylation of a critical
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Figure 12.5 Reverse two-hybrid system designed to identify small-molecule inhibitors
of protein–protein interactions. (a) Interaction of protein X, fused to the DNA binding
domain (DBD), with protein Y, fused to the activating domain (AD) of a transcription
factor, recruits the AD proximal to a promoter containing DBD binding sites upstream
of an URA3 reporter gene. This reconstitutes a functional transcriptional activator that
in turn induces the synthesis of Ura3p, leading to yeast death in medium containing
the pro-toxin 5-fluoroorotic acid (5-FOA). (b) If a small molecule (I, inhibitor) disrupts
the intracellular protein–protein interaction, proximity of the AD to the promoter is
removed, and transcription of the URA3 gene is abolished, allowing cell survival in the
presence of 5-FOA.



serine residue in CREB. Coexpression of wild-type CREB and CBP fusion
proteins results in the activation of the tetR gene and production of 
TetR protein. TetR protein binds to the tet operator of the sequential reporter
gene and effectively prevents HIS3 gene expression. No cell growth was
observed on histidine-deficient media. Prevention of the CREB/CBP inter-
action via mutation of the critical serine, or other disruptive mutations,
resulted in histidine prototrophy, since the tetR gene product is not produced
and hence the HIS3 gene is not repressed [210]. In addition to mutagenesis
studies, the split-hybrid system could allow the screening of compounds that
dissociate relevant protein–protein interactions.

Disruption of Protein–Protein Interactions by Peptide Aptamers In a third
approach, Geyer et al. [218] used a modified yeast two-hybrid system to iden-
tify peptide aptamers that potentially disrupted protein–protein interactions.
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Figure 12.6 General schematic of the yeast split-hybrid system. (a) The interaction
between one protein (X) fused to a DNA binding domain (DBD) and another (Y)
fused to a transcriptional activation domain (AD) promotes the expression of tetra-
cycline repressor (TetR), which binds to tet operator upstream of the HIS3 reporter
gene, preventing the growth of yeast cells in histidine-deficient media. (b) The disrup-
tion of the X–Y interaction by an inhibitor molecule (I) prevents expression of TetR.
This, in turn, allows expression of HIS3 reporter gene and hence growth of yeast cells
in histidine-deficient media.



Peptide aptamers are proteins that contain a conformationally constrained
peptide region of variable sequence displayed from a scaffold, for example,
E. coli thioredoxin. Geyer et al. expressed aptamers at high levels in cells engi-
neered to express the bait and prey proteins at low concentrations and 
identified disrupted interactions by decrease of the positive signal. Using this
system, they selected peptide aptamers that overcame the cell cycle arrest in
S. cerevisiae [218].

Other in Vivo Genetic Selection Systems

Approaches conceptually similar to the above yeast two-hybrid system vari-
ants, but based on prokaryotic cells, do exist. One of these systems relies on
the properties of the repressor protein cI of bacteriophage l [219]. The cI
repressor protein binds to its operator as a homodimer. Each monomer has
two distinct domains, a C-terminal dimerization domain and an N-terminal
DNA binding domain. In the system proposed by Park and Raines [219], a
protein of interest (X) is fused to the N-terminal DNA binding domain of cI
(NcI) to create a hybrid repressor (NcI-X). The dimerization of protein X
reconstitutes a functional repressor that is able to bind DNA and to repress
the transcription of tet and lacZ reporter genes (Fig. 12.7). The reporter genes
are under control of the lPR promoter in a reporter plasmid that also drives
the expression of NcI-X. Thus, E. coli cells transformed with the reporter
plasmid show a LacZ-TetS phenotype. After cotransformation with a plasmid
expressing a peptide library, bacteria expressing dissociative peptides show a
LacZ+TetR phenotype, growing on media containing tetracycline and forming
blue colonies. The power of this approach has been recently demonstrated 
by selecting nine-residue peptides from a combinatorial library that dissociate
the HIV-1 protease dimer [219]. Even though Park and Raines [219] used this
genetic selection method for targeting a homodimer, they suggest that the
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Figure 12.7 Genetic selection for inhibitors of a homodimeric protein–protein inter-
action. (a) The dimer of a hybrid l repressor, NcI-X, composed of the N-terminal DNA
binding domain of l repressor protein (NcI) and a protein (X) able to dimerize, turns
off lacZ and tet reporter genes by binding the lPR promoter. (b) The expression of lacZ
and tet reporter genes is turned on when an inhibitor (I) dissociates the NcI-X homod-
imer. In these conditions, cells expressing the tet and lacZ reporter genes survive and
form blue colonies in the presence of tetracycline and X-Gal.



same approach could be applicable to identify molecules that disrupt a hetero-
dimeric protein complex, as the assembly of effective heterodimeric hybrid
repressor proteins has been reported [220]. Moreover, although Park and
Raines panned a peptide library, this method may also be used to select small-
molecule inhibitors.

Inhibitors from Phage Display

Phage display is another technology that can produce specific binding agents
for any target molecule and is especially well suited for identifying peptides
that bind specific protein domains and dissociate protein complexes. Display
of peptides on the surface of bacteriophage virions has become an important
means of generating peptide libraries. The very large size of either random
libraries or pool of individual variants of a single sequence that can be gen-
erated means that complex mixtures can be screened. In fact, display of a
repertoire of different peptide sequences on phages can enable the simulta-
neous analysis of >109 molecules in a single assay. The problems intrinsic to
analysis of small amounts of a selected chemical are thus overcome by the sim-
ple and economical process of viral replication. Moreover, high-throughput
technology for automated phage display selection has been also developed
using picking-spotting robots [221].

Thus, phage display has been applied successfully not only to identify 
critical amino acids responsible for protein–protein interactions but also to
isolate leads for the discovery of new therapeutics [78]. Several antagonist of
protein–protein interactions have been discovered using phage libraries. These
include peptides blocking IL-1a binding to type I IL-1 receptor [222], insulin-
like growth factor 1 binding to its regulatory binding protein IGFBP-1 [223],
the angiogenesis factor VEGF binding to its cell-surface receptor KDR [224,
225], IgG Fc binding to staphylococcal protein A [226], and HIV-1 gp120
binding to CD4 cell receptor [227]. All of these peptides are between 10 and
20 residues in length, still a bit large to transform easily into small-molecule
drug candidates. They are also quite hydrophobic and tend to cover a large
surface on the target protein [225, 226]. In any case, display technology can
provide a complementary tool with combinatorial chemistry, by identifying
lead peptides that can be the basis for the design of small molecules that
disrupt specific protein–protein interactions.

Microarrays and Small Molecules

Recently, several groups have proposed methods for identifying small-
molecule inhibitors using a microarray format. MacBeath and Schreiber [107]
immobilized small organic compounds from a combinatorial chemistry library
to create a high-density small-molecule microarray. Single resin beads from
combinatorial synthesis were placed in 96-well plates, and the organic mol-
ecules were chemically released from the beads. The organic molecules were
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diluted, spotted, and covalently attached on derivatized glass slides. These
microarrays were then incubated with fluorescently labeled target proteins to
identify new ligands. Similarly, Winssinger et al. [228] constructed a library of
small molecules by tethering them to a peptide nucleic acid (PNA) tag. These
PNA tags provide the basis for the structure of the corresponding small mol-
ecules and immobilize them at specific sites on the chip. The study also showed
that the immobilized small molecules could withstand stringent washing con-
ditions. As a test case, these arrays were used to identify a small-molecule
inhibitor of a caspase. As a third example, Kuruvilla et al. [229] constructed 
a small-molecule microarray containing a collection of 3780 structurally
complex 1,3-dioxane compounds to dissect the function of a yeast protein,
Ure2, which is a central regulator of the nitrogen metabolic pathway. The
library of small molecules was synthesized with a technology platform based
on one bead–one stock solution and parsed out to form the small-molecule
microarray [230, 231]. The microarray was then probed with fluorescently
labeled Ure2. One compound (uretupamine) was identified as specifically
inhibiting Ure2 function in a subsequent reporter assay. An analysis of gene
expression profiles determined that uretupamine inhibits a particular function
of Ure2 without affecting other functions of the protein [232].

The microarray format used in these approaches enables high-throughput
screening with minimum amounts of small molecules. This strategy is 
therefore expected not only to be useful to select ligands of every protein of
interest in an entire proteome but also to allow parallel high-throughput
screening of small molecules that can disrupt relevant protein–protein inter-
actions, which may greatly facilitate the development of pharmaceutical
agents.
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13.1 INTRODUCTION

Over the last 20 years high-throughput screening (HTS) has become a suc-
cessful, reliable component of the drug discovery process. The evolution of
science and technology surrounding HTS approaches has progressed rapidly
over this same time period: from its origins in low-throughput testing of
natural product extracts for antimicrobial activity to today’s heavily auto-
mated, industrialized drug discovery process that enables the screening of mil-
lions of compounds against a range of complex, biological targets. During this
time, we have seen an array of unique technology solutions and waves of stan-
dardization come to the fore to create the process we now recognize and use.

So, what is the best description of HTS today? To a large extent, it can still
be defined by the scale of its operation and its reliance on serendipity for a
successful outcome. A process by which hundreds of thousands to millions of
compounds are tested for activity against disease targets of interest with the
goal of identifying truly active, progressible “hits” [1].

Creative insights and smart ideas have significantly improved our ability to
identify a greater number and quality of hits, especially in the last 5 years, as
each of the core components that constitute the lead discovery process have
been systematically enhanced.

Compound collections, assay design techniques, HTS technology platforms,
and data capture/analysis systems are the essential core components of the
lead discovery process, and each will be discussed in detail in this chapter.
Figure 13.1 describes a typical lead discovery process highlighting these key
functions.

Compound collections are typically constructed from a variety of different
sources such as in-house “legacy” compounds, external acquisitions, combinato-
rial libraries, and natural product samples. The science around improving the
“diversity” and quality of the compounds in such a collection has been signifi-
cantly enriched since the mid-1980s. At that time a paucity of knowledge and
experience created compound collections of poor quality and dubious lineage.
Today, compound collections are recognized as major assets within a companies
discovery arsenal and are treated as such. Compounds are now typically stored
in custom-designed, fully automated warehouses where compounds are for-
matted for screening, monitored for quality, and instantly retrievable for testing.

560 HIGH-THROUGHPUT SCREENING



Judicious pruning and regrowth of the screening deck can greatly enhance the
quality and diversity of the collection and significantly improve the success rates
of the HTS campaigns (Bristol Myers Squibb in-house experience).

Design of a physiologically relevant and pharmacologically accurate assay
is also a crucial part of the HTS process and can materially affect the suc-
cessful outcome of a screening campaign. Converting a target of interest into
a bioassay suitable for scale-up to HTS can be a rate-limiting step in the lead
discovery process. The complex matrix of parameters that have to be taken
into account in the design of an assay can include choice of assay mode
(agonist or antagonist), availability of standard protocols, reagent availability,
and scalability. More specific design elements, once a basic format and proto-
col have been chosen, will include optimization of key assay parameters such
as pH, temperature, time or cell number, type of media, and the like. Today
an array of assay design choices are available to the HTS specialist that are
tried and trusted in the HTS environment.

Just as the choices for assay design have improved over the years, so has
the range of HTS technology platforms used to run HTS campaigns. This area
of HTS support can trace its roots to the days of ad hoc user groups sharing
knowledge about automated solutions for labor-intensive tasks such as com-
pound dispensing or reagent transfers. Nowadays a full range of automated
equipment is available to the HTS specialist from the relatively simple, such
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as modular workstations that can carry out plate-to-plate transfers, or reagent
dispensing, or have detection capability, to the more complex, such as the mul-
titasking, turnkey robotic arm, and track systems.

Some companies (e.g., GlaxoSmithKline) have taken the automation route
to possibly its ultimate endpoint with the construction of drug discovery 
factories where the process of drug discovery is completely housed in a
custom-built, fully automated building. For a basic description of the types of
automation approaches available to the typical HTS lab, one can read Bojanic
et al. [2].

The final major component of the lead discovery process is data man-
agement operations. For capturing the millions of individual data points 
emanating from a screening run to their visual display, detailed analysis, and
interpretation, a whole host of in-house and commercially available software
packages have now been developed.

High-throughput screening as a discovery process has benefited greatly
from significant advances in automation, microtiter plate design, and bioassay
techniques, as well as taking advantage of custom-designed compound and
data management systems. It has evolved into a fully integrated, seamless
process that the majority of pharmaceutical and biotechnology companies rely
on to generate lead compounds to enable their drug discovery programs.

The HTS story brings together a plethora of different technologies, skill
sets, and insights from a range of industries. This chapter will attempt to review
some of the main features of the HTS platform that are essential for the effec-
tive functioning of the drug discovery process as well as illuminating some of
the evolutionary milestones in HTS techniques over the last 20 years.

The twin demands of increasing the capacity to test compounds while main-
taining, or even reducing, costs, has encouraged screening groups and the HTS
support industry to come up with ever-changing screening formats utilizing
state-of-the-art automation and miniaturization techniques. However, the
development of an array of high-throughput screening formats starting from
simple bacterial lawn assays, through spot and wash techniques, to homoge-
neous assay formats, each brought with them a set of technology problems that
needed to be solved. Even today HTS scientists still need to consider a range
of process issues such as how to get compounds to the assay, which type of
assay to use, how to store compounds in readily available sets, guaranteeing
the purity and stability of stored compounds, finding rapid and reliable ways
to dispense compounds and reagents, development of sensitive detection
devices to measure assay products, effective data capture and analysis tools to
deal with the volume of data being generated. Each of these problems and
questions will be touched on in this chapter.

This chapter will review the variety of screening plate formats that have
been developed from the 96-well plate to the high-density 3456 plates and the
implications of their usage on the supporting technologies and assay designs.
Automation support from compound and reagent handling as well as com-
pound storage architecture and reagent production will be discussed. The
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range of bioassay techniques now available for use by HTS scientists will be
summarized.

13.2 EVOLUTION AND INTEGRATION OF HT PLATFORMS INTO
THE DISCOVERY PROCESS

The real impetus for HTS as we know it today came in the late 1970s.
Even though the first prototypical microtiter plate was described in 1954 [3],
the ubiquitous 96-well plate became popular with the increasing use of
enzyme-linked immunosorbent assays (ELISA) during the late 1970s [4, 5].
The strengthening of three technology streams—reaction vessels, methods to
reproducibly deliver small volumes of reagents, and methods of measuring the
endpoint of an assay (absorbance, fluorescence, and luminescence)—has
driven the evolution of HTS over the last 20 years.

Three other major developments have also been drivers for HTS evolution.
The development of precise nonseparation bioassays, the ability to organize
and distribute large numbers of chemicals [6], and the analysis of large
volumes of data were critical for building the HTS infrastructure. The inte-
gration of these technologies from chemistry, biology, engineering, and infor-
mation technology are the critical elements in performing a cost-effective and
timely high-throughput screen [2]. We will describe the developments that led
to the process of HTS including new instrumentation, homogeneous bioassays,
assay miniaturization, cell-based assays, and strategies to deal with the large
number of compounds identified in HTS (Fig. 13.2).

Evolution of Instrumentation and Screening Formats

This evolution of instrumentation and screening formats is best described by
example of the evolving methodologies used to identify compounds that affect
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the activity of tyrosine kinases. Tyrosine kinases are critical for effective
second-messenger signaling in many different cell types, and aberrant activity
has been demonstrated in a variety of oncogenic states. More recently, anti-
cancer drugs that modulate tyrosine kinase activity have shown efficacy in the
clinic [7].

One of the first screening methods for identifying compounds that affect
tyrosine kinase activity involves incubating enzyme, radiolabeled [32P]–
adenosine triphospate (ATP), and substrate in a tube. The phosphorylated
substrate was then spotted onto P81 phosphocellulose paper. After washing
to remove residual [32P]-ATP, the amount of phosphorylated substrate was
quantified in a g counter [8]. This method was very tedious and low through-
put. Improvements in throughput were made by running the assay in 96-well
microtiter plates, spotting reaction products onto a large sheet of P81 paper
using a 12-channel pipette, and then washing the entire sheet to remove radi-
olabeled ATP. The dried paper was then exposed to photographic film, and
spots that produce lower levels of exposure were indicative of tyrosine kinase
inhibition. To determine the degree of inhibition, individual zones corre-
sponding to each well of the microtiter plate were cut from the P81 paper and
placed separately into a scintillation counter for Cherenkov counting. Alter-
natively, the film could be semiquantitatively assessed based on the intensity
of the developed spot or zone. This approach was further refined by the intro-
duction of the phosphoimagers and gas flow imagers [9] in the mid- to late
1980s. These innovations provided a means of quantitation that eliminated the
need to cut up individual squares.

The next important step in the evolution of screening formats was the use
of immunoassays to quantitate levels of phosphotyrosine [10]. In this screen-
ing method, a synthetic tyrosine kinase substrate, for example, PolyGlu-Tyr,
was adsorbed onto the surface of a microtiter well. Unbound material was
removed using a 96-well plate washer, and enzyme, ATP, and putative
inhibitors were incubated in the substrate-coated well. After a brief incuba-
tion, the contents of the well were removed and the phosphorylated substrate
was detected by a phosphotyrosine-specific antibody using stardard ELISA
techniques. This new format offered significant advantages; it was nonisotopic,
it increased parallel operations, and used the plate readers and washers that
had been developed by engineers to support the growing ELISA market.
However, the method also had significant disadvantages; the assay still
involved multiple steps and washing the microtiter plates was tedious. Today,
when it is commonplace to screen 1 million compounds, this format would
involve 10,400 plates and hundreds of liters of wash fluids. The reader should
be aware that there were significant scientific issues with this methodology,
specifically the nonphysiological nature of the substrate and its solid-phase
disposition in the assay.

Importantly during this period, new technologies were emerging that
allowed the development of a filtration assay. Harvesters that took the con-
tents of 96-well microtiter plates through a filter mat containing 96 zones in a
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6 ¥ 16 array were developed based on a concept designed by Warner and
Potter [11, 12]. The filter mat was automatically washed as part of the har-
vesting action and was then ready for quantitation. A range of substrates could
now be used, including protein substrates that could be acid precipitated 
and the radiolabeled product captured on a glass fiber mat. In addition, new
scintillation counters were developed that could read the incorporated
radioactivity of the entire filter. The new counters used 6 photomultipliers that
significantly reduced the time required to measure the whole filter mat.

A significant improvement in high-throughput screening came with the
introduction of the homogeneous assay, where the reaction could be measured
without a separation stage. This was critical to HTS evolution because it
allowed higher precision, a more rapid throughput, and led the way for further
miniaturization. One early problem with homogeneous assays was the sus-
ceptibility to give false-positive results, for example, as in scintillation prox-
imity assays (SPA) [13]. In a scintillation proximity assay, beads containing
scintillant are coated with substrate and incubated with the tyrosine kinase,
radiolabeled [33P]-ATP and putative inhibitors. Compounds that interfere with
tyrosine kinase activity decrease the amount of radiolabeled [33P] in proxim-
ity to the bead containing the scintillant and subsequently decrease the light
output. At that time, the SPA beads used emit light at 420nm; however, a 
significant number of colored compounds will absorb light in this part of the
spectrum. By reducing the light output, this data could be misinterpreted as
inhibition of tyrosine kinase activity. Concomitant with the emergence of SPA
was the development of the 96-well scintillation counter (Topcount, Packard
Instruments, USA, and Microbeta, Wallac Oy, Finland), a necessary prerequi-
site for HTS because this new instrument accepted the 96-well plate directly
and had the ability to quench correct for colored compounds to a certain
extent.

Miniaturization

Until the early 1990s the 96-well plate was the standard format for HTS,
however, the development of new assay technologies and pressure from HTS
laboratories facilitated the design of new microplate formats. The size of the
wells was decreased to yield 384 wells that had the same footprint as a 96-well
plate. This reduced the volume of assays by a factor of 4. Instrumentation 
companies rapidly adapted to this change with liquid-handling devices that
had better spatial resolution and were capable of delivering smaller volumes.
Detection devices were also improved to give higher sensitivity and higher
throughput.

The late 1990s brought further miniaturization and changes in plate design
with higher density plates such as 864-well plates from Affymax, 9600-well
plates from Dupont Pharmaceuticals, and 3456-well plates from Aurora Bio-
sciences. The use of plates with higher well densities required significant adap-
tation of liquid handling and detection technologies. These changes in plate
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design posed significant problems not seen in the evolution of 96-well to 384-
well platforms. For that transition, plate readers for absorbance and fluores-
cence measurements were dependent on photomultiplier tubes that required
significant read times. A 96-well scintillation counter with a mask could be
adapted to allow each well to be read in a 384-well assay, however, the read
time increased by a factor of 4, which compromised throughput. Measurement
of 1536-well plate assays was improbable using photomultiplier technology.
The implementation of charged coupled devices (CCD) that through a tele-
centric lens could image the whole plate in one measurement allowed mea-
surement of assays using higher density plates [14]. This imaging innovation
also had other advantages. For example, the same instrument could be used
for luminescence, fluorescence, and fluorescent polarization readouts from any
microtiter plate format. In addition, the CCD chip has a light detection sensi-
tivity that is more red shifted than photomultiplier tubes and therefore could
better accommodate a wide range of fluorescent dyes. New SPA beads were
developed to work with CDD imagers that shifted the wavelength of the
emitted light to 620nm; this in turn reduced the false-positive interference
from colored compounds. Today, we have automated assay platforms that can
routinely run low-volume assays (5 to 10 mL) with high precision and process
the evaluation of millions of compounds in 2 to 3 weeks. Advancements in
bioassay technology, instrumentation, control software, and efficient processes
have now provided the drug hunter with very powerful tools [2].

Evolution of Cellular HTS Assays

Cell-based assays for HTS first emerged in the mid-1980s. These assays were
known as black box screens where growth factors, cytokines, or hormones pro-
duced a change in growth of cells, but it was not clear how these signaling
events culminated in a cellular response. The early measurements of cellular
proliferation used [3H]-thymidine incorporation as an indicator of deoxyri-
bonucleic acid (DNA) synthesis [15–17]. It was not until the late 1980s that
redox dyes (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide),
which measure the oxidative potential of the mitochondria as an indicator 
of cell proliferation, became available for the HTS scientist. This enabled 
the development of homogeneous proliferation assays that were amenable to
automated systems and could be measured using simple plate readers [18, 19].
Advances in molecular biology were critical to the engineering of mammalian
cells that could express targets, cofactors, and reporters for cell-based 
HTS [20]. The earliest reporter assays, described in 1982, included chloram-
phenicol acetyltransferase and b-galactosidase, and these were rapidly fol-
lowed by luciferase, aequorin, and green fluorescent proteins (from A.
victoria), and secreted alkaline phosphatase [21–26]. Reporter assays enabled
the study of complex cellular signaling pathways that could be modulated
pharmacologically. For luciferase-based assays, luminometers with integrated
pipetting are required to measure flash luminescence [27]. The advance of
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“glow” luminescence enabled conventional microplate scintillation counter
technology to capture and measure light from these assays [28]. Reporters
such as b-lactamase and renilla luciferase, which measure real-time changes in
gene expression in living cells, have also been developed [29–31]. In addition,
there are synthetic versions of click beetle luciferase genes for dual-color mea-
surements in multiplexed reporter assays allowing multiple signaling pathways
to be interrogated as one time [32]. Another major advance in cell-based
screening came with the ability to directly measure changes in the levels of
second messengers (calcium, cyclic adenosine monophosphate (cAMP),
inositol-3-phosphate (IP3), and mitogen activated protein (MAP) kinase)
within the cell in an automated screening environment [33–36]. Advances in
automated fluorescence microscopy enabled more complex measurements
within cells such as phenotypic changes, intracellular protein translocation, and
intracellular posttranslational modifications [37, 38]. Until recently with the
development of instruments like Patch Xpress, patch clamp for single-cell elec-
trophysiological measurements eluded automation [39]. Advances such as
those mentioned above have rapidly increased the number of cell-based
screens and also allow the screener to run assays against targets in the appro-
priate cellular context.

Evolution of HTS Technologies into the Drug Discovery Process

The developments discussed here describe an HTS technology base capable
of assaying a wide range of in vitro and cellular targets, which has resulted in
the identification of many active compounds than can be progressed into med-
icinal chemistry programs. To prioritize which compounds progress in the drug
discovery process, medicinal chemists consider several factors, including
potential liabilities, compounds selectivity, drug–drug interaction problems,
drug metabolism, and absorption or permeability issues.

Figure 13.3 shows a typical flow of activity through a traditional drug dis-
covery program. Primary assays are performed to give feedback on a medic-
inal chemistry hypothesis; secondary assays are then performed to provide
more detailed data. This then is followed by selectivity information and then
liability information. At each step, it is typical to reduce the number of com-
pounds being progressed. This serial cycle then repeats as the chemistry
hypothesis evolves. Compression of this cycle improves the efficiency of drug
discovery. One way to achieve this increase in efficiency is to use parallel
approaches, such that data on primary bioassay, selectivity, and potential lia-
bility can be assessed together by the medicinal chemist (Fig. 13.4). This
requires many assays to be run simultaneously but on fewer compounds than
a typical HTS.

One major difference between the HTS operation and the parallel lead
optimization process is the way that compounds are moved through the
process. For HTS a large collection of compounds is assembled, usually divided
into a series of master compound plates, all of the same format, and all
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screened for bioactivity against a target. For lead optimization a small number
of compounds arrive from a series of different programs. These compounds
then have to be routed to a range of different assay suites that may exist in
different assay format, for example, 96-well, 384-well, or higher. For a given
drug discovery program, the type of bioassay changes as it progresses toward
late-stage drug discovery and new assays complement or replace older ones.
Also, critical compounds may need to be checked against a broad range of
assays, rather than just the program-specific assays. This process is summarized
in Figure 13.5.
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Quality Control in the HTS Process

The quality of the data from HTS assays is dependent upon the supply of
robust reagents, and this is an integral part of the process. Some reagents such
as proteins and membranes can be stockpiled and quality controlled off-line.
For cell-based assays, cells may need to be provided at the time of the assay.
New automated cell culture machines greatly facilitate this process (e.g.,
SelecT from the Automation Partnership, UK).

Assay accuracy and precision is critical to the success of HTS strategies and
is constantly monitored through the use of standard compounds and blank
plates. Hardware quality control requires preventative maintenance and daily
calibration. By integrating quality control ranges in the robotic control soft-
ware, the assay performance can automatically monitor and alert scientists to
any issues in prosecuting the assay. By successfully completing the quality
control limits set on the assay, the data then moves directly to databases that
intelligently process the raw data. An example can be found in drug concen-
tration response analysis where automated curve-fitting routines are embed-
ded into data analysis software and performed automatically. Here curves are
fit upon comparison to a range of pharmacological rules. These rules deter-
mine whether there is a reasonable curve that fits the rules applied to minimal
or maximal activity or slope. If there is a reasonable pharmacological fit of the
data, it then streams into a data-reporting information technology (IT) tool.
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The scientist is alerted when data points fail to fit using the IT tool, and the
responsible individual can make the necessary judgment call to repeat the
experiment.

For selectivity or liability one might want to test the compound at a con-
centration significantly higher than that used in the primary bioassay. There-
fore, it is important to understand the solubility of the compound under the
assay conditions. From our own experience, a compound’s liability can be
overlooked due to poor solubility in the liability or selectivity assay, and these
false negatives can misdirect a drug discovery program. Inclusion of structural
integrity analysis of the compound being tested into the screening process is
also an important quality control parameter. Structural integrity information
confirms the identity of the compound tested in the bioassay and also 
verifies that the compound has not degraded during the process. In the past
20 years, we have witnessed a dramatic change in the way that bioassays are
performed from both a scientific and technology perspective, and this has 
been driven by multidisciplinary teams involved in engineering, biology, and
chemistry.

13.3 HTS AUTOMATED SYSTEMS: TECHNOLOGY AND PROCESS

The last 10 years have seen a significant increase in the size of pharmaceuti-
cal compound collections from hundreds of thousands to millions. With the
advent of HTS in the early 1990s, a typical lead discovery organization would
have been expected to screen between 10 and 20,000 compounds through 15
targets a year. Today, many companies can screen 1 to 5 million compounds
through 20 to 100 targets per year with each campaign lasting only a matter
of weeks [40].

The areas that will be discussed here with relevance to screening large
numbers of compounds are: advances in plate design, compound management,
liquid handling, assay detection, automation for HTS, and data analysis.

Plate Design

One of the most significant advances in HTS technology over the last 15 years
has been the ability to reduce assay volume and increase microtiter plate well
density. In the mid-1990s, the predominant assay format was the 96-well plate
[41]. By the late 1990s to the early 2000s, assay formats moved to much higher
well-density plates (Table 13.1) [41–44]. Advances in plate design required 
a combination of enhanced liquid handling technology to deliver smaller
volumes and enhanced reader technology to measure assay output from >96-
well plates. The evolution into the 384-well plate was dependent upon the
ability of liquid handling equipment and assay detectors to manage both the
96- and 384-well plate. For example, instrumentation with 96 tips can pipette
in 4 quadrants to a 384-well plate and likewise for the transition from 384-well
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plate to 1536-well plate (4 ¥ 384). The ultra low volume 3456-well plate (36 ¥
96) was produced by Aurora, when the 96-well plate was still the predominant
assay format for HTS and was considered a more revolutionary plate devel-
opment process. The principles of assay design remain the same regardless of
plate format. In reality, the success of an HTS assay depends on the ability to
dispense liquids in the volume ranges indicated in Table 13.1. Other critical
factors to consider when adopting a higher density plate format for HTS
include length of detection in terms of instrument read times and changes in
surface area to volume ratios. In the case of fluorescence assay detection, the
read times vary, and this is dependent on the choice of instrument, for example,
a single device based on a photomultiplier tube (PMT) could take up to 
15min to read an entire 1536-well plate on a well-by-well basis. This means
that well number 1536 will have been incubated for 15min longer than well
number 1 unless the assay is stopped and has a stable signal. Finally, the plastic
binding surface is larger in ratio to total volume in higher density formats.
While this has not been reported to be an issue, in our hands, this surface-to-
volume ratio will have an effect if the assay reagents are particularly sticky or
hydrophobic. Hydrophilic coated plates can help minimize this effect. The
number and variety of different plate types that are available is quite signifi-
cant within each of these formats. Table 13.2 describes the range of plate types
that are currently available for HTS.

There are also a number of plate coatings that are available for a multitude
of bioassay applications. There are too many to discuss here, but they include
antibody coatings to bind proteins, scintillant coatings for specific radiochem-
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TABLE 13.1 Assay Formats Including Plate Density and Reaction Volumes

Typical Assay
Plate Format Well Layout Max Volume (mL) Volume (mL)

96 12 ¥ 8 250 100
384 24 ¥ 16 80 50

1536 48 ¥ 32 10 5
3456 72 ¥ 48 2.2 2

TABLE 13.2 HTS Assay Plate Types

Clear Absorbance assays Clear light path for light to pass 
through

White solid Luminescence Reflective surface to maximize light
output

White, clear bottom Luminescence Reflective but allows bottom read
Black solid Fluorescence Minimizes background
Black, clear bottom Fluorescence Low background but allows bottom

read



ical applications, poly-d-Lysine, and collagen for cellular adhesion and the pre-
viously mentioned low binding plates.

Three different plastics are used for microtiter plates throughout the HTS
process. The first is polypropylene, which is preferred for compound storage
because it is solvent tolerant and has low binding properties for compounds.
The second is polystyrene, which is the preferred assay plate due to rigidity
for automation, flexibility to be colored (as described in Table 13.2), and use
for a variety of assay technologies. The third is cyclo-olephin copolymer
(COC), which is a newer plate type with potential for compound storage since
it has lower binding properties for compounds and has excellent rigidity as
well as optical clarity.

Compound Management

As discussed above, the compound collection of most pharmaceutical compa-
nies has grown significantly and collections are now in the 1 to 5 million com-
pound range [45]. This presents challenges for both storage and distribution.
A number of key considerations are discussed below.

Composition Historically, the pharmaceutical compound collection has 
typically included legacy compounds that a company has made for discovery 
programs over many years. The main issue with these legacy compounds is
that this type of collection lacks diversity since it was made to target specific
proteins. Examples of this from our own experience include work that 
generated many b-lactams for antimicrobial work and a large number of
steroids in the late 1980s. Still, today a large number of compounds within
screening decks are made up of b-lactams and steroids for exactly this reason.
Consequently, there has been a focus within pharmaceutical companies to
increase the number of compounds within screening decks to increase 
chemical diversity and remove compounds that are unlikely to progress to lead
compounds.

In HTS, it is important to screen a chemically diverse set of compounds to
find novel leads. However, measurement of diversity has been, and still is, a
very contentious issue. In order to have an optimal screening deck that covers
all permutations of chemical diversity, a compound collection would have to
be on the order of 1060 compounds [46]. Clearly, it is not possible to screen
such a large number of compounds, so efforts are made to sample this diver-
sity and to populate the collection with compounds that have potential for
progression into the drug discovery process. This is no trivial task, and yet it
is critical to the success of HTS because any HTS campaign can only be as
successful as the compounds it tests. The success of an HTS campaign is mea-
sured by the number of novel chemotypes that progress into full medicinal
chemistry programs, where the definition of a chemotype is a compound or
set of compounds that have a unique structure or chemical composition.

There are many companies that build libraries of compounds and sell them
to pharmaceutical companies to populate their compound collections. This is
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a popular approach since the cost of synthesizing compounds is high from a
personel perspective. However, it can also mean that the same library is being
tested by many companies, often against the same targets. In this case, the
chance of finding a compound that is different from a competitor is low, and
so this shifts the emphasis to the speed with which a company can discover
and progress a compound first. Additionally, the use of combinatorial libraries
can mean that chemical diversity within a library is poor since they tend to be
built on common scaffolds. However, if these libraries contain active com-
pounds based on similar chemical scaffolds, then some level of structure–
activity relationships (SAR) can be derived very rapidly from the HTS.

Another approach to organizing a compound collection is to group com-
pounds into categories of potential activity, that is, kinase or G-protein-
coupled receptor (GPCR) activity. This enables a smaller subset of compounds
to be tested against targets that are either very early in the discovery process
or considered too challenging (i.e., cost prohibitive, limited reagents, etc.) to
screen the entire compound collection [47, 48].

Wet or Dry Compound Storage Wet or dry refers to storing compounds as
solids or dissolved in solvent. The generic standard for supplying compound
to a bioassay is in dimethyl sulfoxide (DMSO). This is the standard for solu-
bilizing the majority of compounds in a screening collection, but there are a
number of significant issues relating to storage of compounds in a universal
solvent such as DMSO [49]. First, a number of compounds are not soluble in
DMSO. Thus, the predicted concentration of compound will never be attained
in the bioassay. Second, DMSO is very hydroscopic, so, when exposed to the
atmosphere, it adsorbs moisture and will continue to do so until it reaches
equilibrium at about 70 percent DMSO, 30 percent H2O. Now the compound
is diluted, and solubility under these aqueous conditions may be adversely
effected, both of which alter the effective compound concentration in the
bioassay. Third, DMSO can dissolve certain plate materials and these may
have an adverse effect on the bioassay. Finally, DMSO is reactive with some
compounds, especially in the presence of oxygen, thereby effecting the
integrity of compounds in storage.

There have been many different solutions to address the above issues that
vary in complexity with the ultimate goal of maintaining a completely dry envi-
ronment for the storage and distribution of compounds. Recent literature [49]
suggests that it is best to store compounds in DMSO in an inert, dry atmos-
phere at room temperature, thus avoiding freeze–thaw cycles. The investment
to achieve such storage conditions may be significant, especially when the size
of the compound collection is considered. For example, Figure 13.6 shows a
photograph of the Haystack liquid store at Bristol-Myers Squibb that is two
stories high. Not only must the environment where the compounds are stored
be controlled, but the environment where compounds are dissolved, trans-
ferred to and from the store, replicated for screening, and stored for screen-
ing must also be controlled. Given the cost of full environmental control of
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their compound collections, some companies have taken the route of making
up compounds in either 90 percent or 70 percent DMSO from the outset and
then using less extensive environmental control. While less expensive, this
compromise will reduce the aqueous solubility of certain compounds.

Long-term storage of compounds is optimal when compounds are stored
as dry samples and preferably at low temperature. Thus, most companies have
a dry-compound store, often in tubes as well as a wet store. At periodic inter-
vals, samples from the dry store are taken to replenish the wet store in DMSO.

Compound Storage in Plate Formats Compound storage in plate formats
should reflect the most typical HTS usage plate format. Storing compounds in
384-well format is most efficient if screens are run in a 384-well format. When
preparing a compound plate for a bioassay, the replication cycle for compound
transfer is from one plate to a daughter plate (or many identical daughter
plates), rather than four 96-well plates to one 384-well plate. However, this
may not be the most efficient process when individual compound samples 

574 HIGH-THROUGHPUT SCREENING

Figure 13.6 Photo of Haystack (The Technology Partnership, Cambridge, UK). The
haystack compound storage system at Bristol-Myers Squibb showing the “wet” tube
store.



are required since an entire plate would need to be removed just to pick an
individual compound. Consequently, multiple formats are used to store 
compounds.

For example, the Haystack system at Bristol-Myers Squibb in Connecticut
(Fig. 13.6) has three components. The first is a dry store where compounds are
stored as powders or films. The second is a tube store that stores compounds
in 100 percent DMSO in sealed microtubes. These microtubes are made from
the dry tubes by adding volatile solvent to the dry tubes, transferring the
required volume out, and then drying the sample within the original tube back
down for storage. These microtubes are used to generate master plates for
HTS and for the selection of individual compounds. The master plates for HTS
are then stored in the third area of Haystack where they can be retrieved to
make assay plates for HTS.

Replication for HTS As discussed above, storage temperature and environ-
mental conditions will have a significant effect on the transfer of compounds
into screening plates, otherwise known as the compound replication process,
so only generalities are discussed here. The key points to consider are that
freeze–thaw cycles should be minimized as should DMSO exposure to the
atmosphere. Figure 13.7 represents a typical compound replication process.
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Figure 13.8 Correlation of intermediate vs. 100% DMSO compound transfers where
the graph represents the correlation of 1000 IC50 determinations performed for an
enzyme-based target via two routes. (1) Making up compound in 100% DMSO, creat-
ing a 3-fold, 10-point serial dilution in 100% DMSO. Performing a 10-fold dilution in
water and transferring 1 mL to the assay plate. Represented on the x axis. (2) Making
up the compound in 100% DMSO, creating a 3-fold, 10-point serial dilution in 100%
DMSO. Transferring 100 mL direct to the assay plate. Represented on the y axis.

Dry compound from a tube store is used to make a number of master plates
in DMSO. Periodically, a master plate is used to make a number of screening
plates ready for bioassays.

The important factors to consider are the tolerance of the assay to DMSO
and the concentration of compound. A number of biochemical assays can tol-
erate higher DMSO concentrations in the 2 to 5 percent range that enables
plates to be used directly, but cellular assays rarely tolerate higher than 1
percent DMSO and inevitably require an intermediate dilution unless nano-
liter dispensing is available (see next section). Typical compound concentra-
tions for screening are in the 10 mM range and typical compound storage
concentrations are in the 2mM range.

Nanoliter Compound Dispensing As discussed above, some assays have a
low tolerance for DMSO. This means that as the volume of the bioassay
decreases when moving from a 384-well to 1536-well plate, the volume of
DMSO to be added needs to decrease proportionally. For example, if a typical
1536-well assay volume is 5 mL, to attain a DMSO concentration of 1 percent
without using an intermediate aqueous dilution, a compound addition of 
50nL is required [50, 51].

The value of avoiding an intermediate aqueous dilution during screening is
illustrated in Figure 13.8. Here, IC50 determinations for 1000 compounds were
performed in a standard enzyme assay via two routes. The first using an inter-
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mediate aqueous dilution and the second using a 100-nL dispense of com-
pound in 100 percent DMSO directly to the assay plate. As can be seen, the
majority of compounds appear more potent via the 100-nL method. The
enzyme used in this assay had a reasonably hydrophobic binding pocket, and
a number of the active compounds tested were hydrophobic in nature. The
difference in potency occurs because of the decrease in solubility of hydropho-
bic compounds in aqueous solution. Thus, if the compound is at a high con-
centration in 100 percent DMSO, it is more likely to drop out of solution when
it is diluted to a low concentration in aqueous buffer.

It is only in recent years that the technology has been made available to
dispense compounds in the low nanoliter range [50]. A significant advance
came in 2003 with the onset of acoustic dispensing. This technology uses ultra-
sound to eject nanoliter droplets from the surface of liquid in a plate that 
contains compounds and fires the droplets into an inverted destination plate
above. This liquid handling technique is very precise and accurate, and,
because this dispense method is noncontact, no washing pipette tips are
involved.

Closed-Loop Screening Closed-loop screening is a term used to describe the
process where an assay is run continuously from initial screening to IC50 deter-
mination. The initial screen assays a large collection of compounds at a single
compound concentration, and then active compounds are confirmed on that
same system from the same source compound plate. Critical to this process 
is the ability to carry and store a large number of compound plates on the
screening platform. Thus, when the assay is running, HTS assay plates can be
prepared from these on-line compound plates. The clear advantage in this
approach is that reconfirmed positive compounds are tested continuously from
the original plates stored on the assay system, and the dependency on a com-
pound management department to select these compounds from a large store
is circumvented. This benefit has become more important as the size of com-
pound collections has increased, for example, if a compound collection is 1
million compounds and of these 1 percent are active, then 10,000 compounds
will need to be supplied to a confirmatory assay.

Liquid Handling

The key challenge for either the bench scientist or the automated screening
platform is reliably dispensing all components of the assay with sufficient 
accuracy and precision. Working in the larger plate volumes such as 100 mL 
for the 96-well plates means that individual assay components need to be dis-
pensed in the volume range of 10 to 50 mL. As the well density of the plate
increases, the volume of each well decreases, and accurate liquid dispensing
becomes a more significant challenge. Table 13.3 summarizes the different
types of liquid handling devices that are available, along with their working
volumes. However, before getting into detail here, it is important to consider



the parameters that define the liquid handling performance: accuracy and 
precision.

Accuracy and Precision

Liquid handling needs to be both precise and accurate. The term accuracy
simply refers to the question: “Does this instrument dispense the absolute
volume that has been requested?” Thus if 10 mL were to be dispensed and the
average of all dispenses was 10 mL, then instruments would have excellent
accuracy. The variation in dispense volume is more a question of precision.
Consequently, accuracy is often represented as percent change from nominal.
For example, an accuracy of 10 percent on a 10 mL dispense means that all 
dispenses will be between 9 and 11 mL. For the majority of instrumentation
used in HTS, it is expected that they will have an accuracy of <10 percent of
nominal.

Precision is a measure of how variable a dispense is and takes into account
the standard deviation of all dispenses. Precision is typically expressed in terms
of the coefficient of variation expressed as a percentage (%CV). It is standard
practice to aim for liquid handler performances in the with %CV values of <5
percent.

It is imperative to continuously monitor the performance of an instrument
to prevent waste of valuable reagents and data. Both precision and accuracy
are essential to the understanding of instrument performance. For example
(Table 13.4), analyzing the accuracy alone would indicate that either instru-
ment 1 or 3 performed the best, since in each case the average dispense is 
10mL. If one measures precision alone, it would indicate that instrument 2 per-
formed best since it has the lowest %CV, indicating that all dispenses are very
similar. Close interpretation of the data, however, suggests that instrument 1
performed with variable dispense. Instruments 2 and 3 are more difficult to
differentiate as 2 gives precise data but over dispenses, yet 3 exhibits more
variation but is more accurate. It is also important to test the instrument with
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TABLE 13.3 Summary of Liquid Handling Typesa

Type Plates Volume Range (mL)

8- to 16-tip variable span 96, 384 (some 1536) 0.5–100
8- to 16-tip fixed span 96, 384 (some 1536) 0.5–100
96 head, tips 96, 384 2–100
384-head, tips 384, 1536 0.5–50
Peristaltic pump 96, 384 5–200
Solenoid valve 96, 384 1536, 3456 0.2–10
Pin tools 96, 384 1536, 3456 0.005–0.1
Acoustic 96, 384 1536, 3456 0.002–0.2

a This table represents typical averages only.



a range of buffers and reagents. The precision and accuracy will vary signifi-
cantly with the reagents that are used. For example, glycerol may stabilize pro-
teins but it increases viscosity. Bovine serum albumin (BSA) may also stabilize
the assay reagents but it is liable to foam as do detergents. Additionally, it is
very important to examine if the liquid handler creates a pattern following dis-
pensing that could indicate that a pipette tip is clogged or not functioning. For
example, if an instrument has 384 tips, each well is dispensed independently
into a 384-well plate, but in a 1536-well plate each tip dispenses to 4 adjacent
wells so it is important to look for differences in blocks of 4. If an instrument
has 8 tips that dispense in a linear pattern across a plate, then differences
between rows or dispense patterns within a row may occur. For example, the
Labsystems MultiDrop dispenses in the pattern indicated in Figure 13.9. Panel
1 demonstrates an obvious dispense pattern where the columns show a low
initial dispense. Panel 2 shows a typical dispense with no patterns and a good
level of precision. Finally, the liquid handling instruments are validated as part
of transitioning a bioassay from the laboratory bench to an automated system.
This final test ensures that the instrument will function with precision and
accuracy during routine use with a variety of assay reagents including liquids
of varying viscosities, beads, and cells.

Assay Detection

In HTS there are a number of assay technologies that use a range of detec-
tion methods. This list includes absorbance, fluorescence, fluorescence reso-
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TABLE 13.4 Dispense Volumes for Specific Instrumenta

Instrument 1 Instrument 2 Instrument 3

Dispense volumes (mL) 8.1 10.3 9.1
9.5 10.2 11
9.1 10.2 9.5
1.6 10.2 9.4

12 9.9 10.5
8.8 10.1 10

10.2 10 10.7
11.2 9.9 11
12.6 10.3 9.2
13.1 10.1 10.4
9.9 10.4 10.2

14 10.4 9.2
Average dispense 10.0 10.2 10.0
% CV 32.2 1.7 7.1
Number outside 10% 7.0 0.0 2.0

a Shows the actual volume dispensed when a 10-mL volume was requested over 12 replicates. This
data is used to analyze precision and accuracy.
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Figure 13.9 Dispense patterns from an 8-tip device in a 384-well plate shows the dis-
pense pattern on the left, starting in row B and dispensing across the plates and back
down row A. Panel 1 shows a significant pattern when row and column averages are
plotted. Panel B demonstrates a typical “good” dispense from the same instrument.

nance energy transfer (FRET), homogeneous time resolved fluorescence
(HTRF), flash luminescence, glow luminescence, SPA, and fluorescence life
time (see Section 13.4). There have been significant advances in the field of
assay detection over the last 5 years [2]. This has primarily been as a result of
the development of multimodality imaging technology. As has been men-
tioned previously in this chapter, the majority of detection methodologies have
traditionally been based around photomultiplier tube (PMT) technology. This
has the advantage of being very sensitive but realistically means that each
PMT can measure one well at a time. This was not an issue when the major-
ity of HTS assays were based in the 96-well plate, but as the well density of
plates has increased, the limits of PMT technology have been exceeded. For
example, if an SPA assay were being run in a 384-well plate, it takes about 1
min to acquire enough signal from each well via a PMT to get acceptable assay
data. Certain scintillation counters have as many as 12 PMT tubes, so they can
measure up to 12 wells at once, but this still translates to about 40min to read
a single 384-well plate. For other technologies such as fluorescence, FRET, and
HTRF, the throughput limits of PMT-based readers were not reached until
assays were executed in 1536-well plates.

Imaging technology uses highly cooled CCD chips and telecentric lenses to
measure signal from entire plates at one time [14]. The highly specialized
cameras are cooled to temperatures as low as -103°C to reduce electronic
noise in the image and increase sensitivity. Combining this with excitation



methods to enable illumination of the entire plate, read times have been
reduced to as little as 2 s for most fluorescent technologies and 3min for SPA.
This was achieved independently of plate format.

As the complexity of reader technology has increased, so has the cost. Con-
sequently, the trend is toward multimodality instruments that enable a number
of technologies to be read on a single instrument. However, there are some
technologies that require dedicated instrumentation due to their specific
needs. Examples of these include flash luminescence, which requires inte-
grated liquid handling to dispense reagents at the exact same time as the image
of the plate is being taken to capture the burst of light from a very rapid
response. There are also ion-channel-related assays that measure the flux of
ions within cells, and these assays have dedicated systems with online pipet-
ting such as the FLIPR (Molecular Devices, California).

Automation

As the number of plates assayed increased, the desire to fully automate the
process also increased. By the mid-1990s, the typical HTS lab had a significant
automation infrastructure to run screens. This automation consists of a robot
arm to move the plate between various liquid handlers, incubators, and detec-
tors usually no different to the ones that the HTS scientist would use at the
bench. To tie all this together is a piece of software called a scheduler that 
controls both the robot arm and the individual devices attached to the 
system. Automating the HTS process does offer some clear advantages in effi-
ciency and productivity [42, 52, 53]. First, the scheduler enables each plate to
be treated identically to the one that went before it so that incubation times
are identical from plate to plate. By contrast, manual screening tends to 
batch process plates, which means that plate 1 often differs in incubation times
from the last plate in a batch. Second, the robot is able to run 24h a day and
7 days a week if desired. Finally, the lab scientist is freed up to process data,
design other assays, and perform auxiliary tasks while the robot is running the
assay.

While there have been few revolutionary advances in HTS robotics over
the last 15 years, they are significantly more robust and mechanically precise
than earlier robotic systems. The major advances have typically come from 
the new liquid handling or detection instrumentation that is integrated on
these automated systems. Advances in these peripheral systems have greatly
increased the rate at which plates are processed through the individual steps.
Now the rate limiting step is the speed of the robot arm. One solution is that
robotic developers have linked robot arms together to increase efficiency. An
example of this is the Dimension 4 system (CRS Thermo, Canada), which has
a belt to move plates up and down to the system and then separate robot arms
for each peripheral instrument integrated onto the automated system.

Scheduling Software Scheduling software can be described as dynamic,
static, or perpetual. The definition of each varies but is generally considered
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as follows. In the case of a static scheduler, the software predetermines every
move that the robot is to make for each step of the assay and the number of
plates required. This is based on preprogrammed timing for each individual
move of the robotic arm. The benefit is that the robotic operator knows exactly
what the robot will do, when each plate will be processed, and what the overall
timing or variation for the process will be. The downside is that it is not pos-
sible to change once the schedule has started, it is inflexible to pauses or errors
that may occur during a screening process on the automated system and no
conditional steps can be programmed. In the case of the dynamic scheduler,
the software calculates each move in real time and no moves are predeter-
mined. The advantage is that priorities can be assigned to certain tasks, con-
ditional steps can be programmed, for example, error recovery is more flexible.
The downside is that it is more complex to program with a strong reliance on
a well-determined cycle time for each plate to prevent the occurrence of dead-
locks where the robot will grind to a halt because it physically cannot com-
plete a move because equipment is occupied. Lastly, the perpetual scheduler
calculates each step in real time but also adapts and generates each move as
the process continues. Examples of such applications are crystal growth and
cell culture where incubation times are not known and the next step is not ini-
tiated until a specific criteria has been reached indicating the robot should
perform a specific function.

Reagent Management Reagent stability during continuous HTS is a critical
factor in generating accurate and precise data over time. It is critical to empir-
ically determine the stability of all the reagents to find optimal conditions, typ-
ically overnight or for about 16h. The standard approach to extend the life of
a reagent on a system is to cool it to 4°C. This is easily achievable by the use
of vessels chilled with water jackets, peltier devices, or refrigerators.

There are a number of additional factors that have to be considered in addi-
tion to temperature when automating the dispensation of biological reagents.
These include nonspecific binding to tubing or the vessel, temperature varia-
tions over time, stirring, and shear force to name a few. The binding of pro-
teins to the surface of vessels, tubing, and tips is a significant issue, but these
can be minimized with the use of detergents, carrier proteins, and the like.
From an automation perspective, if the dispenser carries reagents through
tubing and that reagent sits in the tubing for the period of a cycle time or 
5min. This creates a number of issues: (1) reagent binding to the tubing, (2)
temperature variation between reagent that sat in the tube and reagent that
is drawn from the storage vessel, and (3) the potential for reagent settling in
the tubing. These issues are usually best solved by using empty and prime
cycles to empty the tubing back to the storage vessel between dispenses.

Data Analysis

Given the number of compounds screened in today’s HTS labs, it is obvious
that a huge amount of data is generated. The days of manually processing data
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were left behind a number of years ago. HTS labs now have fully integrated
data systems that automatically extract data from robotic systems, process it,
apply quality control (QC) filters, upload to databases, and report the analyzed
data. Approaches to this vary significantly between companies, some prefer-
ring to buy commercial software and others preferring to write their own
custom software; however, the principles remain relatively similar.

Data Capture and QC Once a plate is read on either a robotic instrument or
a stand-alone detector, the data should be immediately fed to a database where
it can be analyzed.This prevents the user from having to manually move around
vast numbers of data files with the potential for introducing error. Analysis of
the data may simply involve normalizing the data to generate a percent inhibi-
tion relative to controls or it may involve a more complex calculation such as a
rate determination, relative to previous reads of the same plate.

Once the plate has been analyzed, it must then pass predetermined QC
parameters. Typically, this involves the statistic Z¢ (Fig. 13.10, Table 13.5) [54].
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Software will allow the user to determine appropriate QC parameters, such as
Z¢ > 0.5, and then determine a process path for that plate depending on the
result. The data automatically progresses to corporate databases if the QC cri-
teria are met. Data that fails to meet these criteria are flagged, and, if the
failure continues to repeat for the next plates, automated screening is halted.

IC50 analysis In today’s HTS environment, the number of IC50 curves gen-
erated is in the thousands. This can take days to process manually, so many
companies have developed software that automatically processes and analyzes
IC50 data. In our experience, with software written in-house at Bristol Myers
Squibb (BMS), we have reduced a day’s data analysis time to about 15min of
work. The impact of this has been significant since it has enabled many more
IC50 determinations to be performed.

Hit Selection The output of an HTS is a set of compounds that show a broad
range of activity. A key step when performing an HTS is determining which
compounds are active. These compounds are commonly referred to as a hits.
For example, when screening an assay to look for compounds that inhibit a
particular enzyme, a wide range of inhibition values will be obtained. This is
highlighted in Figure 13.11. In order to identify which compounds are active,
a cut-off threshold must be selected. There are a number of critical factors that
need to be considered when selecting a threshold.

584 HIGH-THROUGHPUT SCREENING

TABLE 13.5 Statistical Parameters

Statistic Formula

The mean is a measure of the central value of a 
set of data.

The standard deviation measures the variation 
present in the data.

The CV expresses the standard deviation of the 
data as a percentage of the mean.

The signal window measures the distance between the
distributions of the totals and the blanks.

The Z statistic measures the signal window as a 
fraction of the distance between the means of the 
distribution

The signal-to-noise (S/N) ratio can be considered the
“signal strength” of the screen divided by the average 
variability of the screen.
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30%

25%=4633
30%=2834
31%=2657

(a)

(b)

Figure 13.11 (a) Scatter plot and (b) histogram showing activity for over 1 million
compounds in a single assay. The graph in (a) shows the activity of over 1 million com-
pounds tested in a methyl transferase biochemical assay. Each compound was tested
in single point at 10 mM. Illustrated on the graph is the threshold used to select hits.
Any compound falling above this threshold was called a primary hit. The inset box
gives the number of compounds that fall above a range of threshold values. (b) His-
togram illustrating the same data.
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First, the quality of the data must meet predetermined criteria as described
previously. Second, the range of activity is usually a distribution, with the
median close to 0 percent inhibition (Fig. 13.11). The spread of this distribu-
tion helps to determine where the threshold should be set, which is typically
outside of three standard deviations from the mean. Thus, an active compound
will have a discrete activity that separates it from the activity of the vast major-
ity of compounds tested. In the example given in Figure 13.11, the majority of
compounds have an activity of less than 30 percent inhibition, and, therefore,
this was designated the cut-off threshold. Finally, from a pragmatic perspec-
tive, the number of hits generated needs to be within the range that the com-
pound management department can accommodate in terms of picking
compounds for further evaluation.

13.4 ADVANCES IN HIGH-THROUGHPUT BIOASSAY
TECHNOLOGY

The field of high-throughput screening has evolved in large part due to the
need to reduce the cost (money and people) of screening large sets of com-
pounds (1 million or larger) against molecular targets of therapeutic interest.
This movement away from biological assays that are performed in test tubes
to assays that are performed in multiwell dishes drives the necessity to
examine assay biotechnologies that are robust, homogenous, and amenable to
integration on automated systems. The true advances came with technologies
that moved away from complex multiple-step assays with tube transfers to
homogenous assays where steps could now be eliminated but the target
biology remains intact. This movement to higher density homogeneous
formats has occurred concurrently with advances in detector technology, liquid
handling, robotic integration tools, and informatics infrastructure.

The scale and complexity of the screening approach taken can largely
depend upon the resources and technological infrastructure available to the
organization. In companies with limited budgets, multiple screening formats
and approaches may be constrained. However, in those companies with large
R&D budgets multiple approaches to screening a well-validated target can be
implemented. A bioassay for a HTS campaign is generally decided upon by a
team of people including disease biologists, medicinal chemists, and HTS 
professionals. This team defines the goals for the screen. These goals include
understanding the pharmacological outcome (i.e., agonist or antagonist) to be
achieved, knowledge surrounding the target type and how to assay for its activ-
ity in a biologically relevant system, and finally bioassay connectivity to an
appropriate preclinical model of disease. The HTS bioassay chosen must be
robust and reproducible from day to day and demonstrate low intra- and inter-
plate variability. There is also the choice of whether to approach the target
from a biochemical or cell-based assay. For a complete discussion on the
debate between biochemical or cell-based assay approaches to drug discovery,
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see references 55 to 58. The method selected to meet the screening objectives
will most likely be a method that is homogeneous and does not require any
complex filtration or multiple removal steps.

Overview of HTS Assay Formats

In general the choice of high-throughput assay format is guided by the goals of
the screen and also practical availability of reagents. Some of the pragmatic
issues that enter into how to screen a target relate to (1) amount of protein
available or cellular supply, (2) substrate requirements, (3) pharmacological rel-
evance of the cellular system, (4) capacity to follow-up the target, and (5) cost
to screen a given compound collection. Pharmaceutical targets can be screened
using either cell-based or biochemical assays. Cell-based assays include assays
that capture binding events, measurement of changes in cellular metabolism,
and physiological changes in intracellular second messengers, regulation of
intracellular enzymes, and modulation of intracellular signal components.
While cell-based assays provide context for pharmacological targets in their
native environment, the outcome of these assays can be less straightforward
then biochemical assays. Some examples of cell-based assays include the fol-
lowing: calcium flux, voltage-sensitive dyes, reporter assays, whole-cell binding,
cAMP detection, physiological changes, protein translocation, and enzymatic
activation. Table 13.6 summarizes cell-based assays and detection methods.

Biochemical assays are generally preferred for intracellular targets includ-
ing cytoplasmic enzymes. A well-optimized biochemical assay will, in general,
demonstrate less data scatter than a cell-based approach. In addition, the pres-
ence of a single target in the well makes the follow-up process less complex.
The compounds identified from a biochemical screen do not have to be cell
permeable nor do they need to demonstrate significant potency. Therefore,
they may actually be more chemically diverse than those identified from a 
cellular screen. Biochemical assays can be separated into two categories:
separation based (product is measured after isolation from starting material)
and homogeneous (no separation required). Enzymatic assays can be run as
kinetic or endpoint assays, and basic mechanistic considerations will be dis-
cussed below. Examples of biochemical assays include kinase, protease, meta-
bolic enzymes, and enzymes that modify nucleotides. Table 13.7 summarizes
biochemical approaches to HT bioassays for these targets along with detec-
tion methods.

Reagent Production

Over the last several years, the demand for cell-based assays has increased 
dramatically. This has been driven by the requirement to support hit 
identification, lead evaluation in preclinical model systems, and assays to 
identify compound liabilities. Multiple approaches can be taken to develop
cell-based reagents for drug discovery and include transiently transfected cell
populations and stable cell line development [59]. Robust transient transfec-
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TABLE 13.7 Summary of Biochemical Assays and Detection Methods for HTSa

Assay Type Application

Time-resolved fluorescence Kinases, second messengers, proteases, helicases,
protein–protein interactions, etc.

Fluorescence polarization Kinases, phosphatases, receptor–ligand binding,
protein–protein interactions, etc.

Enzyme complementation cAMP, IP3, kinases, other enzymes, protein–protein
interactions, etc.

Luminescence Enzymes that utilize ATP, etc.
Scintillation proximity assays Receptor–ligand binding, enymatic assays,

protein–protein interactions

a This is not a comprehensive list.

TABLE 13.6 Summary of Cell-Based Assays and Detection Methods for HTSa

Assay Type Application Detection Method

Proliferation assays Identify cytotoxic Alamar blue (FLINT)
compounds MTT/MTS 

(Absorption) 
TUNEL (TRF)

Reporter assays Signal transduction Luciferase (luminescence)
pathways and b-lactamase (HTRF)
direct NHR assays

Second-messenger cAMP, IP3, MAP TRF, FP, a screen, enzyme
assays kinase, etc. complementation, etc.

Ion flux assays Intracellular changes Fluo-4 (FLINT),
in calcium or Aequorin (flash
other ions luminescence),

Measurements of membrane potential 
changes in dyes (FLINT)
membrane

High content screening Intracellular events, Automated fluorescence
assays physiological or microscopy (varying 

morphologic quality depending on 
changes, protein optical configuration,
translocation or excitation and
posttranslational emission detectors)
modification,
multiparametric 
cytotoxicity,
RNA/DNA 
content, receptor

a This is not a comprehensive list.
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tion technologies including lipid-based, viral, and electroporation methods
have been developed and are used to support in vitro screening assays.
Automated solutions have been applied to scale-up these reagents 
(Cellmate/Flaskmaster; Fig. 13.12) [60]. During screening, quality control asso-
ciated with these transfection methods can be monitored through the use of
the fluorescent proteins with spectral properties that do not interfere with the
corresponding assay formats. Stable cell line development can occur in paral-
lel with the generation of these transient transfected cell populations. Flow
cytometry has become an integral component in the process of stable cell line
development and is used to monitor, sort, and assess the pharmacology of cell-
based targets relative to their corresponding expression levels (epitope
tagging, IRES GFP constructs, fluorescent physiological indicators, etc.). Cell
line selection for screening requires the ability to process multiple cell clones
in parallel using a variety of assay formats in parallel.

The logistics of managing the “just-in-time” need for mammalian cells 
with active screening efforts requires careful planning and coordination. For
example, at BMS, requests for cell line development, maintenance, transfer,
mycoplasma testing, FACS analysis, and cryogenic preservation can be 
made using web-based requesting tools similar to the tools used for com-
pound requesting. A cell-tracking database allows screening groups to track
resources, quality control, and document issues that develop pertaining to par-
ticular cell lines. Finally, integration of the SelecT fully automated cell culture
system allows for the maintenance, quality control, and supply of cells for
screening purposes. This system is equipped with scheduling software that

CellmateTM Flaskmaster

Figure 13.12 Automated infrastructure for bulk production of cellular reagents for
HTS. The Cellmate (The Technology Partnership, Cambridge, UK). The Cellmate can
reform bulk production of up to 500+ flasks, 1–2 cell lines/day and cell harvest by scrap-
ing. Unattended operation of the Cellmate is made possible with the addition of the
Flaskmaster (BMS) to feed flasks into and out of the instrument.



allows multiple cell lines to be processed as necessary for screening (see Fig.
13.13). In addition, the system has added consistency to cell-based assays,
reduced cell waste, and allowed staff to have continuous access to cells.
Many groups responsible for the production of reagents have been moving to
bulk production and cryogenic preservation of cell-based reagents for screen-
ing; thus, decoupling the just-in-time need for living cells for HTS assays. In
this way, one quality-controlled batch of cells can be used throughout the
screening campaign. These approaches improve data quality and consistency
in HTS.

Biochemical reagents including purified proteins, membrane vesicles,
and the like, can be produced in a variety of expression systems including
Escherichia coli, pichia, insect cells, and mammalian cells. The advent of 
recombination-based cloning systems allows for the rapid generation of multi-
ple expression constructs in parallel. The capacity for purification of protein
from multiple expression systems and parallel purification schemes is very labor
intensive and requires quality control analyses to ensure that proteins are puri-
fied to near homogeneity, have not formed aggregates. The scale up process is
not linear with respect to protein production when compared to the original
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Figure 13.13 The SelecT (The Technology Partnership, Cambridge, U.K.). A fully
automated cell culture system performs routine maintenance of up to 50 cell lines per
day. It manages growth, incubation, and routine passaging of multiple cell lines with
unattended operation. The SelecT performs cell counting, viability measurements, and
cell plating into microtiter plates.



growth conditions in a test tube, therefore, both growth conditions and purifi-
cation processes need to be optimized further for bulk reagent production.

Designing Bioassays for HTS

When approaching an HTS campaign to identify small-molecule modulators
of targets for drug discovery, one must consider the pharmacological outcome
as well as the quality of the data produced from the assay. The importance of
data quality relates to statistical validation in HTS and this was previously dis-
cussed in Section 13.3. Briefly, a Z¢ of >0.5 [54] indicates that there is accept-
able statistical variation of the data surrounding the maximal signal and the
background or minimal signal in the assay, therefore, the assay has the poten-
tial to reliably identify active compounds from inactive compounds. The
balance is choosing an assay that exhibits sufficient signal, is mechanistically
sound, can be run rapidly, and is cost effective.

Mechanistic Considerations for Biochemical Assays Important considera-
tions for the design of enzymatic assays for HTS include the rate at which an
enzyme catalyzes conversion of substrate to product, the enzyme concentra-
tion, and substrate concentration. For a complete review of mechanistic enzy-
mology, see Ref. 61. Kinetic assays determine the slope/rate of the enzymatic
reaction, require multiple measurements over time, exhibit excellent correla-
tion over time for known actives, and are less prone to compound interfer-
ence. If one performs an enzymatic reaction as an endpoint assay, inhibitors
may act to slow the enzyme rate but will be missed in an endpoint HTS
because the reaction product is measured at a time point after the enzymatic
reaction has run to completion. Another important experimental variable for
enzymatic HTS assay design is the enzyme concentration that has a linear
effect on reaction velocity. If one chooses an enzyme concentration that is too
high, it may minimize the apparent inhibitor effect (IC50 = 1/2 [Enz]). Com-
petitive enzyme inhibitors compete with substrate for binding to the free
enzyme. In this case, assays run at high substrate concentration, inhibit the 
formation of the enzyme/inhibitor complex, and are less likely to identify 
competitive inhibitors. Therefore, it is recommended that screening assays 
be run at substrate concentrations below the Km. A second class of inhibitor
binds exclusively to the enzyme/substrate complex, known as uncompetitive
inhibitors, and these are more likely to be detected at high substrate concen-
trations above Km. A third type is a mixed inhibitor, and these bind both the
free enzyme and the enzyme/substrate complex. These are less sensitive to
substrate concentration. A good understanding of how a particular inhibitor
modality may act under the physiological conditions that are appropriate for
the target pharmacology provides a significant advantage in designing the
appropriate biochemical assay for the target. When the modality of inhibition
is unknown, it is always best practice to run the assay where Km equals sub-
strate concentration. The use of natural substrates is recommended for HTS
assays as this more closely approximates the in vivo situation. The use of full-
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length enzymes as opposed to activated catalytic domains is strongly recom-
mended as there may be differences in catalysis by the full-length enzyme in
vivo. Order of reagent addition may also be an important consideration during
an HTS assay. This will depend on the stability of reagents and the mechanism
of the reaction. Addition of a substrate to an enzyme may help stabilize the
enzyme or stabilizing agents can be added (BSA, detergents, glycerol, etc.).
Running an enzymatic assay under equilibrium conditions is important, and
so inhibitors that are “slow binders” may require a longer preincubation time.
It is generally recommended that compounds be incubated for a period of
between 5 and 15min.

Ligand–Receptor Binding Interactions Although radiometric assays are
beginning to decrease with the growing use of fluorescence assay technologies,
radiometric assays still comprise between 20 and 50 percent of all screens per-
formed [62]. In the future, label-free methods to measure biophysical interac-
tions may become standard, and these methods include optical and dielectric
methods and acoustic biosensors. Indeed innovative cellular assay technolo-
gies have been developed based on radio-frequency spectrometry and bioim-
pedance measurements [63]. Receptor-mediated signal transduction events
can be linked to bioimpedance changes by performing dielectric spectroscopy
of cells across a spectrum of frequencies (1KHz to 110MHz) [63]. The advan-
tage of this technology is that a single assay technique can be used to monitor
Gi, Gs, and Gq without the need of fluorescent labels, tagged proteins, or
promiscuous G proteins.

The use of radiolabeled ligands in filtration assays has historically been used
to measure high-affinity binding interactions for cell surface receptors and has
been replaced by SPA [64–66]. SPA is the current binding assay format of
choice for the GPCR (7 transmembrane receptors) HTS assay. The need for
separation has been eliminated using a homogeneous technique that relies on
the excitation of a scintillant incorporated into microbeads or plates upon
binding of the radiolabeled ligand to a receptor immobilized on the surface of
a lectin-coated surface of the solid support. Radioactive ligand in close prox-
imity to the receptor results in the emission of light. Free radioligand in solu-
tion is too distant from the scintillant, and the b particle energy is dissipated
into the aqueous environment. Major advances in this technology over the
past 5 years include the development of beads that emit light at 615nm in 
contrast to the traditional SPA bead, which emits light around 420nm.
This longer wavelength is well suited for detection by the CCD cameras 
in modern imagers and results ultimately in fewer problems with color 
quench by test compounds. These systems provide the added advantage of 
sensitivity.

When designing an SPA HTS assay, there are many assay conditions that
need to be optimized. A multiparameter experiment is performed to deter-
mine an acceptable signal window (see Section 13.3). In such a matrixed exper-
iment, the buffer conditions, amount of receptor, bead concentration, and
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ligand concentrations are co-varied to guide the designer to choose conditions
for the HTS assay such that it is statistically robust (see discussion of Z¢ in
Section 13.3). The Kd is then determined following optimization of bead set-
tling/equilibration time, and specific assay conditions have been determined.
The Kd is defined as the concentration of ligand required at which half the
receptor molecules are bound at equilibrium. This variable can then be
approximated by titrating a fixed receptor population with increasing con-
centrations of hot ligand and measuring the fraction of occupied receptor. The
Kd can only be determined accurately under equilibrium conditions. Gener-
ally, if an HTS assay is run at equilibrium, there will be agreement between
the HTS binding assay and the functional cell-based assays. An example of
correlation of the Kd of a ligand binding to a receptor using standard filtration
methods versus the apparent Kd determined empirically in a SPA is shown in
Figure 13.14. The reversibility of radiolabeled ligand binding and discrimina-
tion of specific binding from nonspecific binding or background signal can then
be determined by mixing a fixed concentration of receptor with primary ligand
to establish the receptor : ligand concentration. The Ka for the unlabeled com-
pound should equal the Kd unless the label has had an effect on the binding,
and this would be demonstrated in a typical competitive displacement curve.
The plateau at high competitive ligand concentrations generally represents the
increase in nonspecific binding signal in the assay. One may choose to further
evaluate a nonspecific signal by using other competitive ligands of diverse
mechanism and structure. But, generally, in screening one is looking for com-
pounds that displace the radioligand. The signal in a radioligand SPA is deter-
mined in part by the concentration of ligand used in the assay. Assays run at
up to 10 times the ligand concentration tend to demonstrate maximal signal
intensity. The problems associated with HTS assays that utilize such high
ligand concentrations include high nonspecific background signal and the
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limited ability to detect compounds with lower affinity for the receptor. Obvi-
ously, the goal would be to run the assay at or close to the Kd such that the
assay is sensitive. Since the goal is to identify compounds that exert their activ-
ity under normal physiological conditions, it is important to compare Kd values
of ligands in the HTS assay compared to a more physiological assay. For a
review of receptor–ligand interaction see Kanakin et al. [67]. Additional mech-
anistic considerations need to be made for functional assays for GPCRs. A
complete discussion of orthosteric versus allosteric modulation of GPCRs as
well as an inverse, partial, and full agonism and mechanisms of reversible or
insurmountable antagonism are beyond the scope of this chapter [68].

Fluorescent Methods in HTS

Many of the methods used to identify small-molecule modulators of drug
targets involve fluorescence. Being that fluorescence-based detection bioassay
technologies tend to be homogeneous and sensitive, they are very common
choices for assaying a variety of target types. Fluorescent methods include 
fluorescence intensity (FLINT), fluorescence polarization (FP), fluorescence
resonance energy transfer (FRET), fluorescent proteins (GFP and RFP), time-
resolved fluorescence (TRF), subcellular imaging (SCI), fluorescence lifetime
(FL), and fluorescent methods associated with detecting single molecules like
fluorescence correlation spectroscopy (FCS) and one- and two-dimensional
fluorescence intensity distribution analysis (FIDA) [69, 70]. FP is the quanti-
tation of single or complex biomolecule rotation and the polarization of the
emitted fluorescence. Generally, the fluorescent indicator is linked to an
antigen or a ligand, which then is bound by an antibody or receptor thereby
causing a large mass change. Polarization values represent the rotation rates
or the related mathematical parameter, anisotropy. This widely used method
is volume-independent and can be used in high-density, low-volume HTS
formats [71].

Moving away from radiation-dependent energy transfer along with
improvements in dyes and detection technologies has reinvigorated an inter-
est in FRET-based assays where fluorophore pairs with overlapping emission
and excitation spectrum exchange energy as donor and acceptor fluors. This
assay format is suitable for interaction of proteins and cell-based assay formats;
for example, antibody—antigen interactions, protease substrate that separates
the donor and acceptor fluors. The FRET principle can be applied with long
lifetime lanthanide-based fluorescent dyes (Eu3+ cryptate) as a homogeneous
time-resolved fluorescence, or HTRF, that enable discrimination between flu-
orophore and signals form interfering assay substituents like compounds [72].
Proprietary HTRF reagents have been designed to assay receptor activation,
proteases, kinases, and protein–protein interactions under commercial names
such as Trace from CisBio and LANCE from Perkin-Elmer [69].

Fluorescence lifetime assays use time-domain measurements whereby flu-
orophores are excited by short, high-frequency laser pulses, and the lifetime
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of a fluorophore is determined. Detectors of FL have been developed though
technically challenging (Tecan, Molecular Devices, and Evotec). The full
benefit of this technology remains to be seen as the magnitude of changes in
FL are difficult to predict and are empirically determined.

Fluorescent methods for HTS have recently achieved single-molecule
detection that are very sensitive, information rich, and assayed in reduced
reaction volumes using confocal optics where de-convoluted one- and two-
dimensional photon count distributions provide data at the molecular level.
Readout parameters include polarization, inhibition, molecular brightness, and
concentration of multiple assay components [69]. For HTS the most powerful
application of FCS is FIDA, enabling direct measure of ligand binding states
applied to receptor–ligand interactions [73].

Fluorescent Methods in Cell-Based Bioassays Cell-based functional assays
using fluorescent probes initially were developed using organic small mole-
cules. These are highly fluorescent and have been used to monitor changes in
real-time gene expression in reporter assays, measuring local changes in ion
concentrations, membrane potential, pH, and other physiological changes [55,
74, 75]. Caged fluorescent calcium-sensitive dyes such as Fluo-4 are loaded as
membrane-permeable esters that are then cleaved by intracellular esterases
and exhibit altered quantum yield upon calcium binding. An example of Fluo-
4 measurement of calcium flux in response to a cognate ligand binding to a
Gq-coupled 7 TM receptor is shown in Figure 13.15. These changes in intra-
cellular calcium can be measured using a FLIPR (for more detail see the fol-
lowing section). Other cell-based and FRET-based dyes have been developed
to detect changes in membrane potential as well as reporter assays that
measure changes in real-time gene expression of the reporter gene b-
lactamase [76–79].

Attempts to resolve intracellular events that occur using fluorescent-
labeled ribonucleic acid (RNA), DNA, or proteins have allowed tracking of
movement or changes in intracellular localization triggered by signaling cas-
cades or physiologic changes in organelles. Now proteins can be fused to GFP
or RFP to take advantage of their fluorescent properties to examine spatial
and temporal resolution using fluorescence microscopy, and this subcellular
imaging has become known as high content screening (HCS) [80, 81].

Cell-Based Assay Design

When designing a cell-based assay multiple considerations need to be assessed
at the outset. The first consideration is evaluation of the cell line to be used
prior to expressing the target: Can enough cells be produced to support the
screening effort, do the cells senesce over time, and so forth? Other important
variables for cell line selection at the outset of assay design include the growth
characteristics of the given cell type, whether the cells are prone to changes in
phenotype or morphology, and will these changes have the potential to impact
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the outcome of the assay? Characterization of target expression (either
endogenous or exogenous) as well as any critical cofactors that may need to
be expressed in the cell line to ensure the assay will perform (i.e., Ga subunits,
reporter constructs, enzyme subunits, etc.) over time is also critical. For
example, one key question could be: Is expression consistent from passage to
passage? Once the cell line has been characterized for routine maintenance
and expression, it is then expanded for assay design.

The cell culture optimization within the microtiter plates is an important
part of assay design for cell-based screening. Cell number, assay media 
including serum, and other additives are monitored and tested along with the
assay components. As a key example, the critical variables for designing a 
functional 7TM-R assay will be discussed. There are multiple parameters 
such as cellular dissociation conditions, cellular dispensing, cell density in the
well, and media components in the well that are critical to optimal cell plating
for a FLIPR calcium flux assay. In this assay, we measure changes in intracel-
lular calcium upon ligand binding to a Gq-coupled 7TM-R. After plating, the
next day the calcium indicator, Fluo-4 AM, is added to the cells in a HEPES-
buffered saline solution. The composition of the buffer for certain cell-based
assays is critical to the overall performance, that is, ionic concentration and
composition can be critical for performing calcium flux assays or measuring
membrane potential. For a review of membrane permeability and membrane
potential see [82]. If the media needs to be removed and aspirated prior to
addition of the fluorescent indicator, aspiration tip heights need to be adjusted
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on the liquid handling device to ensure that the monolayer of cells is intact.
The concentration and choice of fluorescent calcium indicator needs to
assessed in the assay. Finally, the agonist and antagonist pharmacology can be
assessed in the assay following optimization of liquid handling on the FLIPR
including pipet height, addition volumes. For a schematic representation of the
FLIPR and inset agonist kinetic analysis see Figure 13.15.

Additional Advances in Cellular Assay Formats

Ion channels have long eluded pharmaceutical research because of the diffi-
culties developing functional assays that adequately measure changes in mem-
brane potential in response to ligands or currents. Fluorescent dyes have been
developed that can be used to measure changes in membrane potential. When
combined with fluorescent plate readers that contain on-line pipettors, rapid
changes in fluorescence in response to ion channel openers and blockers can
be measured [83, 84]. Although these surrogate assays for ion channels allow
for high-throughput hit identification, they do not replace single-cell patch
recordings. Many companies have developed automated methods to perform
electrophysiological measurements on cells, and these include Robocyte,
OpusXpress, IonWorks, and Patch Express [39, 85]. These advances will allow
higher throughput ion channel drug discovery and liability measurements to
become a reality and enable therapeutics to be developed against this difficult
target class.

Other cellular assay formats use reporter-based assays that measure the
effects of compounds that modulate signal transduction cascades. Reporters
such as b-lactamase, luciferase, and nitroreductase are commonly useful in
functional cell-based screening for a variety of target types including recep-
tors, enzymes, protein–protein, and nuclear hormone receptors. Development
of click beetle luciferase reporters now enable multiple pathways to be inter-
rogated within a single cell [32].

Enzyme fragment complementation is another flexible cell-based assay
format that is based on high-affinity complementation of a small fragment of
b-galactosidase (Pro-label) to an inactive deletion mutant of the enzyme
(enzyme acceptor) and generates a signal via hydrolysis of a substrate [87].
This assay format has enabled direct measurement of a wide variety of 
second messengers and signal transducers within cells including cAMP, IP3,
MAP kinase, and others. This method can also be useful for measuring
protein–protein interactions within cells [87].

With advances in automated fluorescence microscopy came the evolution
of high content screening (HCS). HCS has made possible complex measure-
ments in cellular morphology and physiology, changes in intracellular protein
translocation and posttranslational modifications, measurements of receptor
internalization, and multiparameter cytotoxicity measurements. For a detailed
review of HCS applications and instrumentation see reference 38.

The evolution of HTS bioassay technologies has greatly enhanced the
quality of data produced from screening large compound collections, amount
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of information added to the compounds following screening, and ultimately
improved decision making by medicinal chemistry to facilitate the drug dis-
covery process.
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14.1 METAL-FLUOROPHORE INTERACTIONS

Fluorescence detection is the basis of most assays in high-throughput screen-
ing and drug discovery today. Although fluorescence is a highly sensitive tech-
nique, there is always a need for reduced detection limits and/or small
copy-number detection. Fluorophore detectability is usually limited by auto-
fluorescence of the samples and/or the photostability of the fluorophores. In
an effort to overcome these problems, we have been investigating the use of
metallic nanostructures to favorably modify the spectral properties of fluo-
rophores [1–4]. We refer to the use of fluorophore–metal interactions as radia-
tive decay engineering (RDE) or metal-enhanced fluorescence (MEF).

In the present review, we describe the effects of different silver nanostruc-
tures, which were prepared by various methods in our laboratories, on the
emission intensity and photostability of fluorophores that are frequently used
in many biological assays. The silver nanostructures consist of subwavelength-
size nanoparticles of silver deposited on inert substrates. We show that prox-
imity to silver nanostructures results in a preferential increase in intensity of
low-quantum-yield fluorophores and that the lifetimes decrease as the inten-
sities increase. We subsequently discuss the use of MEF for its applications in
high-throughput screening and drug discovery.

It is well known that the presence of a nearby metal surface (m) can favor-
ably increase the radiative decay rate by addition of a new rate Gm (Fig. 14.1a)
[1, 2]. The metallic surface can cause Förster-like quenching with a rate (km),
can concentrate the incident field (Em), and can, importantly for sensing appli-
cations, increase the radiative decay rate (Gm). These new phenomena typically
occur at different distances from the metal surface as depicted in Figure 14.2.
As the value of Gm increases, that is, the spontaneous rate at which a fluo-
rophore emits photons, the quantum yield increases while the lifetime
decreases. In order to illustrate this point, we calculated the lifetime and
quantum yield for fluorophores with an assumed natural lifetime tN = 10ns, G
= 108 s-1 and various values for the nonradiative decay rates and quantum
yields. The values of knr varied from 0 to 9.9 ¥ 107 s-1, resulting in quantum
yields from 1.0 to 0.01. Suppose now the metal results in increasing values of
Gm. Since Gm is a rate process returning the fluorophore to the ground state,
the lifetime decreases as Gm becomes comparable and larger than G (Fig.
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14.3a). In contrast, as Gm / G increases, Qm increases but no change is observed
for fluorophores where Q0 = 1 (Fig. 14.3b).

As a result of these calculations, we have predicted that the metallic sur-
faces can create new unique fluorophores with increased quantum yields and
shorter lifetimes. Figure 14.4 illustrates that the presence of a metal surface
within close proximity of a fluorophore with low quantum yield (Q0 = 0.01)
increases its quantum yield ~10-fold, resulting in brighter emission, while
reducing its lifetime 10-fold, resulting in an enhanced photostability of the 
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Figure 14.1 Classical Jablonski diagram for (a) the free space condition and (b) the
modified form in the presence of metallic particles, islands, colloids, or silver nanos-
tructures. E excitation, Em, metal-enhanced excitation rate; Gm, radiative rate in the
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Figure 14.3 Effect of an increase in radiative decay rate (Gm / G) on the lifetime and
quantum yield of a fluorophore.
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Figure 14.4 Metallic surfaces can create unique fluorophores with high quantum
yields and short lifetimes. These are likely to find multifarious applications in metal-
enhanced fluorescence sensing.
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fluorophore due to spending less time in an excited state, that is, less time for
oxidation and/or other processes.

We speculated that the properties of the fluorophores with different
quantum yields would be affected differently by the presence of nearby metal
due to the difference in radiative rate modifications, with a view to under-
standing metal–fluorophore interactions for sensing applications. We tested
this hypothesis by investigating the changes in emission properties of two flu-
orophores with similar absorption/emission spectra but with different
quantum yield (Rhodamine B, quantum yields, Q0 = 0.48 and Rose Bengal, Q0

= 0.02). Figure 14.5 summarizes our observations with these fluorophores. The
emission from Rhodamine B on silver island films (SiFs) was ª20 percent
higher as compared to the emission from the glass side. On the other hand,
emission from Rose Bengal on SiFs was ª5-fold higher than those on the glass
side. The emission spectra in Figure 14.5 do not solely demonstrate an increase
in the radiative decay rate. However, the demonstration of such an increase
can be done by additional intensity decay (lifetime) measurements. Figure 14.6
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shows that the intensity decay is more rapid near SiFs. We interpret this
decrease in lifetime as due to the interactions of the fluorophore with the metal
surface. Hence an increase in intensity accompanied by a reduction in lifetime
can only be explored by a radiative rate modification; compare Figures 14.1
and 14.2 and the following equations:

The results from Rhodamine B and Rose Bengal (Figs. 14.5 and 14.6) were
consistent with our expectations that the presence of metal increases the emis-
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sion intensity (quantum yield) and decreases the lifetime of the fluorophores.
However, one could be concerned with possible artifacts due to dye binding
to the surfaces or other unknown effects. For this reason, we examined a
number of additional fluorophores between uncoated quartz plates and
between silver island films. In all cases, the emission was more intense for 
the solution between the silver islands. For example, [Ru(bpy)3] and
[Ru(phen)2dppz] have quantum yields near 0.02 and 0.001, respectively. A
larger enhancement was found for [Ru(phen)2dppz] than for [Ru(bpy)3] (Fig.
14.7). The enhancements for 10 different fluorophore solutions are shown in
Figure 14.7. In all cases, a lower bulk-phase quantum yield results in larger
enhancements for samples between silver island films. We rationalized that the
simple enhancement factor is ª1/Q0, where Q0 is the quantum yield (intensity)
in the absence of metal.

14.2 METAL SUBSTRATES FOR 
METAL-ENHANCED FLUORESCENCE

The effects of metals in close proximity to fluorophores have been predicted
theoretically [5–7] and are analogous to the increases in Raman signals
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Figure 14.7 Effect of silver island films on the quantum yields of both high and low
quantum yield fluorophores. IS, intensity between silvered plates, IQ, intensity between
quartz plates (control sample). Adapted from Ref. 2.



observed for surface-enhanced Raman scattering (SERS), except that the
effects on fluorescence are due to through-space interactions, which do not
require molecular contact between the fluorophores and the metal. For use in
medical and biotechnology applications, such as diagnostic or microfluidic
devices, it would be useful to obtain metal-enhanced fluorescence (MEF) at
desired locations in the measurement device, that is, MEF on demand. We sub-
sequently investigated various methods for the preparation of silver nanos-
tructures, and used indocyanine green (ICG) and fluorescein-labeled proteins
and oligonucleotides to test our new potential sensing platforms, noting the
widespread use of ICG and fluorescein in medical applications due their Food
and Drug Administration (FDA) approval for use in humans.

Silver Island Films for MEF

In recent years we have been reporting our observations on the favorable
effects of silver nanoparticles deposited randomly on glass substrates (silver
island films, SiFs) for increasing the intensities and photostability of fluo-
rophores, particularly those with low quantum yields [2–4, 8]. A typical absorp-
tion spectrum of SiFs, which display absorption maximum near 430nm, is given
in Figure 14.8a. Figure 14.8b also shows the schematic for a fluorophore
between two SiFs (note that the configuration of slides were used for the
experiments throughout this work, unless otherwise indicated). We have inves-
tigated the effects of SiFs on the properties of ICG, when bound to human
serum albumin (HSA). The emission spectra of ICG–HSA bound to quartz
and SiFs are shown in Figure 14.8b. The intensity of ICG is increased approx-
imately 10-fold on the SiFs as compared with quartz. The spectral shape is
similar both on quartz and SiFs. We found the same amount of increase in the
emission of ICG whether the surfaces were coated with HSA, which already
contained bound ICG, or if the surfaces were first coated with HSA followed
by exposure to a dilute solution of ICG. From ongoing studies of albumin-
coated surfaces, we estimated that the same amount of HSA binds to each
surface, with the difference in binding being less than a factor of 2. Hence the
observed increase in the intensity on SiFs is not due to the increased
ICG–HSA binding but rather due to a change in the quantum yield and/or
rate of excitation of ICG near metallic silver nanoparticles [8].

Silver Colloid Films for MEF

In contrast to silver island films, the preparation of colloidal suspensions of
silver yields homogeneously sized spherical silver particles. An advantage of
a colloidal suspension is the possibility of injection for medical imaging (silver
and gold colloids are widely used in medicine), such as in retinal angiography,
which could widely benefit from an enhanced ICG and fluorescein quantum
yield and photostability. Thus, we also investigated the effects of spherical
silver particles on the emission of ICG. The sample geometry was similar to

610 METAL-ENHANCED FLUORESCENCE



that of SiFs, except the spherical silver particles were prepared separately and
were immobilized to 1-amino-3-propylethoxy silane (APS)-coated glass slides
by immersing the glass in a solution of the particles (Fig. 14.9a). Figure 14.9
shows an absorption spectrum, typical of our colloid-coated APS glass slides.
The absorption peak centered near 430nm is typical of colloidal silver parti-
cles with subwavelength dimensions. An atomic force microscopy (AFM)
image of silver-colloid-coated glass slides shows that the size of the silvercol-
loids was smaller than 50nm with partly aggregated sections (Fig. 14.9b). The
surfaces were incubated with ICG–HSA to obtain a monolayer surface
coating. The emission spectra showed a ª 30-fold larger intensity on the 
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Figure 14.9 (a) Glass surface geometry. (b) APS is used to functionalize the surface
of the glass with amine groups, which readily bind silver colloids, absorption spectrum
of silver colloids on APS-coated glass, and (c) AFM image of a silver colloid coated
glass. APS; 1-amino-3-propylethoxy silane. Adapted from Ref. 9.
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surfaces coated with silver colloids (Fig. 14.10) [9]. The fluorescence intensi-
ties typically increased with the concentration of APS used to treat the cleaned
surfaces (Fig. 14.11a), which also appeared to correlate with the optical density
of silver colloids at 430nm (not shown). We also measured the lifetimes of
ICG on both surfaces and observed a significant reduction of the lifetimes on
the silver colloids (Fig. 14.11b), providing additional evidence that the increase
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in intensity is in fact due to a modification of the radiative decay rate, Gm, by
the close proximity to silver colloids [9].

Anisotropic Silver Nanostructures for MEF

The optical properties of nonspherical particles have been attracting many
researchers since the early twentieth century. Figure 14.12a shows typical
absorption spectra of silver colloids, which can be calculated for the small par-
ticle limit (r < < l) from the complex dielectric constant of the metal [10, 11].
The absorption spectra are dependent on the shape of the particles as well as
the dielectric constant of the surrounding medium, with elongated spheroids
displaying longer absorption wavelengths.

Several groups have considered the effects of metallic spheroids on the
spectral properties of nearby fluorophores [12–16]. A typical model is shown
in Figure 14.12b for a prolate spheroid with an aspect ratio of a/b. The parti-
cle is assumed to be a metallic ellipsoid with a fluorophore positioned near
the particle. The fluorophore is located outside the particle at a distance r from
the center of the spheroid and a distance d from the surface. The fluorophore
is located on the major axis and can be oriented parallel or perpendicular to
the metallic surface. The presence of a metallic particle can have dramatic
effects on the radiative decay rate of a nearby fluorophore. Figure 14.12c
shows the radiative rates expected for a fluorophore at various distances from
the surface of a silver particle and for different orientations of the fluorophore
transition moment. The most remarkable effect is for a fluorophore perpen-
dicular to the surface of a spheroid with a/b = 1.75. In this case the radiative
rate can be enhanced by a factor of 1000-fold or greater. The effect is much
smaller for a sphere (a/b = 1.0) and much smaller for a more elongated spher-
oid (a/b = 3.0) when the optical transition is not in resonance.

We have developed a methodology for depositing silver nanorods with con-
trolled loadings onto glass substrates. The absorption spectra of silver
nanorods deposited on glass substrates are shown in Figure 14.13a. Silver
nanorods display two distinct surface plasmon peaks; transverse and longitu-
dinal, which typically appear at ª420 and ª650nm, respectively. In our exper-
iments, the longitudinal surface plasmon peak shifted and increased in
absorbance as more nanorods are deposited on the surface of the substrates.
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Figure 14.11 Fluorescence intensity of ICG–HSA on silver colloids as a function of
increased APS used. Cleaned glass slides were initially soaked in: (a) 0.1, (b) 0.25, (c)
0.5, (d) 1.0, and (e) 1.25 percent (v/v) APS solution for 4 h, washed and soaked in colloid
solution for 4 days. (a) G—Fluorescence intensity of ICG–HSA deposited on 0.5
percent APS covered glass. ICG coverage for the glass controls, i.e., for the different
percent APS-coated glass slides, was approximately constant. (b) Complex intensity
decays of ICG–HSA in a cuvette (buffer), C, on glass slides, G, and silver colloids, S.
RF—Instrumental response function. Adapted from Ref. 9.
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In parallel to these measurements, we have observed an increase in the size
of the nanorods (by AFM, data not shown). In order to compare the extent
of enhancement of fluorescence with respect to the extent of loading of silver
nanorods deposited on the surface, we have arbitrarily chosen the value of
absorbance at 650nm as a means of loading of the nanorods on the surface.
This is because the 650-nm band is solely attributed to the longitudinal
absorbance of the nanorods.

Figure 14.13(b) shows the fluorescence emission intensity of ICG–HSA
measured from both glass and on silver nanorods, and the enhancement factor
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versus the loading density of silver nanorods. We have obtained up to 50-fold
enhancement in emission of ICG on silver nanorods when compared to the
emission on glass (Fig. 14.13c). We also measured the lifetime of ICG on both
glass and silver nanorods and observed a significant reduction in the lifetime
of ICG on silver nanorods, providing the evidence that an increased emission
is due to radiative rate modifications, Gm.

Laser-Deposited Silver for MEF

It would be useful to obtain MEF at desired locations in a measurement device
for use in medical and biotechnology applications, such as diagnostic or
microfluidic devices, or even plate wells. While a variety of methods could be
used, we reasoned that the light-directed deposition of silver would be widely
applicable. In a typical preparation of light-induced deposition of silver on
glass slides; a 180-mL solution of silver colloids (optical density = 0.1) was
syringed between the glass microscope slide and the plastic cover slip, which
created a microsample chamber 0.5mm thick (Fig. 14.14). The sample chamber
was irradiated by a HeCd laser beam, with a power of ~8mW, which was col-
limated but defocused using a 10¥ microscope objective [numerical aperture
(NA)] 0.40, to provide illumination over a 0.5-mm-diameter spot [17]. This
resulted in deposition of silver on the surface of the glass substrate.

We examined the emission spectrum of ICG–HSA when bound to illumi-
nated or nonilluminated regions of the APS-treated slides. For APS-treated
slides (Fig. 14.15) the intensity of ICG was increased about sevenfold in the

618 METAL-ENHANCED FLUORESCENCE

Translation Stage

Focusing Lens

442 nm

Laser-Deposited
Silver

Silver Nitrate / 
Citrate Solution

Glass Microscope Slide

Cover
Slip with
Trapping
Volume

Figure 14.14 Experimental setup for light-induced deposition of silver on APS-coated
glass microscope slides. Adapted from Ref. 17.



regions with laser-deposited silver. We examined the photostability of
ICG–HSA when bound to glass or laser-deposited silver. We reasoned that
ICG molecules with shortened lifetimes should also be more photostable
because there is less time for photochemical processes to occur. The intensity
of ICG–HSA was recorded with continuous illumination at 760nm. When
excited with the same incident power, the fluorescence intensities, when con-
sidered on the same intensity scale, decreased somewhat more rapidly on the
silver (Fig. 14.16a). Alternatively, one can consider the photostability of ICG
when the incident intensity is adjusted to result in the same initial signal inten-
sities on silver and glass. In this case (Fig. 14.16b) photobleaching is slower on
the silver surfaces. The fact that the photobleaching is not accelerated for ICG
on silver indicates that the increased intensities on silver are likely not due to
an increased rate of excitation.

Electrochemically Deposited Silver for MEF

One of our methods for silver deposition onto glass/quartz substrates was to
pass a controlled current between two silver electrodes (9 ¥ 35 ¥ 0.1mm, sep-
arated by 10mm) in pure water under illumination with laser (Fig. 14.17a) [18].
For the production of silver colloids, a simple constant-current generator
circuit (60mA) was used. After 30min of current flow, a clear glass microscope
slide was positioned within the cuvette (no chemical glass surface modifica-
tions) and was illuminated (HeCd, 442nm). We observed silver deposition on
the glass microscope slide, the amount depending on the illumination 
time. Simultaneous electrolysis and 442-nm laser illumination resulted in the
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deposition of metallic silver in the targeted illuminated region of the glass 
substrate. An absorption spectrum of the deposited silver is shown in 
Figure 14.17b. A single absorption band is present on glass indicating that the
silver particles are somewhat spherical. We examined ICG–HSA when 
coated on glass (G) or silver particles (S). The emission intensity was increased
about 18-fold on the silver particles (Fig. 14.18). We found a dramatic increase
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in the photostability near the silver particles (Fig. 14.19). This very encourag-
ing result indicates that a much higher signal can be obtained from each flu-
orophore prior to photodestruction, and that more photons can be obtained
per fluorophore before the ICG on the silver eventually degrades [18].

Electroplating of Silver for MEF

In this method, the silver cathode electrode (as shown in the scheme in Fig.
14.17) was replaced with an ITO-coated glass electrode (Fig. 14.20a). The
current was again 60 mA. After a short period of time, silver readily deposited
on the ITO surface (no laser illumination), the extent of which was again
dependent on the exposure time. Two maxima were found on the ITO absorp-
tion spectrum, which eventually formed one large broad band. This suggests
that the particles are elongated and display both transverse and longitudinal
resonances (not shown). Enhanced fluorescence emission from ICG–HSA was
also found for silver particles on ITO (Fig. 14.20b), and there also appeared
to be a small blue shift on silvered ITO [18].

Roughened Silver Electrodes for MEF

In a typical preparation, silver electrodes are placed 10mm apart in deionized
water (Fig. 14.21) [19]. A constant current of 60 mA is supplied across the two
electrodes for 10min by a constant-current generator. Figure 14.22 shows the
time-dependent growth of the silver nanostructures on the silver cathode. In
comparison, the anode was relatively unperturbed. Three electrodes were
coated with ICG–HSA and studied; the roughened cathode, the anode, and an
unroughened electrode. Essentially no emission was seen from ICG–HSA on
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an unroughened, bright silver surface (Ag in Fig. 14.23a, the control).
However, a dramatically larger signal was observed on the roughened cathode,
and a somewhat smaller signal was observed on the anode. In all our experi-
ments we typically found that the roughened silver cathode was ~20 to 100-
fold more fluorescent than the unroughened control Ag electrode. In
comparison the Ag anode was 5 to 50 times more fluorescent than the Ag
control. When we increased the time for roughening to over 1h, the intensi-
ties of both electrodes after coating with ICG–HSA were essentially the same,
but still 50-fold more fluorescent than the unroughened Ag control. The emis-
sion spectra on the two electrodes probably had the same emission maximum,
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where the slight shift seen in Figure 14.23a is thought to be due to the filters
used to reject the scattered light. It should be noted that the amount of mate-
rial coated on both surfaces was approximately the same, and the effect was
not due to an increased surface area and therefore increased protein cover-
age on the roughened surface [19].
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To place our findings in context with the enhanced Raman signals observed
with chloride-dipped electrodes, we examined the Ag cathode after dipping in
10-4 M NaCl for 1h. In contrast to SERS electrodes, we observed a decrease
in fluorescence intensity for ICG–HSA chloride-dipped electrodes (Fig.
14.23b), confirming our hypothesis of MEF being a through-space phenome-
non as compared to SERS, which is known to be due to a contact interaction.

Silver Fractal-Like Structures on Glass Substrates for MEF

Using a similar method to produce roughened silver electrodes and electro-
plated silver, fractal-like silver structures were generated on glass using two
silver electrodes held between two glass microscope slides (Fig. 14.24a) [20].
A direct current of 10 mA was passed between the electrodes for about 10min,
during which the voltage started near 5V and decreased to 2V. During the
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current flow, fractal silver structures grew on the cathode and then on the glass
near the cathode (Fig. 14.24), thus producing silver nanostructures on glass, as
compared to those grown on silver electrodes as described in the previous
section. Similarly to the silver electrodes, the structures grew rapidly but
appeared to twist as they grew. Following passage of the current, the silver
structures on glass were coated with FITC–HSA overnight.

For the FITC–HSA-coated fractal silver surfaces on glass, we were able to
measure a fluorescence image very similar to that of the fractal silver surface
alone (bright-field image) using the same apparatus (Fig. 14.25). Interestingly,
regions of high and low fluorescence intensity were observed (Fig. 14.25b).
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This result is roughly consistent with recent SERS data, which showed the
presence of intense signals that appeared to be located between clusters of
particles [21, 22]. Figure 14.26 represents the intensity of FITC–HSA on sil-
vered glass. The emission intensities range from 100-fold (position 6) to 
600-fold (position 1) greater than the signal from FITC–HSA on unsilvered
glass, that is, the control sample. We recognized that some of the increase in
intensity of FITC–HSA could be due to binding of more FITC–HSA to silver
structures with large surface areas. We note that the fluorescein is not
quenched on the surface, probably because the size of an HSA molecule posi-
tions the fluorescein about 40Å from the surface, which is near the distance
for maximal radiative rate and therefore fluorescence enhancement; compare
Figure 14.2.
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We also studied the photostability of FITC on the fractal silver surface and
for comparison on silver island films and uncoated quartz. Although the rela-
tive photobleaching is higher on fractal silver, the increased rate of photo-
bleaching is less than the increase in intensity (Fig. 14.27). From the areas
under these curves we estimate ª16-fold and ª160-fold more photons can be
detected from the FITC–HSA on SiFs or fractal silver, respectively, relative
to quartz, before photobleaching [20].

As we have shown, metallic silver can be deposited on a variety of 
surfaces by a variety of methods. The deposited silver is still useful for 
metal-enhanced fluorescence, and indeed some deposits seem better for
overall fluorescence intensity enhancements, for example, silver fractals. Given
the versatility of these deposition techniques, we can readily envisage their
widespread use in metal-enhanced fluorescence sensing applications and
indeed in drug discovery. In the following sections we show some actual
enhanced fluorescence sensing schemes that are a direct result of metal-
enhanced fluorescence and our knowledge gained from studying different sil-
vered surfaces.

628 METAL-ENHANCED FLUORESCENCE

Cathode
(Ag Foil)

Sustrate to Metallize

300 mm

Glass Slides

Anode
(Ag Foil)

(a)

(b)

Figure 14.24 (a) Bright-field image of fractal-like silver surfaces on glass. (b) Config-
uration for creation of fractal-like silver surfaces on glass. Adapted from Ref 20.



4000 

3000 

2000 

1000 

0

E
m

is
si

on

500 600 700 800

Wavelength (nm)

(a)

(b)
(c)

Figure 14.25 (a) Silver nanostructures deposited on glass during electroplating (A).
Panels B and C are consecutive magnification of the marked area on panel A; bright-
field image. (b) Fluorescence image of FITC–HSA deposited on the silver structure
above and (c) the emission spectra of the numbered areas shown on the right. Adapted
from Ref. 20.

629



14.3 METAL-ENHANCED FLUORESCENCE SENSING:
APPLICATION TO SENSING IN PLATE WELLS

Enhanced DNA/RNA Detection Using MEF (Hybridization Assays)

Detection of deoxyribonucleic acid (DNA) hybridization is the basis of a wide
range of biotechnology and diagnostic applications, such as gene chips [23, 24],
polymerase chain reaction (PCR) [25, 26], and for fluorescence in situ
hybridization [27]. In all these applications increased sensitivity is desirable,
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particularly for detection of a small number of copies of biohazard agents.
Also, it would be valuable to have a general approach to detect the changes
in fluorescence intensity upon hybridization. In general, the detectability of a
fluorophore is determined by two factors, the extent of background emission
from the sample, and the photostability of the fluorophore. A highly photo-
stable fluorophore can undergo about 106 excitation–relaxation cycles prior to
photobleaching, yielding about 103 to 104 measured photons per fluorophore
[28, 29]. Background emission from the samples can easily overwhelm weak
emission signals.

In a recent report, we described an approach that should provide a readily
measurable change in fluorescence intensity in DNA hybridization formats
[30]. Our approach increases the intensity relative to the background and
increases the number of detected photons per fluorophore molecule by a
factor of 10-fold or more. Figure 14.28a shows the sequence and structure of
the oligomers used in these experiments. The thiolated oligonucleotide ss-
DNA-SH was used as the capture sequence, which bound spontaneously to
the silver particles. The sample containing the silver-bound DNA was posi-
tioned in a fluorometer (geometry in Fig. 14.29) followed by addition of ss-Fl-
DNA, which is an amount approximately equal to the amount of silver-bound
capture DNA.

The fluorescence intensity began to increase immediately upon mixing and
leveled off after about 20min (Fig. 14.29a). We believe this increase in inten-
sity is due to localization of ss-Fl-DNA near the silver particles by hybridiza-
tion with the capture oligomer (Fig. 14.28c). In control experiments, we
hybridized ss-DNA-SH with ss-Fl-DNA prior to deposition on silver particles.
We found a similar 12-fold increase in intensity upon immobilization on silver
as compared to an equivalent amount of ds-Fl-DNA-SH in solution.
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We examined the emission spectra of ss-Fl-DNA before and after
hybridization to form ds-Fl-DNA-SH (Fig. 14.30). The fluorescence intensity
was found to be 12-fold higher for the bound form. This dramatic increase can
be seen visually by the photographs in Figure 14.30b. There was no detectable
shift in the emission spectra. The intensity increase was reversed by melting
the DNA at 80°C (Fig. 14.31) and increased once again upon cooling and 
presumed rehybridization. The intensity did not recover completely upon 
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Figure 14.28 Structures of DNA oligomers. The lower panel shows a schematic of the
oligomers bound to silver particles. Adapted from Ref. 30.



slow cooling, which may be due to loss of capture DNA from the silver 
surfaces.

Figure 14.32 shows the frequency-domain intensity decays of the single-
stranded fluorescein-labeled oligomer in solution and the double-stranded
oligomer when bound to silver particles. The lifetime is dramatically shortened
for the silver-bound oligomer, which strongly supports our conclusion that the
intensity increase is due to localization of the fluorophore near the silver sur-
faces. In control experiments, we found that emissions of fluorescein in the
single- and double-stranded oligos were similar to within 10 percent. The
double-stranded form displayed an approximate 10 percent smaller intensity.

METAL-ENHANCED FLUORESCENCE SENSING 633

50 

40 

30 

20 

10 

0

F
lu

o
re

sc
e

n
ce

 I
n

te
n

si
ty

 a
t 

5
2

0
 n

m

0 5 10 15 20

Time (min)

ds-Fl-DNA-SH
on SIFs
after
hybridization

ss-Fl-DNA
before hybridization

Complementary
ss-Fl-DNA

ss-DNA-SH
on SIFs

Excitation

Observation

(a)

(b)

Figure 14.29 (a) Time-dependent hybridization of ss-Fl-DNA to ss-DNA-SH. (b)
Lower panel shows the sample configuration. Adapted from Ref. 30.



Hence the differences in intensity and lifetime between the solution and silver-
bound forms are not due to effects of hybridization on the fluorescein probe.
It is interesting to note that there is no detectable 4-ns component for the
sample with silver particles, indicating that all the emission is due to the silver-
bound DNA.

The differences in lifetime of fluorescein between the solution and silver-
bound form suggested an alternative approach to measuring hybridization.
The emission phase angle and modulation measurements could be useful in
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detecting DNA hybridization; since these values depend on the fluorescence
lifetime, they were expected to change upon hybridization. These measure-
ments revealed a rapid decrease in phase angle and increase in modulation
following addition of ss-Fl-DNA to the silver-bound capture oligomer (Fig.
14.33). These changes are due to the decrease in lifetime upon binding to the
capture oligomers on the silver particles. The changes in phase and modula-
tion (Fig. 14.33) occur somewhat more rapidly than the change in intensity
(Fig. 13.29). This difference occurs because the phase and modulation are
intensity-weighted parameters. It is important to note that phase angle and
modulation measurements are mostly independent of total intensity, to within
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the limitations of the instrumentation and the extent of background fluores-
cence in the sample [31]. This is important because the extent of hybridization
can be measured using optical components such as optical fibers where the
intensity may vary, or in microwell plates, where the well-to-well intensity may
vary due to the plate or adsorbing species in the sample.

We examined the intensity of Fl-DNA-SH on the silver surfaces with con-
tinuous illumination (Fig. 14.34). As a comparison we examined a similar
biotinylated oligomer bound to a silvered quartz slide using biotinylated bovine
serum albumin and avidin. We found that fluorescein in our samples deposited
on silver particles photobleaches more slowly than when deposited on a protein
monolayer. It should be noted that with the protein monolayer the Fl-DNA was
uniformly deposited on the entire silvered slide, that is, also between silver par-
ticles. The lifetimes measured for the sample on the protein monolayer con-
tained a long, ª4-ns component. This component indicates that there is some
fluorescein bound to the glass surface between the silver particles.

Enhanced DNA Labels

We also investigated the effects of SiFs on the emission spectral properties of
the fluorophore-labeled DNA. Emission spectra of Cy3-DNA and Cy5-DNA
on glass and on SiFs are shown in Figure 14.35. The emission intensity is
increased two- to threefold between SiFs as compared to between the quartz
slides for Cy3-DNA and Cy5-DNA, respectively. The slightly larger increase
in emission intensity for Cy5-DNA compared to Cy3-DNA is consistent with
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the results where larger enhancements are observed with low quantum yield
fluorophores. Figure 14.35 also shows the photographs of the labeled
oligomers on quartz and on SiFs. The emission from the labeled-DNA on
quartz is almost invisible but is brightly visible on the SiFs. This difference in
intensity is due to an increase in the photonic mode density near the fluo-
rophore, which in turn results in an increase in the radiative decay rate and
quantum yield of the fluorophores. We note that the photographs are taken
through emission filters, and the increase in emission intensity is not due to an
increased excitation scatter from the silvered plates [32].

Photostability of the labeled DNA was studied by measuring the emission
intensity during continuous illumination at a laser power of 20mW (Fig.
14.36). The intensity initially dropped rapidly, but became more constant at
longer illumination times. Although not a quantitative result, examination of
these plots visually suggests slower photobleaching at longer times in the pres-
ence of silver particles compared with quartz slides.

Another widely used fluorophore in DNA detection is 1,19-[1,3-
propanediylbis [(dimethylimino)-3,1-propanediyl]]bis[4-[(3-methyl-2(3H)-
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benzoxazolylidene) methyl]]-quinolinum tetraiodide (YOYO-1) [33–35]. This
fluorophore contains multiple positive charges, binds strongly to DNA, and
displays almost no fluorescence in water. As a result, it is useful for the obser-
vation of DNA in electrophoretic gels. We measured the emission spectra of
YOYO-1–DNA when bound to quartz or silver via the protein layers (Fig.
14.37). The emission intensity is 15-fold higher on the SiFs than on quartz [36].
This dramatic intensity increase can be seen in the upper panels, which are
photographs of equal amounts of YOYO-1–DNA spotted on a slide.

Over-labeled Proteins as Ultrabright Probes

Fluorescein is one of the most widely used probes in immunoassays or
immunostaining of biological specimens with specific antibodies. However, flu-
orescein is prone to self-quenching, which is due to Forster resonance energy
transfer between nearby fluorescein molecules (homo-transfer) [37]. As a
result, the intensity of labeled protein does not increase with higher increased
extents of labeling, but actually decreases. Figure 14.38 shows the spectral
properties of FITC–HSA with molar labeling ratios (L) ranging from 1-to-1
(L = 1) to 1-to-9 (L = 9) (the samples had the same optical density at 490nm).
The relative intensity decreased progressively with increased labeling. The
insert in Figure 14.38 shows the intensities normalized to the same amount of
protein, so that the relative fluorescein concentration increases ninefold along

METAL-ENHANCED FLUORESCENCE SENSING 639

5 

4 

3 

2 

1 

0

1.0 

0.8 

0.6 

0.4 

0.2 

0
1.0 

0.8 

0.6 

0.4 

0.2 

0

12 

10 

8 

6 

4 

2 

0

F
lu

o
re

sc
e

n
ce

 I
n

te
n

si
ty

F
lu

o
re

sc
e

n
ce

 I
n

te
n

si
ty

Cy3-DNA on APS Cy3-DNA on APS

Cy5-DNA on APS Cy5-DNA on APS

Silver
Quartz

Silver
Quartz

Ex.514 nm
Obs.565 nm

Ex.605 nm
Obs.665 nm

0 100 200 300 0 100 200 300

Time (s) Time (s)

S

S

Q

Q

Figure 14.36 Photostability of Cy3-DNA and Cy5-DNA between quartz plates 
with (S) and without (Q) silver island films. The laser power was 20 mW. Adapted from
Ref. 32.



the x axis. It is important to note that the intensity per labeled protein mole-
cule does not increase and in fact decreases, as the labeling ratio is increased
from 1 to 9.

However, we found that the self-quenching could be largely eliminated 
by the close proximity to SiFs [38], as can be seen from the emission 
spectra for labeling ratios of 1 and 7 (Fig. 14.39), and from the dependence of
the intensity on the extent of labeling (Fig. 14.40). We speculate that 
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the decrease in self-quenching is due to an increase in the rate of radiative
decay, Gm.

It is informative to consider how silver-enhanced fluorescence, particularly
of a heavily labeled sample, can be used for improved assays and sensing.
Figure 14.41 shows emission spectra of a quartz plate coated with FITC–HSA
to which we adjusted the concentration of Rhodamine B (0.25 mM) to result
in an approximate 1.5-fold larger Rhodamine B intensity. In this example, one
can consider the Rhodamine B to be simple autofluorescence or any other
interference signal. When the same conditions are used for FITC–HSA on
silver with L = 1, the fluorescein emission is now 2- to 3-fold higher than that
of Rhodamine B (Fig. 14.41b). When using the heavily labeled sample (L =
7), the fluorescein emission becomes more dominant (Fig. 14.41c). This sug-
gests that the use of overlabeled proteins increases signal intensity and sup-
presses the unwanted background autofluorescence.
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Enhanced and Selective Excitation Using Multiphoton Excitation and
Metallic Nanoparticles

For multiphoton excitation, most of the excitation occurs at the focal point of
the excitation, where the local intensity is the highest. We reasoned that this
property might provide us with the opportunity to obtain enhanced fluores-
cence from fluorophores on the localized regions of our silver island films.

Recently, we have reported our findings on the enhanced and localized mul-
tiphoton excitation of Rhodamine B (RhB) fluorescence near metallic silver
islands [39]. Figure 14.42 shows the emission spectra of 10-4 M RhB between
silver island films with 2-photon excitation at 852nm. The increase in fluores-
cence emission intensity for RhB molecules adjacent to metallic silver islands
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is accompanied by a reduction in lifetime, compared to that observed using 1-
photon excitation.

Given the high quantum yield of RhB (Q0 = 0.48), these results can be
explained by the metallic particles significantly increasing the Em around the
RhB molecules. Moreover, given the sample geometry and the absence of any
notable increase in emission intensity using 1-photon excitation, as well the
fact that the 1-photon mean lifetime remained essentially unchanged both in
the presence and absence of silver, suggests that enhanced 2-photon excita-
tion is localized to regions in close proximity to the silver islands. That is, a
much more dramatic enhancement is possible for multiphoton excitation.

For a 2-photon absorption process the rate of excitation is proportional to
the square of the incident intensity. This suggests that 2-photon excitation
could be enhanced by a factor of 3.8 ¥ 108. Such an enhancement in the exci-
tation rate is thought to provide selective excitation of fluorophores near to
metal islands or colloids, even if the solution contains a considerable concen-
tration of other fluorophores that could undergo 2-photon excitation at the
same wavelength but are more distant from the metals surface (Fig. 14.43).
This interpretation is borne out by the fact that given the overwhelming excess
of high quantum yield RhB in this sample geometry (96 percent of solution is
too distant for any fluorophore–metal effect), the fluorescence lifetime is still
shorter than that typically observed for bulk solution RhB, in the absence of
metal. Also, for our samples we found that for 1-photon excitation, the pho-
tostability of RhB was not affected by the presence or absence of silver islands
(Fig. 14.44b). However, for 2-photon excitation, an increased photostability
was observed for RhB in the presence of silver islands (Fig. 14.44a). These
results are consistent with shorter lifetime observed for RhB between silver
islands and with our interpretation that multiphoton excitation occurs prefer-
entially near to the silver islands.
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Enhanced Energy Transfer on Silver Surfaces

In a recent report, we have described the effects of metallic particles on fluo-
rescence resonance energy transfer (RET) between donors and acceptors
covalently bound to DNA [40]. Theoretical studies have predicted increased
rates of energy transfer over distances as large as 700Å near silver particles
of appropriate size and shape [41, 42]. To test this prediction, we prepared a
double helical DNA oligomer, 23 base pairs long, with a donor and acceptor
placed at opposite sides about 75Å apart. Because the Forster distance (R0)
value is near 50Å, little energy transfer is expected under free-space condi-
tions. We used steady-state and time-resolved fluorescence to determine the
effects of silver island films on RET between the widely spaced donor–accep-
tor pairs. We examined the donor-labeled and acceptor- labeled oligomers sep-
arately, in the absence of RET, to determine the effects of the silver particles.
Figure 14.45a shows the emission spectra of 7-amino-3-((((propyl)amino)car-

METAL-ENHANCED FLUORESCENCE SENSING 645

1.0 

0.5 

0

1.0 

0.5 

0

Rhodamine B
in Water
Ex. 852 nm
2PE

Rhodamine B in Water
Ex. 490 nm
1PEN

or
m

al
iz

ed
F

lu
or

es
ce

nc
e 

In
te

ns
ity

N
or

m
al

iz
ed

F
lu

or
es

ce
nc

e 
In

te
ns

ity

S

Q

S

Q

0 200 400 600
Time (s)

(a)

(b)

Figure 14.44 (a) Photostability of RhB between quartz slides (Q), and silver island
films (S), with 2-photon excitation at 852 nm, and (b) with 1-photon excitation at 
490 nm. The 490-nm excitation was from an argon ion laser attenuated to about 10 mW.
Fluorescence was observed at 580 nm. Adapted from Ref. 39.



bonyl)methyl)-4-methyl coumarin-6-sulfonic acid (AMCA)-DNA between
uncoated quartz plates and between silver island films. Figure 14.45b also
shows the emission spectra of the donor–acceptor pair AMCA-DNA-Cy3 with
no excitation of the donor and direct excitation of the acceptor at 514nm. The
intensity of the donor-alone AMCA-DNA was essentially unchanged by the
silver particles. In contrast the intensity of DNA-Cy3 was increased several-
fold. The different effects are consistent with the effects expected for high and
low quantum yield fluorophores. It is not possible to increase a quantum yield
above unity, and the larger increases in quantum yield (observed fluorescence
intensity) are obtained for lower quantum yield fluorophores.

We subsequently examined the emission spectra of the donor- and accep-
tor-labeled DNA between quartz plates and silver island films (Fig. 14.46). An
increase in the acceptor emission is seen in the donor-normalized spectra (Fig.
14.46c). It is difficult to judge the extent to which the increased acceptor emis-
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sion is due to increased energy transfer or due to the increase intensity of Cy3
shown in Figure 14.45. Nonetheless, it was clear that much of the Cy3 emis-
sion from AMCA-DNA-Cy3 between the silver islands is due to RET.

Our analysis of the frequency-domain intensity decays of the AMCA-
DNA-Cy3 suggested that R0 contributed to the 30 percent of the donor emis-



sion (not shown). The 30 percent fraction of the strongly affected
donor–acceptor pairs is in disagreement with the estimated 4 percent volume
of the sample, which is close to these silver particles. To clarify this discrep-
ancy we repeated our experiments with different sample geometry, using one
SiFs instead of two SiFs. That is, one side of the sandwich was a SiFs and the
other an unsilvered quartz plate. This was accomplished by coating different
slides with one-third or two-thirds of the area with silver, so that there were
regions of the sample between two quartz plates, between one quartz and one
SiFs, or between two silver island films (Fig. 14.47a). When there was only one
SiFs, we found no increase in energy transfer (Fig. 14.47) and no decrease in
the donor lifetime.

It is difficult to anticipate the future uses of long-range resonance energy
transfer because all present RET assays have been designed to position the
donors and acceptors within the upper range of Forster distances near 50Å.
One possibility for metal-enhanced RET is detection of target sequences with
larger numbers of base pairs (Fig. 14.48). Shorter D–A distances can be
detected between quartz and larger distances between two silvered plates. One
can also imagine the use of induced long-range RET for analysis of chromo-
somes with fluorescence in situ hybridization (FISH). As currently performed,
the emission spectra of the FISH samples reflects the location of specific
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sequences, and RET does not normally occur between the labeled oligonu-
cleotides used in these hybridizations. This situation, however, may change for
labeled chromosomes; especially if placing a solution in a microcavity-type
system results in RET over hundreds of angstroms. Further studies by our lab-
oratories are under way.

Ratiometric Sensing on Surfaces

We have also developed new methodologies for attaching well-known pH
probes (Dextran-SNAFL-2, Molecular Probes) onto silver island films. We
hypothesized that SiFs could increase the sensitivity of these probes based on
our observations with other fluorophores. We have developed two different
methods to immobilize pH probes on to glass substrates (for control samples)
and silver island films.

Immobilization of dextran-SNAFL-2 onto glass substrates is done by the
following procedure: Precleaned glass substrates were soaked in a 2 percent
v/v solution of 3-(glycidoxypropyl) trimethoxysilane (GOPTES) in ethanol for
2h. Then, the GOPTES-coated glass substrates were removed from the solu-
tion and rinsed several times with ethanol. In order to remove unbound
deposited materials, the substrates were additionally placed in ethanol in the
ultrasonic bath for 30sec. This procedure was repeated at least four more
times. After drying the substrates in a stream of dry nitrogen, they were placed
in a basic solution of dextran/SNAFL-2 conjugate and incubated for 20h.
Then, the glass substrates were removed from dextran solution and rinsed with
deionized water, and dried in a stream of dry nitrogen (Fig. 14.49).
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Immobilization of dextran-SNAFL-2 onto SiFs is done by the following
procedure as depicted in Figure 14.50. SiFs were prepared according to the
procedure as reported in the literature. Then, the SiFs were soaked in a 2
percent v/v solution of 3-(aminopropyl) triethoxysilane (APS) in ethanol for
2h. The APS-coated SiFs were removed from the solution and rinsed several
times with ethanol to remove the unbound APS. APS-coated SiFs were sub-
sequently soaked in a 2 percent v/v solution of GOPTES in ethanol for 2h.
The unbound GOPTES were removed by rinsing the substrates with ethanol
several times. After drying the substrates in a stream of dry nitrogen, they were
placed in a basic solution of dextran/SNAFL-2 conjugate and incubated for 
20h. The glass substrates were then removed from the dextran solution and
rinsed with deionized water and then dried in a stream of dry nitrogen.

SNAFLs (seminaftofluoresceins) and SNARFs (seminaftorhodafluors) are
classes of pH probes with wavelength ratiometric pH sensing capabilities. The
acid form of the probe displays a spectrum with an emission peak at 552nm
and base form at 635nm (Fig. 14.51). Large spectral shifts between both forms
of the probe readily allows for convenient pH sensing using the intensity ratio
at two emission wavelengths.

We have thus measured fluorescence emission intensity of dextran-SNAFL-
2, which is immobilized onto glass and SiFs, and we determined the enhance-
ment factor for both the acid form (pH 6.8) and the base form (pH 8.9). The
acid form of SNAFL-2 displayed a larger enhancement (average of 43.4) than
that of the base form (average of 31.1). One explanation of this observation
is that the acid form of SNAFL-2 (which is protonated in excited state) inter-
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acts more strongly with the silver nanoparticles, as its energy is closer to a
nanoparticle resonance (absorbance peak for SiFs is about 440nm), than that
of base form.

We have determined that pH sensitivity of SNAFL-2 is retained, if not
better, on SiFs (Fig. 14.52), which is a similar ratiometric response obtained
from both when SNAFL-2 is in solution or immobilized onto SiFs. Figure 14.53
shows the photostability of SNAFL-2 immobilized onto glass and SiFs. When
SNAFL-2 is immobilized onto the glass surface, it photobleaches quickly, but
photobleaches substantially slower on SiFs. High-intensity enhancement and
improved photostability are desired features of probes for chemical sensing
and cellular imaging, allowing the use of reduced probe concentrations (less
toxicity, less problem with probe loading), or the use of a lower excitation
intensity (less damage to cells). Additionally, the short data acquisition times
provides for less exposure damage to cells. Another advantage of a higher
sample intensity is the ability to use low-power excitation sources such as
LEDs (light-emitting diodes) or laser diodes, substantially reducing any instru-
mentation costs.
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MEF Solution-Based Assays

In order to illustrate the usefulness of MEF in solution-based biosensing appli-
cations, including high-throughput screening (HTS) plate wells, we have pre-
pared silica-coated silver spheres in suspension. In this regard, silver spheres
were prepared by using the following procedure: 2mL of 1.16mM trisodium
citrate solution was added dropwise to a heated (95°C) aqueous solution of
0.65mM of AgNO3 while stirring. The mixture was kept heated for 10min, and
then it was cooled to room temperature. This procedure yields silver spheres
with sizes in the range of 30 to 80nm. The surface of the silver spheres were
modified with APS in ethanol. The APS-coated silver spheres were resus-
pended in predetermined amount of water and NH4OH. Then, a solution of
tetraethylorthosilicate (TEOS) was rapidly injected, the reaction continuing
for a period of time to control thickness of the SiO2 coating layer. The amount
of TEOS was calculated based on the total area of silver spheres and the
desired shell thickness, assuming complete conversion of TEOS to silica (Fig.
14.54). Figure 14.54b shows a typical transmission electron microscopy (TEM)
image of the silica-coated silver spheres.

In order to demonstrate that the silica-coated silver spheres can result 
in metal-enhanced fluorescence, we have utilized the well-known biotin–
streptavidin interactions. These interactions occur in relatively fast reaction
times (20min) and one of the strongest biological interactions found in nature
(dissociation constant, KD = 10-15 M). For this purpose, we have further modi-
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fied the surface of the silica-coated silver spheres with bovine serum albumin
(BSA)–biotin. Then, we have aggregated the biotinylated-silver spheres with
Cy3-labeled streptavidin (Fig. 14.55). Figure 14.56 shows the fluorescence
emission intensities recorded from the aggregated biotinylated-silver spheres
(no label) and from the nonaggregated biotinylated-silver spheres (control
samples, C1 and C2), respectively. Aggregation of the labeled biotinylated-
silver spheres resulted in approximately 3- to 5-fold higher fluorescence inten-
sity than the nonaggregate system or the aggregated system with no label.
Interestingly, the Cy3 lifetime was also reduced in accordance with a radiative
rate modification.

Directional Emission

We have recently reported a new method for fluorescence detection that
promises to increase sensitivity by up to 1000-fold [43]. Our new method
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depends on the coupling of excited fluorophores with the surface plasmons
present in thin metal films, typically silver, gold, or aluminum. This new phe-
nomenon, surface plasmon-coupled emission (SPCE) occurs for fluorophores
20 to 250nm from the metal surface, where the emission occurs over a narrow
angular distribution, converting normally isotropic emission into easily col-
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lected directional emission. The interaction is independent on the mode of
excitation, that is, it does not require evanescent wave or surface plasmon exci-
tation. With typical optical components, the collection efficiency is 1 percent
or less, however, our new approach promises to couple up to 50 percent of the
emission from unoriented and appropriately distanced fluorophores. We
believe our new findings offer both unique and exciting possibilities for high-
sensitivity fluorescence detection, as distal fluorescence (autofluorescence)
from fluorophores or species from the metal surface only weakly couples. In
addition SPCE is highly polarized, and autofluorescence can be further dis-
criminated against by collecting only the polarized component or the light
emanating at the appropriate angle. Further, different emission wavelengths
couple at different angles allowing spectral discrimination without additional
dispersive optics.

In our preliminary studies of SPCE, a continuous 50-nm-thick silver film on
a glass substrate was spin coated with varying thicknesses of sulforhodamine
101 (S101) doped PVA [43]. Figure 14.57a shows the configuration that was
used for SPCE studies. This combined sample was positioned on a precise
rotary stage, which allows excitation and observation at any desired angle rel-
ative to the vertical axis along the cylinder. Two modes of excitation were con-
sidered in our studies (Fig. 14.57b).

We have found that the mode of excitation does not matter for SPCE
[43–45]. That is, an excited fluorophore should couple with the surface plas-
mons whether it is excited by the surface plasmon evanescent field or directly
using the reverse Kretschmann (RK) configuration. Figure 14.58 shows the
dependence of the emission intensity on observation angle with RK excitation,
noting that the incident field cannot induce surface plasmons [1]. On the prism
side (back side B) of the sample, the emission is very sharply distributed at ±47°
or ±50° from the normal axis for both the 15- (top) and 30-nm (bottom) films,
respectively. This small difference in angle is due to the thickness of the PVA
film. The intensity observed on the front (F) side of the sample was much lower
and not sharply distributed at any particular angle,as illustrated in Figure 14.58.
Higher emission intensity is observed on the front side of the thicker sample
(bottom), which is consistent with lower efficiency coupling into the surface
plasmon for fluorophores more distal from the metal surface.

We additionally examined the polarization of SPCE and found that the
emission is polarized in the plane of incidence (p-polarized) irrespective of the
polarization of the excitation. This polarization of the directional emission is
an interesting find and proves that it is due to coupling of the surface plas-
mons, and that the polarization of the SPCE is independent of the polariza-
tion of the normal incidence excitation. This suggests that the emission dipoles
parallel to the plane of incidence couple into the surface plasmon, and dipoles
perpendicular to the plane of incidence do not result in SPCE, or at least
display only very weak coupling [43, 45]. Figure 14.59 shows the emission for
S101 in PVA observed with a hemispherical prism and RK excitation, where
the hemispherical prism allows for the SPCE cone to be observed.
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Figure 14.57 (a) Configuration of hemicylinder and spin-coated PVA-fluorophore
slide, and (b) experimental geometry for the measurement of free space emission (F)
and SPCE (B) with the Kretschmann (KR) and reverse Kretschmann (RK) configu-
ration. Adapted from Ref. 43.
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Figure 14.58 Angular dependence of S101 emission excited using the reverse
Kretschmann configuration. The PVA thickness was approximately (a) 15 nm and (b)
30 nm. Adapted from Ref. 43.
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We also have found that SPCE strongly depends on wavelength. This sug-
gests that fluorophores with different emission maxima will display SPCE at
different angles. Subsequently, Figure 14.60 shows the SPCE from a mixture
of fluorophores using RK excitation and a hemispherical prism, with 532-nm
excitation. We recorded the emission spectra at different observation angles
where the spectra are clearly distinct at each angle (not shown), with the
shorter wavelengths occurring for larger angles [45]. This remarkable find sug-
gests the potential for multifluorophore surface assays featuring the intrinsic
spectral resolution of SPCE.
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Figure 14.59 (a) Emission for S101 in PVA observed with a hemispherical prism and
RK excitation and (b) the cone of emission with a hemispherical prism. The emission
was incident on tracing paper and photographed through a LWP 550 filter. Adapted
from Ref. 43.



14.4 ROLE OF MEF IN HTS AND DRUG DISCOVERY

Metal-enhanced fluorescence appears to be most suitable to the fluorescence
assays used in drug discovery and DNA analysis. As we have shown, silver can
be readily deposited on glass or polymer substrates by a variety of methods.
Silver colloids are easily prepared and can be attached to surfaces functional-
ized with amine or sulfhydryl groups. One can imagine the bottom of multi-
well plates or DNA arrays being coated with silver particles. A variety of new
assay formats are possible. Assays could be based on the lightning rod effect,
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Figure 14.60 Photograph of SPCE from a mixture of S101, Rhodamine 123, and Pyri-
dine 2, using RK excitation and a hemispherical prism. Initially the fluorophore con-
centrations were optimized to give similar free space fluorescence intensities. Adapted
from Ref. 43.



that is, Em modifications. The biochemical affinity interactions could bring the
fluorophore close to the metal surface, for localized excitation, eliminating the
washing steps. Another approach could be to use low quantum yield fluo-
rophores, and the increased quantum yield of fluorophores brought in close
proximity with the metal (Fig. 14.61). These effects might be coupled with
another remarkable property of metal–fluorophore interactions. If the metal
is close to a semitransparent metallic surface, the emission can couple into the
metal and become directional rather than isotropic (Fig. 14.62), offering the
possibility of a new high-sensitivity detection system for HTS wells.

Metal-enhanced fluorescence is not limited to single metallic particles.
Theory predicted that the lightening rod effect is much stronger between two
metallic spheres than for isolated spheres. If the biochemical affinity reaction
brings particles into closer proximity, then excitation fields may be substan-
tially increased in the spaces between particles (Fig. 14.63). Multiphoton exci-
tation is also known to be increased near metallic surfaces and may be even
more efficient between metal particles. Also, proximity to the particles can
result in long-range energy transfer (Fig. 14.64), which would allow selective
detection of macromolecular complexes. Scattering from corrugated surfaces
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Figure 14.61 Potential uses of metal-enhanced fluorescence in drug discovery based
on local increases in quantum yield. Adapted from Ref. 46.

Figure 14.62 Potential uses of metal-enhanced fluorescence in drug discovery based
on directional emission. Adapted from Ref. 46.



could also be used to increase the detection efficiency of fluorophores (Fig.
14.65).

14.5 CLOSING REMARKS

In this invited review chapter, we have summarized the favorable effects of
fluorophores in close proximity to metallic nanostructures. These favorable
effects include increased fluorescence intensities (increased quantum yields),
increased probe photostability (reduced fluorescence lifetimes), and increased
rates of excitation and energy transfer.

Metallic silver can be deposited by a variety of methods, depending on the
sensing application, on demand if required, and using fairly simple apparatus
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and biologically inert chemicals. The metal–fluorophore effects we have
observed to date offer unique perspectives in fluorescence sensing, providing
for improved background suppression, increased detection limits, and local-
ized excitation near to silver nanostructures. While our results to date are for
the most part preliminary, we believe MEF will find many applications in
sensing, especially in high-throughput screening and in drug discovery.
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ACRONYMS AND SYMBOLS

G radiative decay rate in the absence of metal
Gm radiative decay rate in the presence of metal
APS 1-amino-3-propylethoxy silane
E excitation rate
Em metal-enhanced excitation rate
HAS human serum albumin
ICG indocyanine green
KR Kretschmann
km quenching rate in the presence of metal
knr nonradiative rates
MEF metal-enhanced fluorescence
Q0 quantum yield
r particle diameter
RET fluorescence resonance energy transfer
RK reverse Kretschmann
SERS surface-enhanced raman scattering
SiFs silver island films
SPCE surface plasmon-coupled emission
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15.1 INTRODUCTION

In pharmaceutical drug discovery molecules are evaluated in biochemical
assays to ascertain the potency of the molecule acting on the proposed biolog-
ical target. Initially molecules are typically run at a single concentration in a
high-throughput screen. Then molecules exhibiting substantial activity are run
again in a concentration–response assay to estimate the potency of the mole-
cule for the biological target. From this leads are identified,and then new chem-
ical entities are developed to improve the potency against the biological target
and further enhance other properties such as pharmacokinetics and margin of
safety. These new chemical entities are often assessed directly in the concen-
tration–response assay to develop and refine the structure–activity relationship.

Statistical parameters estimated in validation studies to establish the relia-
bility of single-concentration assays, such as the Signal Window and Z¢-Factor,
are well established [1–3]. Eastwood et al. [4] showed that these statistics do
not ensure that potency estimates from concentration–response assays will be
sufficiently reliable for structure–activity relationship use, and proposed the
minimum significant ratio (MSR) as a statistical parameter to estimate the 
precision of potency estimates from concentration–response assays. They 
also proposed a standard experimental protocol to evaluate the precision 
of estimates derived from concentration response assays. In this chapter the
statistical models describing the data generated from these protocols 
are developed and the statistical properties of the outcomes described in 
Eastwood et al. [4] are examined. This chapter is organized as follows:
Section 15.2 contains a description of a model commonly used to describe 
biochemical concentration–response assays in pharmaceutical drug discovery.
Concentration–response data from a human M1 muscarinic [35 S]guanosine-
5¢o-(3-thio)triphosphate (GTPg35S) assay is described and fit by this model.
Section 15.3 contains a description of the replicate-experiment protocols pro-
posed in Eastwood et al. [4], a statistical model for data derived from these
experiments, and acceptance criteria for concentration–response assays. The
methods are applied to the GTPg35S assay to estimate the precision of the
potency estimates. Methods are proposed to extend the replicate-experiment
protocol to cover transferring an assay to a new laboratory. Section 15.4 con-
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tains statistical distribution theory describing the estimators and outcomes and
simulation studies further describing the properties of the parameters.

15.2 BIOMOLECULAR SCREENING ASSAY
CONCENTRATION–RESPONSE MODELS AND OUTCOMES

Affinity Models and Parameter Estimates

See Kenakin [5] for a general discussion of affinity models. For a 
concentration–response assay of a stimulatory, agonist, or activation nature 
a mechanistic model commonly used to fit the data is the four-parameter 
logistic (4PL) model:

(15.1)

where c is the concentration of the compound, z is the assay response, b and
s are the bottom and slope (nuisance) parameters, EC50 is the concentration
giving a half-maximal response, and t is the top or relative efficacy parameter.
The EC50 is the affinity, or potency, estimate for such data. Usually the data
have been normalized to separately measured responses representing no stim-
ulus and maximal stimulus of a reference agonist. There are slight differences
in the models for receptor binding and inhibitory assays. In receptor binding
assays t = 100, b = 0, and s = -1 are theoretical values when the data have been
normalized in this manner, and s = -1 holds for responses that have not been
normalized as well. For inhibitory assays normalized in the manner described
above, t = 100, and for some types of competitive inhibition, b = 0. For both
receptor binding and inhibition assays the potency (half-maximal response
parameter) is denoted as the IC50.

There are many different forms of the 4PL equation and a commonly used
form in discovery research, notably by the software package Graphpad/Prism
[6], is

(15.2)

where log(c) is the base 10 logarithm of the concentration and Ÿ means 
exponent.

The EC50 parameter estimate is right-skewed, whereas the logEC50 para-
meter estimate is nearly symmetric [7]. Both EC50 and logEC50 estimates are
approximately normally distributed [8], but since the logEC50 estimate is less
skewed, it will be better approximated by a normal distribution in small sample
sizes [9].
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Muscarinic M1 Receptor GTPg35S Assay

A replicate-experiment protocol was carried out for a human M1 muscarinic
receptor GTPg35S binding assay. Details on the assay protocol are as follows:
GTPg35S binding was determined using the antibody capture scintillation prox-
imity method [10]. Briefly, 100 mL homogenized membrane preparations from
CHO cells over expressing human M1 muscarinic receptors (20 to 4 fmol/well;
Perkin-Elmer Life Sciences, Boston, MA) were incubated for 30min with 
50mL compound (11-point half-log serial dilutions starting at 100 mM concen-
tration) in a 96-well format. Fifty microliters of GTPg35S (500pM final con-
centration; Perkin-Elmer Life Sciences, Boston, MA) were added per well and
incubated for 30min. Following incubation, membranes were solubilized by
addition of 20mL 3 percent Nonidet P40 (0.27 percent final concentration;
Roche, Indianapolis, IN) per well and incubated for 30min. Twenty microliters
rabbit polyclonal antibodies to Gaq/11 (1/400 final concentration; Covance,
Denver, PA) were added per well and incubated for 60min. Anti-rabbit SPA
PVT antibody binding beads (1.25mg/well final concentration;Amersham Life
Sciences, Piscataway, NJ) were suspended in 20-mL assay buffer and 50 mL
were added per well and incubated for 3h. Assay plates were then centrifuged
for 10min at 1000 g, and radioactivity was counted for 1min per well on a
Wallac Trilux MicroBeta plate counter (Perkin-Elmer Life Sciences, Boston,
MA). All incubations were performed at room temperature in a 20mM N-(2-
hydroxyethyl)piperazine-N¢-(2-ethanesulfonic acid) (HEPES), 100mM NaCl,
5mM MgCl2, pH 7.4 assay buffer.

All data were analyzed using GraphPad/Prism [11] to determine 
concentration–response curves by fitting data using a 4PL model. Responses
for test compounds were normalized to 100 mM oxotremorine-M.

Figure 15.1 contains concentration–response data and least-squares fits of
the 4PL equation for acetylcholine (Fig. 15.1a) and carbachol (Fig. 15.1b). The
logEC50 estimates can be transformed to linear estimates by the delta method
[12]. For this model the formulas are

(15.3)

for the standard error (SE). Using these formulas gives EC50 estimates and
standard errors for acetylcholine and carbachol of 276.7 (40.1)nM and 2871
(398)nM. Note that the standard error of carbachol is nearly 10-fold higher
than the standard error of acetylcholine, which is consistent with the lognor-
mal distribution assumption of EC50 parameter estimates.

Based on the point estimates acetylcholine is 10.4-fold more potent than
carbachol. However, the statistical variation of the assay is currently unknown,
and hence it is necessary to determine the assay variation to know if this ratio
of potencies is within normal variation limits in the assay or if this represents
a real potency difference between the two molecules. The standard errors of
the parameter estimates can be used, but, as discussed in Eastwood et al. [4],
these are unreliable as the data-generating process does not satisfy the statis-

EC EC and EC EC EC50 50 50 50 50 10= ( ) ( ) = ( ) ( )log log lnSE SE10Ÿ
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tical assumptions underlying the least-squares model, and estimates are often
derived on a small number of data points (in this case 11 points are in the 
concentration–response curves). Eastwood et al. [4] proposed using a 
replicate-experiment protocol to estimate assay precision. In Sections 15.3 and
15.4 we develop the statistical model for the replicate-experiment protocol 
and examine the properties of the parameter estimates.

15.3 ESTIMATING POTENCY PRECISION

Replicate-Experiment Protocol

The precision and accuracy of the biological parameter estimates can not be
assured, or even estimated, from validation methods such as Signal Window
or Z¢-factor employed to validate the single concentration assays [4]. Methods
to formally examine the precision have not been standardized in drug discov-
ery. Eastwood et al. [4] proposed a set of experiments based on well-known
clinical methods described in Bland and Altman [13]. The protocol, briefly
summarized from [4], is to evaluate a set of molecules in two independent runs
of the assay and examine the agreement in the resulting potency estimates.
Note that we assume experimental iterations require changes across days, and
therefore throughout this chapter we use the terms run and day synonymously.
More important than the time lapse between runs is the assumption of inde-
pendence. By that we mean two complete iterations of the entire assay process
including fresh preparation of buffers and other experimental materials. This
protocol then is a refinement of an interobserver agreement study where the
“observers” are two runs from the same study.
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(a) (b)

Figure 15.1 Concentration–response curves of (a) acetylcholine and (b) carbachol in
the GTPg35S hM1 receptor assay. Four-parameter logistic estimates (standard errors)
for acetylcholine are b = 2.1 (3.39), t = 108.4 (3.31), s = 0.96 (0.11), and log EC50 = 2.44
(0.063), and for carbachol are b = -0.2 (2.10), t = 137.3 (5.17), s = 0.94 (0.10), and log
EC50 = 0.46 (0.060).



Methods for examining agreement between two measurements are numer-
ous. See Carrasco and Jover [14], for a summary and classification of these
methods. The methods used here are derived from those described by Bland
and Altman [13]. Using the classification scheme in Carrasco and Jover [14],
the techniques described here are a disaggregate approach as they evaluate
each component of the measurement model.

Statistical Model for Replicate-Experiment Protocol

We first describe a statistical model for the replicate-experiment protocol of
two runs of each compound within a single laboratory. Let Xt and Yt be the
log potencies obtained for run 1 and run 2, respectively, of compound t, for t
= 1, . . . , n. The statistical model we use is to assume Xt = mt + et and Yt = mt +
ft, where mt is the true log potency, and et and ft are the measurement errors
for run 1 and run 2, respectively. We assume further that mt ~ (m, s2

C), et ~ N(mX,
s2), and ft ~ N(mY,s2). Note that no assumption is made about the distribution
of the compound’s true values other than that each compound has a possibly
different potency and that the potency distribution does have a finite mean
and variance.

We do assume that the measurement errors are independent, identically
and normally distributed, independent across days, and that the measurement
standard deviation does not vary by day. The normal distribution assumption
is reasonable here as the log potency is a parameter from a nonlinear 
regression model and hence has an approximate normal distribution [8]. The
standard deviation, s, will typically not be equal to the standard error reported
by the nonlinear regression fitting program. See [4] for a discussion of this
point.

Each day may have a different mean. An alternative to the latter assump-
tion is to assume that there is a run-day variance component, and that mX and
mY are realizations from this distribution. In the simulation work to evaluate
sample size and acceptance criterion properties, we make this assumption and
examine the effect of interday variation on the properties of the estimators.
However, for analysis this assumption is not necessary, and instead we 
consider the day effects to be fixed, or alternatively, conditional on the day
realizations.

Replicate-Experiment Outcomes

Eastwood et al. [4] identify three outcomes for the replicate-experiment pro-
tocol: the minimum significant ratio (MSR), the mean ratio (MR), and limits
of agreement (LsA). Their derivations are as follows.

On any particular day, let LPs and LPt be the log potencies for two 
molecules s and t. Then under the same assumptions stated for the replicate-
experiment protocol, the difference in log potencies is distributed as LPs - LPt

~ N(ms - mt, 2s 2). Therefore to test the null hypothesis H0: ms = mt, the test sta-

672 METHODS FOR THE DESIGN



tistic T = LPs - LPt has a N(0, 2s2) distribution under the null hypothesis. Thus
if Z1-a/2 is the (1 - a/2)th percentile from a normal distribution, one would
reject the null hypothesis if , or alternatively if the ratio of the
lower potency (i.e., higher numerical value) to the higher potency estimate 
exceeded . Therefore, is the minimum 
significant ratio for level a, or MSRa. Taking a to be 5 percent, and rounding
to one significant digit gives the formula . Throughout this 
chapter, unless denoted otherwise, MSR is determined using Z1-a/2 = 2.

The mean ratio (MR) is the average ratio across the compound set between
the two days. To see this, note that

and that

The limits of agreement (LsA) are as defined by Bland and Altman 
[13]. In terms of population parameters on the log scale, they are can be
written as

where is the standard deviation of the paired difference. Translat-
ing to the linear scale the results are

A key consideration in the selection of these outcomes is that all are inde-
pendent of {mt: t = 1, . . . , n}, that is, they do not depend on the actual potency
of compounds chosen. In practice, it would be appropriate to choose a set with
a large range in potencies from a generalizability perspective, but theoretically
the outcomes are independent of the potency distribution.

Model Parameter and Outcome Estimates

Let (xt, yt), t = 1, . . . , n be the observed log potencies for the n compounds,
and let dt and mt be difference and mean log potency across the two runs for
the n compounds. Bland and Altman [13] recommend plotting mt versus dt.
However, we prefer to plot rt = 10Ÿdt versus gmt = 10Ÿmt with each plotted on
a logarithmic scale as potency ratios and values are more familiar to our biol-
ogists and chemists than log potencies. Each run’s average error, mx and my, is
not individually estimable, but their difference, mx - my, is estimated by x̄ - ȳ.

LsA LsA LsA MR MSR MR MSRa a a a a◊ L U, ,, ,( ) = ¥( )

s sd = 2

LsAa am m s= Ÿ -( ) ±[ ]-10 1 2X Y dZ

1

n
E X Yt t X Y

Ê
Ë

ˆ
¯ -[ ] = -Â m m

MR = Ÿ( ) Ÿ( ) = Ÿ -( )10 10 10m m m mX Y X Y

MSR = Ÿ( )10 2 2s

10 21 2
Ÿ( )-Z a s10 21 2

Ÿ( )-Z a s

T Z> -1 2 2a s
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The average potency ratio, r̄ = x̄ / ȳ = MR, is plotted as a horizontal line on the
ratio-geometric mean scatter plot.

The data are naturally paired, and so under the null hypothesis H0: mX = mY

log(MR)/s has a t distribution with n - 1 degrees of freedom. Let sd be the 
sample standard deviation of dt the difference in log potencies. Then ŝ=
is the usual unbiased estimate of s. If t0.975,n-1 is the 97.5th percentile from 
a distribution with n - 1 degrees of freedom and if ,
then a 95 percent confidence interval for the MR is given by (MRL,MRU) =
( /M, ¥M). The null hypothesis is rejected if the confidence interval
does not contain the value 1.0.

The mean ratio limits do not describe a region that contains the data but
instead a region that contains the true mean ratio MR. As Bland and Altman
[13] show, this interval is not relevant for describing individual agreement, and
they recommend plotting ± 2 standard deviations as the limits of agreement,
which corresponds approximately to a = 0.05. Thus the estimated MSR is 
= 10Ÿ(2sd), and the sample limits of agreement are ◊ ( L, U) =
( / , ¥ ).

Note that m̂t = (xt + yt)/2, t = 1, . . . , n and m̂ = (m̂1 + . . . m̂n)/n are the com-
pound estimates and overall compound mean. However, these parameters are
not of primary interest in the replicate-experiment protocol. In fact, unless the
sample of molecules tested is a random sample from the population, m̂ will be
a biased estimator of m.

Acceptance Criteria

See Eastwood et al. [4] for a discussion of MSR requirements from pharma-
cological validation and medicinal chemistry structure–activity relationship
perspectives.

The MSR can be directly estimated from the replicate-experiment pro-
tocol. Sufficient evidence pertaining to the across-run variation can only be
obtained over several runs of the assay, which is beyond the scope of most 
preproduction evaluation efforts and not discussed here. In the replicate-
experiment protocol, across-run variation impacts the magnitude of the MR,
and therefore of the LsA, and so preliminary decisions can be made based on
either the MR or LsA outcomes. Simulation evidence presented in Section
15.4 suggests that a sample size of 20 to 30 compounds works reasonably well
for criteria designed to reject assays if the assay variation, taking into account
across-run variation, exceeds a threefold potency ratio.

Example Data

A replicate-experiment protocol was conducted using 24 compounds for the
muscarinic human M1 GTPg35S assay. Each compound was run on two sepa-
rate days. Tables 15.1 and 15.2 contain the complete 4PL model parameter

MSRMRMSRMR

LsALsALsA
MSR

MRMR

M t s nn d= Ÿ( )-10 0 975 1. ,

sd 2
n 2
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estimates for run 1 and run 2, respectively, calculated using Eq. (15.2).
Table 15.3 contains the EC50 parameter estimates and standard errors for 
both runs, calculated using the delta method of Eq. (15.3). Acetylcholine is
compound C2 and carbachol is compound C4. Figure 15.2 is the plot of the
potency ratios versus the geometric mean potency. There does not appear to
be any systematic trend between agreement and geometric mean potency,
and all ratios appear inside the LsA estimates, which are 0.68 to 1.55. The 
MSR estimate is 1.51. There appears to be little evidence of interrun variation
as the MR estimate is 1.02 with 95 percent confidence interval ±10 percent 
(M = 1.1).

To return to the issue at the end of Section 15.2, the potency ratio of car-
bachol to acetylcholine was 10.4 in run 1, 9.51 in run 2, and both are well above
the MSR estimate of 1.51. This analysis confirms that in this assay there is a
real potency difference between acetylcholine and carbachol.
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TABLE 15.1 Four-Parameter Logistic Regression Parameter Estimates for Run 1
of GTPg 35S M1 Agonist Assay

b t s log EC50

Compound Est (SE) Est (SE) Est (SE) Est (SE)

C1 -5.3 (4.29) 110.6 (3.79) 1.19 (0.23) 2.30 (0.077)
C2 2.1 (3.39) 108.4 (3.31) 1.57 (0.32) 2.44 (0.063)
C3 -4.7 (1.24) 80.0 (3.13) 0.96 (0.11) 3.43 (0.074)
C4 -0.2 (2.10) 137.3 (5.17) 0.94 (0.10) 3.46 (0.060)
C5 0.3 (1.11) 91.2 (2.34) 0.87 (0.07) 3.28 (0.045)
C6 2.5 (1.83) 38.2 (0.82) 1.18 (0.21) 1.53 (0.107)
C7 -3.3 (2.68) 74.0 (3.24) 0.75 (0.12) 2.68 (0.095)
C8 -4.9 (2.26) 94.1 (10.98) 0.58 (0.10) 3.38 (0.188)
C9 -0.6 (2.99) 106.8 (2.56) 1.15 (0.16) 2.27 (0.058)
C10 -2.6 (1.04) 88.2 (2.09) 1.05 (0.09) 3.41 (0.035)
C11 -2.9 (0.53) 58.6 (0.86) 1.16 (0.07) 3.14 (0.024)
C12 0.7 (1.41) 114.0 (2.41) 1.03 (0.08) 3.15 (0.038)
C13 1.3 (3.23) 62.9 (2.02) 1.30 (0.30) 1.81 (0.090)
C14 3.0 (1.01) 84.1 (1.93) 1.38 (0.14) 2.42 (0.036)
C15 1.3 (1.27) 98.9 (2.34) 1.09 (0.10) 2.26 (0.040)
C16 4.5 (3.88) 51.7 (4.61) 1.18 (0.56) 1.74 (0.203)
C17 -7.0 (4.21) 93.1 (3.67) 0.84 (0.15) 2.34 (0.096)
C18 -1.6 (1.11) 25.5 (0.79) 0.99 (0.17) 2.07 (0.082)
C19 -1.5 (0.78) 32.3 (1.06) 1.51 (0.25) 3.01 (0.054)
C20 0.3 (1.46) 22.1 (2.02) 1.28 (0.56) 2.98 (0.172)
C21 0.9 (1.61) 37.3 (1.83) 0.95 (0.22) 2.64 (0.113)
C22 1.0 (1.44) 29.5 (1.24) 1.05 (0.24) 2.13 (0.104)
C23 0.1 (2.42) 58.9 (1.92) 1.19 (0.24) 2.16 (0.081)
C24 -1.1 (0.92) 30.1 (1.27) 0.92 (0.15) 2.87 (0.084)



Methods for Interlaboratory Comparisons

Often the follow-up work is conducted in a different laboratory than the
screening laboratory. In those instances it is necessary to validate that 
the protocols in the two labs yield similar results. To examine this property,
the replicate-experiment protocol is modified so that the screening laboratory
run evaluates the compound set a single time, and the confirmation laboratory 
conducts the replicate-experiment protocol as outlined above. In addition to
the comparisons of the two runs in the confirmation laboratory, the screen-
ing laboratory’s run will be compared to the first run of the confirmation 
laboratory.

This is a “minimalist” form of an interlaboratory comparison study and is
based on the assumption that the screening laboratory’s assay has previously
been evaluated and in production, whereas the confirmation laboratory is just
initiating the evaluation process. In situations that are different from this 
scenario, more elaborate evaluation protocols may be possible and/or 

676 METHODS FOR THE DESIGN

TABLE 15.2 Four-Parameter Logistic Regression Parameter Estimates for Run 2
of GTPg 35S M1 Agonist Assay

b t s log EC50

Compound Est (SE) Est (SE) Est (SE) Est (SE)

C1 -2.7 (2.33) 102.5 (2.01) 1.15 (0.13) 2.28 (0.046)
C2 1.7 (3.35) 98.5 (3.38) 1.43 (0.30) 2.49 (0.073)
C3 1.9 (0.91) 78.8 (2.05) 0.97 (0.08) 3.46 (0.040)
C4 4.0 (0.53) 116.7 (1.29) 0.97 (0.03) 3.47 (0.018)
C5 4.5 (0.91) 77.8 (1.51) 1.06 (0.09) 3.13 (0.037)
C6 8.7 (0.90) 35.2 (0.48) 1.51 (0.23) 1.48 (0.048)
C7 4.8 (1.63) 67.7 (1.71) 1.17 (0.17) 2.55 (0.060)
C8 5.1 (2.53) 84.9 (6.86) 0.68 (0.14) 3.39 (0.152)
C9 -2.5 (2.60) 104.4 (2.10) 1.25 (0.15) 2.34 (0.046)
C10 0.7 (0.95) 92.5 (1.84) 1.17 (0.09) 3.34 (0.032)
C11 0.4 (1.60) 66.4 (2.78) 1.17 (0.20) 3.23 (0.071)
C12 3.3 (1.86) 111.1 (2.46) 1.15 (0.12) 3.05 (0.042)
C13 3.9 (1.59) 71.6 (0.95) 0.99 (0.09) 1.88 (0.043)
C14 5.2 (1.56) 90.8 (2.19) 1.74 (0.23) 2.43 (0.036)
C15 2.1 (1.32) 99.2 (1.76) 1.66 (0.16) 2.37 (0.027)
C16 1.5 (1.78) 58.2 (1.14) 1.17 (0.14) 1.55 (0.049)
C17 -3.1 (1.68) 103.2 (1.38) 1.06 (0.08) 2.23 (0.033)
C18 -1.2 (1.80) 35.3 (1.41) 0.85 (0.17) 2.22 (0.107)
C19 0.9 (0.87) 43.5 (1.30) 1.31 (0.19) 3.10 (0.053)
C20 4.0 (1.82) 30.2 (2.39) 2.11 (1.45) 3.00 (0.133)
C21 1.7 (0.98) 48.0 (1.09) 1.22 (0.15) 2.63 (0.050)
C22 2.9 (1.45) 35.6 (1.13) 1.24 (0.27) 2.13 (0.086)
C23 2.6 (1.84) 70.4 (1.67) 1.01 (0.12) 2.17 (0.057)
C24 -0.2 (3.00) 44.6 (3.92) 0.58 (0.16) 2.72 (0.191)



TABLE 15.3 EC50 Estimates for Runs 1 and 2 of GTPg 35S M1 Agonist Assay

Run 1 Run 2

Compound EC50 (SE) EC50 (SE)

C1 201.4 (35.8) 191.4 (20.4)
C2 276.7 (40.1) 308.3 (51.6)
C3 2697.7 (459.4) 2904.0 (268.3)
C4 2870.8 (397.9) 2930.9 (122.2)
C5 1923.1 (198.4) 1345.9 (114.8)
C6 33.8 (8.4) 30.4 (3.3)
C7 481.9 (105.1) 354.0 (48.9)
C8 2404.4 (1040.3) 2426.6 (849.9)
C9 186.2 (24.9) 216.8 (23.0)
C10 2546.8 (207.5) 2208.0 (163.9)
C11 1383.6 (78.0) 1690.4 (276.4)
C12 1412.5 (124.1) 1127.2 (110.0)
C13 64.4 (13.4) 76.2 (7.5)
C14 263.6 (21.7) 269.2 (22.3)
C15 182.0 (17.0) 232.8 (14.5)
C16 54.3 (25.4) 35.5 (4.0)
C17 218.3 (48.2) 171.4 (13.1)
C18 116.4 (21.9) 164.8 (40.5)
C19 1025.7 (127.6) 1253.1 (153.6)
C20 948.4 (374.5) 1006.9 (308.4)
C21 434.5 (113.2) 427.6 (49.1)
C22 134.6 (32.3) 136.1 (26.9)
C23 144.5 (27.1) 146.6 (19.2)
C24 737.9 (142.7) 528.4 (232.7)

Figure 15.2 Potency ratio versus geometric mean potency results from the replicate-
experiment study for the GTPg35S hM1 agonist assay. = 1.51, = 1.02 [95%
confidence interval = 0.94–1.12, p = 0.57], and = (0.68, 1.55).LsA

MRMSR
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appropriate. For example, if the monitoring history of the production labora-
tory is very extensive, then an extension to these methods has been proposed
to compare assay variations across laboratories [15].

If we change the notation so that Xt and Yt are the log potency estimates
from laboratories 1 and 2 for compound t, t = 1, . . . , n, then a model to describe
this situation would be Xt = mt + l1 + et and Yt = mt + l2 + ft. Assumptions about
mt, et, and ft are as before. The parameters l1 and l2 are fixed-effect parameters
representing the difference in average log potency as measured by laborato-
ries 1 and 2 versus “true” log potency of the molecule. An assumption we are
making is that the laboratory bias is constant across all molecules.

Note that “interlaboratory” comparison methods may also be used to
compare two different protocols within the same laboratory. These intralab
comparisons could include personnel differences, equipment differences, cell
line changes, or assay differences based on a cloned cell line versus a native
tissue assay.

Under this model the minimum significant ratio, MRSa = 10Ÿ(Z1-a/2 ) is
defined as before. However, the mean ratio is now MR = 10Ÿ(l1 - l2 + mX - mY).
Note that none of the four parameters, l1, l2, mX, and mY, is individually
estimable, neither is l1-l2 nor mX-mY. The limits of agreement are 
LsAa = (MR/MSRa, MR¥MSRa) as before.

The outcomes are estimated as per the replicate-experiment protocol.

15.4 STATISTICAL PROPERTIES OF ESTIMATES AND
ACCEPTANCE CRITERIA

Data-Generating Model

The model of the data-generating process is a slight generalization of that
developed in Section 15.3. We now assume that on any run r the log potency
of molecule t is given by Zrt = mt + rr + ert, for r = 1, 2 and t = 1, . . . , n, where
mt is the true log potency of compound t, rr is a random run (day) shift of all
molecules, and ert is the random measurement error. We assume ert ~ N(0,s2),
rr ~ N(0,sR

2), and that rr and ert are statistically independent. The model of
Section 15.3 is just a special case of this model, where we let mX and mY be two
specific runs and consider them fixed throughout the replicate experiment.
Then et = mX + e1t and ft = mY + e2t.

We make this generalization because run effects are not controllable and
molecules are usually compared across runs instead of within runs. A statisti-
cally significant difference between potency estimates of two molecules then
holds if the ratio of the two potencies (weaker to stronger) exceeds the
minimum significant ratio that takes into account both within- and across-run
variation. Using the same arguments as in Section 15.3, the critical value 

is , and as with the MSR, Z1-a/2 = 2 unless OvrMSRa a s s= Ÿ +( )[ ]-10 21 2
2 2Z R

2s
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explicitly defined otherwise. In this section we will examine the statistical
properties of , , and for various values of OvrMSR, MSR, and
n. Note that because s2

R ≥ 0 OvrMSR ≥ MSR, which imposes limits on the 
simulation boundaries.

Properties of Estimated Outcomes

In this section we look at the statistical properties of , , and 
under the assumption that the log potency estimates are normally distributed.
We will examine their properties through both probability distribution theory
and Monte Carlo simulation. We will examine cases for MSR varying from 1
to 4, and for OvrMSR varying from 1 to 8, subject to the constraint that
OvrMSR ≥ MSR (which must hold by definition). Since none of the estimates
depends upon the actual potencies of the molecules, the log potencies are left
unspecified. The sample size is varied from 10 to 40 compounds. All simula-
tion data sets are generated and estimators calculated within a data step using
Version 8.2 of the SAS system [16]. Plots are produced by Proc Plot Version
8 of SAS/Graph [17]. Simulations are conducted using 5000 Monte Carlo 
repetitions.

Under the data-generating model of the previous section, if we condition 
on mX and mY, then has a noncentral tn-1,d distribution 
with noncentrality parameter . As mentioned in 
Section 15.3, under the null hypothesis, H0: mX = mY, T has a central t distribu-
tion and can be used to test that null hypothesis. However, under the data-
generating model from the beginning of Section 15.4, this hypothesis is false
unless s2

R = 0, and therefore this hypothesis is of little interest. In fact, testing
it may lead to counterintuitive conclusions, as the noncentrality parameter d is
a decreasing function of the assay measurement error s, hence of the MSR.
Consequently, the more precise an assay is within each run, the more likely one
will conclude there is a statistically significant difference between two runs of
the assay.

The phrase “conditioning on mX and mY” means that we consider the two
runs as fixed and test a hypothesis about those two particular runs. But, if 
we consider the two days as just representative runs of the assay production
process, then the two run day means are themselves random variables and 
not fixed values. Under this “unconditional” analysis, the statistic T does not
have a t distribution and does not have any well-characterized probability 
distribution. Therefore to examine this distribution we used Monte Carlo 
simulation.

Figure 15.3 shows the effect of OvrMSR, MSR, and n on the distribution 
of . Figure 15.3a shows box plots of the distribution of MR for 
different combinations of OvrMSR and MSR, using a sample size of 25 
compounds. For all combinations the median is 1.0, but as OvrMSR
increases the variability and skewness of increase. However, for a fixedMR

MR

MR

d m m s= -( ) ( )n X Y 2
T n X Y sd= -( )

LsAMRMSR

LsAMRMSR
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value of OvrMSR the variability of decreases as MSR increases, and 
the distribution becomes more symmetric. These changes occur because

, and hence holding OvrMSR fixed while
increasing MSR effectively lowers s2

R and increases s2. Figure 15.3b shows the 
insensitivity of the distribution of to the sample size. When s2

R = 0 (i.e.,
OvrMSR = MSR), sample size has its greatest effect, specifically a slight
decrease in the variability of as the sample size increases. The effect is
even smaller at positive values of across-run variation.

Figure 15.4 shows the effect of OvrMSR, MSR, and n on the precision of
. Since a 95 percent confidence interval for MR is obtained by multiply-

ing and dividing by M, where M is as defined in Section 15.3, we examine
precision by examining the distribution of M. Figure 15.4a shows the distrib-
ution of M versus both OvrMSR and MSR for a fixed sample size of 25.
Note that the confidence interval precision does not depend upon OvrMSR,
but the precision does depend upon the actual value of MSR. The lack of a
relationship between M and OvrMSR is predicted from the distributional
theory, as is the increasing relationship between M and MSR. Figure 15.4b
shows the effect of sample size on confidence interval precision. With less 
than a 5 percent error rate, if MSR £ 4, then a sample size of 25 compounds
is sufficient to ensure that is within 50 percent of the true value. Note 
that the 97.5th percentile of M is an increasing function of MSR, not because
the median value is increasing but instead because the variability and 
skewness of the distribution are increasing as MSR increases, as shown in
Figure 15.4a.

Figure 15.5 shows the effect of OvrMSR, MSR, and n on the power to reject
the null hypothesis H0: mX = mY. Figure 15.5a shows for a fixed sample size of
25 compounds that power increases as OvrMSR increases provided the MSR

MR

MR
MR

MR

MR
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MR
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(a) (b)

Figure 15.3 (a) Box plot of distribution of versus OvrMSR.MSR (i.e., whole
number indicates the OvrMSR, decimal indicates the MSR) using 25 compounds. (b)
97.5th percentile of versus number of compounds by MSR when OvrMSR = MSR.MR

MR



is fixed. However, it also shows that for a fixed OvrMSR power increases as
MSR decreases. Hence the lower the measurement error, the more likely one
will conclude there is across-run variation, that is, the better the assay is within-
run, the more likely it will detect across-run variation. Figure 15.5b shows the
power versus sample size relationship for various values of OvrMSR, holding
MSR fixed at a value of 3. A sample size of 25 will have between 50 and 80
percent power to detect across-run variation, whereas a sample of size 10 will
not exceed 70 percent power at any likely value of OvrMSR. Note, however,
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(a) (b)

Figure 15.4 (a) Box plot of distribution of 95% confidence interval multiplier, M,
for MR versus OvrMSR.MSR (i.e., whole number indicates the OvrMSR, decimal 
indicates the MSR) using 25 compounds. (b) 97.5th percentile of M versus number of
compounds by MSR when OvrMSR = MSR.

(a) (b)

Figure 15.5 (a) Power to reject null hypothesis H0: mX = mY versus OvrMSR by MSR
for a sample of size 25 compounds. (b) Power versus number of compounds by
OvrMSR when MSR = 3.



that across-run variation is usually present, and that because of the decreas-
ing function of power versus MSR (holding the other values fixed) a straight
hypothesis test is easily misinterpreted and not recommended.

The distribution of MSR parallels that of the precision of . Figure 15.6 
shows the effect of OvrMSR, , and n on the distribution of . Figure
15.6a illustrates that the distribution of MSR is independent of OvrMSR for
a sample size of 25 compounds. However, both the average value and variance
of are increasing functions of the true MSR. Note that the distribution
of MSR is approximately symmetric for all MSR £ 4 at this sample size. Figure
15.6b shows the value of the 97.5th percentile of versus the sample size
for MSR = 2, 3, and 4. The results show that for 25 compounds will be
within 50 percent of its true value, whereas a sample size of 20 or less will fail
to achieve this objective.

Finally, we examine properties of the limits of agreement. These limits are
intended to provide an interval that contains the upper and lower bounds on
potency ratios if two estimates are obtained on the same compound. Figure
15.7 examines the coverage properties of LsA as a function of OvrMSR, MSR,
and n. Figure 15.7a illustrates the probability that the LsA interval will not
contain all the points, which varies from 25 percent at n = 10 compounds to
over 90 percent at n = 40 compounds. Note that except for the degenerate case
of no assay variation (MSR = 1 or OvrMSR = 1), the coverage probability is
independent of the assay variation, both within and across run. Figure 15.7b
shows the probability that more than 5 percent of the sample will lie outside
the limits of agreement (i.e., more than 1 compound for n < 30 and more than
2 compounds for n between 30 and 40). As in Figure 15.7a, except for degen-
erate cases, this probability depends only upon the sample size. At n = 10 com-
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(a) (b)

Figure 15.6 (a) Box plot of distribution of versus OvrMSR.MSR (i.e., whole
number indicates the OvrMSR, decimal indicates the MSR) using 25 compounds. (b)
97.5th percentile of versus number of compounds by MSR when OvrMSR = 8
(note the relationship holds for any value of OvrMSR > MSR).
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MSR



pounds there is a negligible probability that increases to about 20 percent at
n = 40 compounds. This latter probability is higher than the nominal rate that
results from basing the interval on an estimated value of the assay variation
that is not included in the nominal error rate.

Figure 15.8 examines the distribution of the more extreme value of the
limits of agreement. This is defined as the value “furthest” away from 1.0,
which is equal to max = max{1/ L, U}. For a sample size of 25 com-
pounds Figure 15.8a shows box plots of the distribution of max. Note the
median, variation about the median, and skewness are all increasing functions
of both OvrMSR and MSR. For MSR = 3, Figure 15.8b shows the relationship
of both OvrMSR and n. LsAmax is an increasing function of the former, and
relatively independent of the latter.

Properties of Acceptance Criteria

In Section 15.3 three outcomes were defined from the replicate-experiment
protocol: the MSR, MR, and LsA. Each of these outcomes is positively cor-
related with one or both components of assay variation, and in the preceding
section we examined the sampling distributions of each. In this section we look
at the statistical properties of the following three rejection rules or tests:

(15.4)

(15.5)

(15.6)LsA À [ ]1 C C,

MR > C

MSR > C

LsA
LsALsALsA
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(a) (b)

Figure 15.7 (a) Probability (%) that does not contain all tested compounds
versus OvrMSR.MSR (i.e., whole number indicates the OvrMSR, decimal indicates the
MSR) by 10, 25, and 40 compounds. (b) Probability (%) that more than 5% of sample
(1 compound for n < 30 and 2 compounds for 30 £ n £ 40) lies outside versus
OvrMSR.MSR by 10, 25, and 40 compounds.

LsA

LsA



where the critical value, C, is greater than one in each case (and is usually dif-
ferent in the three tests). Note that in the case of Eq. (15.6), an equivalent
statement to that above is to reject the assay if max > C. Throughout this
section we estimate the probability of rejecting an assay, defined as the power
of the test. The setting of the critical value has to be, of course, related to the
biological and chemical requirements of the assay. Throughout this section we
assume that the objectives are to reject assays if OvrMSR ≥ 3.

We showed in the previous section that is estimated to within approx-
imately 50 percent, positively correlated to within-run assay variation, and
independent of across-run assay variation. Figure 15.9 shows the effect of
OvrMSR, MSR, C, and n on power. Figure 15.9a shows that for n = 25 com-
pounds and C = 3, power is independent of OvrMSR (except for the degen-
erate case of OvrMSR = 0). For MSR = 2, power is less than 1 percent, is just
less than 50 percent when MSR = 3, and is over 90 percent for MSR ≥ 4. Figure
15.9b shows the effect of sample size, critical value, and MSR on power when
OvrMSR > MSR. The results indicate setting C = 2.5 will result in high rejec-
tion rates of potentially good assays (i.e., when MSR = 2), especially when
combined with a low sample size (n = 10). Conversely, setting C = 3.5 results
in less than 80 percent power to reject the assay when MSR = 4 at all sample
sizes. Small sample sizes (n < 15) only have adequate power for low critical
values, and a sample size of 20 to 30 is required to have high power to reject
assays whose MSR = 4. The conclusion from this analysis is that Eq. (15.4)
alone will only suffice in those cases where across-run assay variation is neg-
ligible, but in cases where the within-assay variation exceeds 4.0, this criterion
will have high probability of rejecting the assay.

We showed in Figure 15.4b that seldom exceeds 1.5 in cases of no
across-run assay variation. So in Figure 15.10 we examine the power about the

MR

MSR

LsA
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(a) (b)

Figure 15.8 (a) Box plot of distribution of max versus OvrMSR.MSR (i.e., whole
number indicates the OvrMSR, decimal indicates the MSR) using 25 compounds. (b)
97.5th percentile of max versus number of compounds by OvrMSR when MSR = 3.LsA

LsA



value C = 1.5. Figure 15.10a shows the effect of OvrMSR and MSR on power
for n = 25 compounds and C = 1.5. The power is a very flat function of
OvrMSR, and power remains below 40 percent for all values examined. More-
over, for a fixed OvrMSR, power decreases as MSR increases. Figure 15.10b
shows the effect of n, MSR, and C on power for the extreme case of OvrMSR
= 8. Note that power is invariant to sample size with this test, power decreases
as MSR increases as noted previously, and that even a critical value of C =
1.25 only achieves about 40 percent power. However, the combination of MSR
= 2 and OvrMSR = 3 will fail this test about more than 30 percent of the time,
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(a) (b)

Figure 15.9 (a) Power (%) that > 3 versus OvrMSR.MSR (i.e., whole number
indicates the OvrMSR, decimal indicates the MSR) for a sample of size 25 compounds.
(b) Power versus number of compounds by MSR and C when OvrMSR > MSR.

MSR

(a) (b)

Figure 15.10 (a) Power (%) that > 1.5 versus OvrMSR.MSR (i.e., whole number
indicates the OvrMSR, decimal indicates the MSR) for a sample of size 25 compounds.
(b) Power versus number of compounds by MSR and C when OvrMSR = 8.

MR



and hence setting a low threshold is not recommended. The conclusion from
this analysis is that test 2 [Eq. (15.5)] has inadequate power.

From Figure 15.8a we showed that for OvrMSR = 3 median max values
were between 2 and 3, depending upon the value of MSR, and from Figure
15.8b we showed that median max values exceed 4 in the set MSR = 3 and
OvrMSR > 4. Thus, in Figure 15.11 we examine the power of test 3 [Eq. (15.6)]
around a critical value of C = 3. Figure 15.11a shows the effect of OvrMSR
and MSR on power for n = 25 compounds. For OvrMSR ≥ 4 over 80 percent
power is obtained in all cases except where MSR = 2. Note that in all such
cases the power in test 3 [Eq. (15.6)] is significantly enhanced over the power
in test 1 [Eq. (15.4)]. However, note that for OvrMSR = 3 power may exceed
50 percent in those cases where the across-run component of variation is 
negligible. Figure 15.11b shows the effect of n, C, and MSR on power when
OvrMSR = 8. At MSR = 4 high power (>90 percent) is maintained for all
sample sizes and choices of C. At MSR = 2 adequate power (>80 percent) is
obtained only through setting a low threshold (C = 2.5). The conclusion from
this analysis is that test 3 [Eq. (15.6)] has excellent power to detect high
OvrMSR except in those cases of low MSR.

The overall recommendation is that rejection rules be based on a com-
bination of tests 1 and 3, [Eqs. (15.4) and (15.6)] and that test 2 [Eq. (15.5)]
should be avoided. Note that if the same critical value is used in both tests 1
and 3 [Eqs. (15.4) and (15.6)], then rejection in test 1 [Eq. (15.4)] implies rejec-
tion in test 3 [Eq. (15.6)]. Therefore, to avoid redundancy, the critical value for
test 3 [Eq. (15.6)] should be set higher than that of test 1 [Eq. (15.4)], but the
optimal settings cannot be determined without reference to the chemistry and

LsA

LsA
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(a) (b)

Figure 15.11 (a) Power (%) that max > 3 versus OvrMSR.MSR (i.e., whole number
indicates the OvrMSR, decimal indicates the MSR) for a sample of size 
25 compounds. (b) Power versus number of compounds by MSR and C when 
OvrMSR = 8.

LsA



biology requirements. Consequently, final settings are beyond the scope of this
chapter.
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16.1 INTRODUCTION

Today’s Assay Requirements

The prototypical high-throughput screening (HTS) operation in today’s drug
discovery environment is directed to identification of modulators of enzyme
activities or receptor binding. There was a time when the inhibition constant
of a single transition-state analog was determined by a graduate student 
nervously keeping atmospheric CO2 out of his vessel as he titrated evolved
acid with excruciating care, and receptor binding assays referred to a postdoc
grinding up a mouse organ to mix with her precious radiolabeled ligand. There
was such a time—but today’s practitioner of lead identification in a drug dis-
covery enterprise feels little nostalgia for it. Current demands on discovery
groups require that 105 to 106 or more molecules be tested in a single experi-
ment, quickly, accurately, and at acceptable expense. The various revolutions
in biotechnology of the past 30 years have largely given way to evolutionary
changes, favoring faster, smaller, operationally simpler, and more information-
intensive assay methods. Developments in instrumentation that have 
contributed to this process are outside of the current subject matter, but bio-
chemical manipulations may also be applied, ideally leading to ever more
quantifiable photons from fewer molecular events in a shorter time frame. This
process is most readily apparent in the shift from chromogenic and other 
traditional methods to fluorescent, luminescent, and scintillation proximity
assays, a trend that will accelerate as assay volumes enter the submicroliter
range.

Coupled luminescent assays are only one class of an expanding array of
sensitive methods. At present, coupled luminescent methods are underuti-
lized, largely due to the lack of widespread understanding of their value or
even of their existence. What follows is a brief treatment of several alterna-
tive means of generating many photons from small samples in a short time
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interval. To understand why coupled luminescent methods are the most 
efficient and sensitive available in addressing certain types of problems, while
they are marginal or unsuitable for others, some insight into the nature, theory,
and practice of alternative techniques is needed.

Fluorescence versus Luminance

From the scientist’s viewpoint, nature has bestowed powerful gifts on the phe-
nomenon of fluorescence, including the associated techniques of fluorescence
quenching, environmentally sensitive spectral shifts that are subject to syn-
thetic modification, fluorescence polarization (FP), and fluorescence reso-
nance energy transfer (FRET). Some of these technologies are already widely
disseminated, such as the use of FP in drug immunoassays (as in the Abbott
TDx). It is safe to predict that for rapid, specific, and exquisitely sensitive mea-
surements of intermolecular association events, fluorescent technologies will
dominate the field for at least several decades. There are also many clever 
fluorescent methods of measuring enzyme activities, but enzyme catalysis is
intrinsically different from binding processes in that enzyme-catalyzed reac-
tions are almost always observed indirectly (i.e., by their products). To put it
another way, in studying enzyme activity and inhibition, one frequently deals
with the concentrations of particular molecules, rather than the presence or
absence of molecular complexes. This important difference represents an
opportunity for luminescent assay methods to play a role, since a variety of
means of coupling the concentrations of specific molecules to light emission
are known, and more are sure to be developed. Possible reasons for prefer-
ring a luminescent assay are: (1) The sensitivity can be even more exquisite
than that of fluorimetry [1, 2]; (2) there is no need to develop or attach a flu-
orophore; (3) in many cases the readout is almost immediate, which is not the
case with many fluorescent binding assays; (4) no expensive lamp is needed;
(5) coupled luminescent assays can be made operationally simpler; and (6) for
some reactions luminance may be the only available approach to a rapid,
homogeneous format.

Scintillation Proximity Assays

A thorough discussion of the pros and cons of scintillation proximity assays
(SPAs) in drug development HTS is beyond the scope of this chapter, but
certain aspects of SPA that may cause one to choose or reject this option in
favor of fluorescent or luminescent assays can be briefly described. Assays
employing radioisotopes have generally been operationally complex, even
apart from the exposure and disposal problems, because a labor-intensive sep-
aration of “bound” from “unbound” isotopically labeled molecules has been
necessary. The SPA concept avoids this difficulty and promotes radioactive
assays to the realm of homogeneous assays suitable for HTS, by providing a
means of distinguishing bound from unbound in situ. This is accomplished by
including a solid-phase matrix (usually a bead) containing both the target
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(unlabeled) molecule and a chemical scintillant. Binding of the labeled com-
pound brings the radioisotope into proximity with the scintillant, leading to a
luminance signal upon disintegration of a bound, but not an unbound, atom
of the label. Because many ligands can be appropriately labeled and many
targets can be successfully immobilized, this assay method is quite general.
One finds in reviewing the literature that a high proportion of SPA articles
report development of new applications. Thus SPA represents an approach
that is quite likely to provide a successful, homogeneous method, even if one
knows relatively little about the system and possesses only a conventional 
scintillation counter (or luminometer). However, the disadvantages of SPA
compared to a fluorescent or luminescent method are important. Although
technically homogeneous, in that no physical separations are required, suc-
cessful application of SPA often requires multiple addition and incubation
steps, some of which may be prolonged and involve shaking or other manip-
ulations. For example, an SPA for inorganic phosphate has a very good limit
of detection of ~10-7 M phosphate but requires 2h and multiple steps and is a
single-point assay [3]. An HTS method of identifying protein tyrosine phos-
phatase 1B inhibitors makes clever use of a catalytically inactive active-site
mutant to turn the problem into a binding assay, but the method employs seven
reagent additions and three shaking incubations, illustrating both the 
flexibility and the operational difficulties attending SPA [4]. The entire
Raf/MEK/ERK signal transduction pathway has been reconstituted in vitro
and studied by a homogeneous method employing SPA, greatly improving the
chances of identifying modulators of the pathway; however, the method takes
8h, including a 6-h settling step [5]. Finally, there is some question as to
whether SPAs provide the same quality of information in terms of sensitivity
and dose–response curves as competing fluorescent methods [6]. In short,
SPAs are an excellent way of turning apparently intractable screening 
problems into homogeneous assays; but they are unlikely to be the method of
choice if one-step or two-step fluorescent or luminescent alternatives are
available.

Coupled Enzyme Assays

Coupled enzyme assays have a distinguished history. The “standard” clinical
and research assays for many enzymes are coupled assays, often with spec-
trophotometric readouts. In a case that may be taken as typical of the thought
processes involved in development of such an assay, researchers investigating
antibiotic function were faced with the problem of detecting d-alanine and
found a chromogenic answer [7, 8]. While this solution is effective in an aca-
demic research setting, it does not provide the throughput needed by drug dis-
covery groups and is limited by the extinction coefficient of the molecule being
measured. Another group subsequently developed an assay in which horse-
radish peroxidase (HRP) was generated in a coupled assay and yielded a flu-
orescent signal [9]. However, luminescent HRP substrates are also available
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with greater sensitivity [10], and this may eventually prove to be a further stage
in the evolution of d-alanine assays.

Coupled Luminescent Assays as Alternatives to Fluorescent Assays

The issue of coupling of enzyme activities is in a sense independent of the 
fluorescence/luminance choice; however, in practice, fluorescent and coupled
luminescent readouts often represent competing alternatives. This is because,
although there are many fortuitous exceptions, most enzyme-catalyzed reac-
tions and intermolecular associations do not yield conveniently robust and dis-
tinguishable fluorescence changes or luminance signals on their own. Thus the
problem of detecting the molecular event often reduces itself to the question
of how to cause the product(s) of the event to release photons (or inhibit their
release). Introduction of a fluorophore that is perturbed by the event is one
method; coupling of the products to light generation is another. Advocates of
luminance technology could present theoretical reasons in support of a claim
for greater sensitivity, including the following: (1) Luminance detection
requires no lamp, so that the sample chamber can be darker, lowering the
background; (2) unlike fluorescent methods, luminance detection requires no
monochromator or bandpass filter to block the exciting wavelengths, so that
every photon contributes to the signal; (3) luminescence is inherently isotropic,
allowing the detector to cover as great a spherical arc as the engineering
permits; this is not true of fluorescence, which requires angular separation of
the detector from the incident light. The theoretical advantages in sensitivity
appear to be borne out in practice, at least in some cases (for examples and
analyses, see [1, 2]). Fluorescence has inherent counterbalancing advantages,
including the possibility of pumping virtually any desired level of excitation
energy into the system, and the more refined approach of using modern syn-
thetic chemistry to tune the fluorophore(s) to precise specifications. It is hoped
that the methods and approaches presented herein will help the reader to
imagine how both possibilities might contribute to his or her particular goals.

Chemiluminescent Assays

In modern parlance bioluminescence refers to light production by an enzy-
matic system (such as a luciferase) or other light-emitting protein (such as
aequorin [11]), while chemiluminescence is photon emission by a (usually)
small molecule in the absence of a catalyst. For a number of enzymes it is pos-
sible to design substrates that, upon catalysis, yield a product that can emit a
photon. Thus the primary reaction generates light, and no coupling enzyme is
required. This method has led to significant improvements in detection capa-
bilities [12]. However, the limitations of the method in the HTS environment
are often significant: (1) The enzyme substrate is unnatural, and inhibition
effects are therefore hard to interpret; (2) in a related point, the Km of a chemi-
luminescent substrate is frequently much greater (i.e., the binding is much
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weaker) than that of the natural substrate, allowing competition by weak com-
petitive inhibitors that are not useful as lead compounds; (3) luminescent sub-
strates often have special chemical, solvent, temperature, or pH requirements
necessitating extra steps in the assay process; (4) the requirements mentioned
under (3) may make the reaction incompatible with the biochemical system
under study; and (5) chemiluminescent substrates are not available for many
reactions.

Coupled Bioluminescent Assay Methods

The two major types of luciferase used in coupled reactions are bacterial
luciferases, whose light emission is coupled to oxidation of reduced nicoti-
namide adenine dinucleotide (NADH), and beetle luciferases, which use the
free energy of hydrolysis of adenosine triphosphate (ATP) to generate light.
Systems employing aequorin as the luminescent protein can also be engi-
neered to yield signals in response to the activities of certain enzymes involved
in Ca2+ mobilization and signaling [13], including the very important class of
G-protein-coupled receptors (GPCRs). These systems are of considerable
interest in drug discovery. In general, there is little overlap between the Ca2+

mobilization processes that are subject to these methods and the phosphate-
dependent reaction series described herein, although a coupled luminescent
assay for the guanosine triphophatase (GTPase) activity of GPCRs is not
inconceivable.

Coupled Methods Employing Bacterial Luciferases Bacterial luciferases
[14] have yielded a number of useful coupled assay methods, including means
of quantifying a range of small molecules with excellent sensitivity (ethanol
[15], folate [16], glucose [17], lactic acid [18], bile acids [19]). Some reactions,
including the reactions involving glyceraldehyde-3-phosphate dehydrogenase
discussed below, allow a choice of either bacterial or beetle luciferases as cou-
pling enzymes. The author’s decision to concentrate on firefly luciferase has
been based primarily on practical considerations, including the poor aqueous
solubility of the long-chain aldehyde substrates of the bacterial enzyme, which
may require a separate addition and mixing step; the tendency of the bacter-
ial signal to decay more rapidly; the existence of stabilized and engineered
systems employing the firefly enzyme; and the fact that the firefly enzyme has
been more fully characterized. Moreover, methods of ATP detection are more
likely to be generally applicable in drug discovery since the enzymes of criti-
cal interest that are involved in phosphate metabolism outnumber those that
generate NAD(P)H.

Coupled Assays with Firefly Luciferase Many in vivo reactions create ATP,
and many others that are coupled to hydrolysis of ATP in vivo can be made
to run backwards in vitro. In principle, the reaction rate of any enzyme
involved in these pathways can be monitored by coupling production (or 
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consumption) of ATP to light generation by firefly luciferase. In practice, many
of the potential coupled systems are unworkable in vitro, but a number of
enzymatic reactions or reaction series have been combined with luciferase,
some of which are discussed below. As with the chemiluminescent assays, some
of the methods are intended for detection of small molecules, and others are
adaptable to detection of either small molecules or enzymatic activities,
depending on what is omitted, that is, what is the limiting reagent. See [20] for
examples of very early uses of coupled methods with firefly luciferase for
detection of small molecules.

Role of Coupled ATP/Luciferase Reactions in Drug Discovery Thousands of
enzymes are necessary components of metabolism, but a large proportion of
the enzymes of phosphate metabolism are specifically involved in information
flow. As a result, many of them not only play essential roles in life-sustaining
pathways but are also vital elements of reaction series that are subject to infor-
mation failure. Many phosphorylation and dephosphorylation reactions are
critical mediators of major human health problems such as cancer, diabetes,
autoimmunity, and inflammation. These features make these enzymes highly
attractive targets for drug development, based on the philosophy that subtle
perturbations of the body’s signaling systems, rather than gross, “brute-force”
interventions in metabolic flows, are the best route to highly specific and effec-
tive drugs. Of the enzymes that are currently the major targets of HTS, only
proteases are not directly involved in phosphate metabolism. The other major
groups, including kinases, phosphatases, deoxyribonucleic acid (DNA) 
polymerases and many nucleases, phosphodiesterases, and the whole generic
category of “ATPases,” can be made to change the concentration of ATP in a
reaction vessel and can thus yield a luminance signal via luciferase. Still other
enzymes can be coupled to phosphate metabolism by the inclusion of “bridg-
ing” enzymes. If we restrict ourselves to the desirable trait of yielding a posi-
tive signal (i.e., an increase in luminance when the enzyme is active), it might
appear that we have lost most kinases and polymerases for thermodynamic
reasons, but this is not the case (see below). In short, over half of the assays
carried out in today’s drug discovery endeavors (on a frequency basis) are
adaptable to ATP/luciferase-coupled systems.

Advantages of Coupled ATP/Luciferase Systems Many of the advantages of
these systems can be defined in terms of what is not required. Typically a
coupled luminescent assay employing the firefly luciferase can be developed
as a one-step assay in which a reagent cocktail is added and measurement
begins immediately (although multistep assays may be preferred for particu-
lar applications). This represents a significant savings in operational complex-
ity, leading to lower labor, equipment, and materials costs and fewer failure
modes. Because the assays are generally very fast, instrument utilization is
minimized; in effect, more work can be done with fewer instruments and less
space. This effect will be increasingly important as phased-array luminometers
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become more common. These instruments can read entire plates in 2 s or less,
but this speed is largely wasted if the biochemistry of the assay requires 
prolonged incubations or multiple steps. Coupled luminescent assays are 
frequently the only means of taking full advantage of the capabilities of these
instruments. Generation of ATP by the reaction system also provides a con-
tinuous readout. This yields the advantages of (1) flexibility in data reduction,
(2) the possibility of prolonged incubation to achieve the desired sensitivity,
and (3) the opportunity for a second reading if the initial reading is somehow
missed. The components of these coupled assays are often less expensive than
the fluorophores, labeled peptides, and antibodies used in other assay methods;
even using 96-well plates, it is quite realistic to expect reagent costs of $0.01
to $0.05 per well or less, and this cost should scale down with effective minia-
turization. The homogeneous format also eliminates the need for washing and
separation steps and reduces generation of hazardous waste. Finally, recent
developments in stabilization of firefly luciferase and other methods of
enhancing and prolonging luminescent signals will continue to add value to
these methods.

Adaptation of Coupled Luminescent Assays to High-Throughput Screening
Because of their operational simplicity, it can be relatively simple to adapt a
coupled luminescent assay to use in HTS, and the sensitivity usually allows
reduction to a denser plate format. However, there are also special require-
ments that must be met. In using firefly luciferase, some consideration must
be given to its stability. If available, one can employ a stabilized luciferase; oth-
erwise, reductants are beneficial, and it may be necessary to keep the luciferase
cold and protect it from light until use, depending on the wait time. Another
issue that does not arise as frequently in other kinds of assays is the purity of
certain assay components. Coupled assays that yield ATP require an ATP pre-
cursor, such as adenosine diphosphate (ADP), adenosine monophosphate
(AMP), or cyclic AMP (cAMP), as a substrate. If the substrate is contaminated
with ATP, even in small amounts, there will be a significant background signal.
ATP can generally be separated from these other components by the use of
any of several methods [22–24]. Similarly, commercial enzyme preparations
are often contaminated with other enzymes. If one of the contaminating
enzymes is the substance under test (as in the DeathTRAK assay; see below),
then the user must purify the enzyme, inactivate the troublesome contaminant
in a way that will not cause subsequent inhibition during the screening process,
or accept a dynamic background signal.

Fortunately, these background sources are usually very constant, and as a
result they generally have surprisingly small effects on the quality of the
results, including the Z values. However, to achieve this predictability, the user
must be sensitive to such issues as the order of reagent addition. For example,
if ADP is present in the reagent cocktail, and one of the coupling enzymes is
slightly contaminated with one or more of the enzymes capable of transfer-
ring phosphate moieties among nucleotides, then mixing of the ADP with the
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coupling enzymes should occur only very shortly before assay initiation; oth-
erwise a high background must be expected. Finally, scientists involved in HTS
are used to the idea that many fluorophores and other reagents must be pro-
tected from light, but a researcher developing or employing a coupled lumi-
nescent assay should try to develop a new way of thinking about light. In these
assay methods, light is not merely a readout or a damaging form of radiation;
it is also potentially a reagent. As such, it can drive a “backward” coupled reac-
tion if care is not taken to avoid this possibility, and the result can be an unde-
sirable lag phase in the reaction that can lower the quality of the data and
degrade throughput (see Section 16.4).

Limitations and Considerations There are other considerations that may
influence the choice of a coupled luminescent assay. Primary among these is
the appropriate pairing of a screening strategy with the objectives of a study.
As a simple example, suppose one is screening for a novel antibiotic for use
against a specific bacterium, using midlog cultures. If one is willing to accept
any effect that reduces the bacterial count, including bacteriostasis, wall or
membrane lysis, metabolic poisons, and genotoxic effects, then it is hard to
improve on a simple turbidometric growth assay (although the sensitivity of
a coupled luminescent enzyme-release assay may be an advantage in working
with early-phase cultures). However, if the researcher is interested in mecha-
nism, or wishes to distinguish killers from bacteriostatic agents, or wishes to
measure lysis and proliferation separately, then a more sophisticated approach
may be required. An example from mammalian systems may also be war-
ranted. Suppose a worker wishes to screen a completely random library for
druglike characteristics against an enzyme target. The primary assay should
be simple from a biochemical point of view since this will help to alleviate the
problem of systemically generated false hits. This may be a good case for an
SPA approach since these systems are often less sensitive to interferents.
Moreover, since one has little a priori information about a given “hit,” the sec-
ondary screening process should be rigorous and information intensive. Now
suppose that one is screening with a targeted library, that is, a library of enti-
ties with at least one common structural element that is known to be selective
for the desired enzyme. Biochemical simplicity is now less important as an
assay parameter since a much lower proportion of false hits is to be expected.
Analytical sensitivity and precision are now driving attributes of the primary
screening method, while the secondary screening method should probe selec-
tivity, including both false-hit modes of the primary screen and biochemical or
biological characteristics that are independent of the readout of the primary.
A very rapid, ultrasensitive coupled luminescent assay may be the best choice
for the primary method.

The application of these principles to the use of coupled luminescent assays
leads to two conclusions: (1) The more one knows about one’s library, the more
appropriate it may be to choose a rapid, ultrasensitive assay involving 
relatively complex biochemistry; and (2) if a coupled method is used with a
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random library, then the secondary screening method should be directed to
the elements of the system that are most likely to yield false positives (such
as downstream signal-generating enzymes).

Examples of Coupled Luminescent Assays Employing Firefly Luciferase See
[25] for an excellent source of theory, methods, and practical information
about firefly luciferase, including coupled assays. The number of assay types
in coupled-luminescent category is still small compared to the potential
breadth of the field, but expansion is accelerating for at least two reasons: (1)
As mentioned above, the drive to smaller samples and faster instrumentation
places an increasingly great premium on rapid, ultrasensitive methods; and (2)
the availability of thermostable luciferases adds considerably to the flexibility
of these methods. Examples provided include assays for kinases and DNA
polymerases, as well as the glyceraldehyde-3-phosphate dehydrogenase
release cytotoxicity assay and phosphate/phosphatase assay, which are the
experimental foci of this chapter.

kinases Kinases are the second most important molecular target in HTS,
after GPCRs. Promega sells an HTS kinase assay kit (Kinase-Glo) of which
the readout is luciferase detection of the consumption of ATP by the kinase.
The kit represents a successful approach, but coupled systems of this type are
inherently burdened by the “negative-signal” characteristic. In other words,
the kinase yields a negative luminance readout, and inhibition of the kinase
increases the readout. Although in some cases negative-signal systems prove
to be the only or best alternative, the problems of such methods are not merely
the counterintuitive nature of the scheme. In such a scheme, a significant
amount of the ATP must be consumed to generate a signal; otherwise one is
faced by the statistical pitfalls of analyzing a small difference between two
large numbers. But if significant amounts of ATP are consumed, it is easy to
lose the “initial-rate” assumption that is dear to enzymologists. In practice, this
means that conclusions drawn about kinetic parameters (such as inhibition
constants) may not be as reliable as if they were measured differently.
However, the most important drawback of a negative-signal system is one that
may be invisible to the user: How does one interpret an absence of light? Did
the kinase do its job and consume the ATP, indicating that the tested com-
pound is inactive, or was this the next Captopril or Viagra, but one that yielded
no signal in the assay because it adventitiously blocked the luciferase system
as well? This problem is usually avoided in positive-signal systems, which are
more likely to generate false-positive hits than false negatives. The user must
judge the likelihood and potential cost of each type of failure mode in decid-
ing whether to use a negative-signal assay.

The general impression is that a kinase is an enzyme that transfers a phos-
phate group from ATP to a target substrate molecule. However, kinases, like
other enzymes, are not exempt from the principle of microscopic reversibility,
and, with no special considerations in play (such as off-gassing or further 
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conversion of a product), kinase-catalyzed reactions are readily reversible in
practice. This means that they can generate ATP, which means that their activ-
ity can be measured with firefly luciferase. Some scientists without specific
enzymology training are uncomfortable with the idea of screening so-called
reverse reactions; however, thermodynamic theory is absolutely clear on the
point that if a molecule inhibits the forward reaction, it must inhibit the reverse
reaction, and to the same extent. In any case, the forward vs. reverse distinc-
tion is itself not always clear-cut. (Is there a kinetic difference between an
“alcohol dehydrogenase” and an “aldehyde reductase”?) Kinases were so
named because the first described kinases activated proteins by phosphory-
lating them, thereby catabolizing ATP; but what of creatine kinase? This
enzyme is very proficient at synthesizing ATP, and in fact the reaction is ther-
modynamically downhill in this direction under physiological conditions. A
method of measuring creatine kinase activity by luciferase detection of
evolved ATP was described some 25 years ago [26]. The original method is
clever but not startling since the reaction is thermodynamically favorable. The
idea was subsequently broadened in a more recent patent application to
include reactions in which ATP synthesis is thermodynamically disfavored
[27]. This category embraces nearly all kinases, although it does not mean that
all kinases can be assayed in this way; however, the apparently unfavorable
DG of the reactions successfully handled implies that the thermodynamic issue
in itself is not a major barrier to development of “backward” kinase reaction
schemes. Nevertheless, thermodynamics may still prove to be an important
limitation on what can be achieved in other systems, especially those in which
natural hydrolysis of ATP is not coupled to an energy-storing process that can
be readily reversed in vitro. In any case, the contrast between the convenient,
homogeneous one-step nature of this assay and the relatively slow, clumsy
HTS methods in current use for kinase screening indicates that coupled lumi-
nescent methods have a promising future in this area.

phosphorolysis Scientists at Promega Corporation have developed a
coupled luminescent assay (READIT) for the activity of nucleic acid poly-
merases, with extensions to detection of specific sequences, including single
nucleotide polymorphisms [28–30]. This is a highly promising area in which
coupled luminescent assays are likely to surpass competing methods in effi-
ciency and accuracy. Given the central importance of nucleic acids in biology,
the authors believe that the use of this technology is likely to expand greatly
in the next few years. General awareness of coupled luminescent methods may
be raised as a side effect.

phosphodiesterases and beyond Although “biologicals” are making
impressive inroads in terms of investigational new drug (IND) submissions,
much of drug discovery can still be regarded as a process of characterizing
small molecules and their effects. Since this is not far removed from the
process of detecting small molecules, synergies may be achieved and methods
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borrowed from seemingly distant fields for use in drug discovery. Given the
wide range of enzymes involved in phosphate metabolism, a little imagination
can readily yield a new idea or application that appears far removed from the
initial objective. A single hypothetical example originating in the world of food
science, where detection of caffeine is of interest, is sufficient to demonstrate
the principle. Caffeine inhibits a cAMP-dependent phosphodiesterase (PDE);
cAMP is a product of the nominal reaction of adenylate cyclase, an enzyme
that ordinarily consumes ATP. However, it should be possible to employ mass-
action principles by supplying cAMP and pyrophosphate to the adenylate
cyclase in the presence of PDE. If caffeine is not present, the PDE will exhaust
the cAMP and depress the luminescent signal. However, if the PDE is inhib-
ited by caffeine, the cAMP will give rise to light production instead. (Here a
negative-signal assay design is presented, despite the potential disadvantages
cited above.) Caffeine itself is not of great current interest in drug discovery,
but other PDE inhibitors are of major significance [31–33]. Many such
schemes are possible.

Measurement of Cytotoxicity by Release Assays

Cytotoxicity has been measured by monitoring the release of various mole-
cules from damaged cells for several decades. A modern example of such a
method is the coupled fluorescent lactate dehydrogenase (LDH) release assay
CytoTox-ONE from Promega. This method is operationally very convenient,
has moderate sensitivity [limit of detection (LoD) ~200 nucleated mammalian
cells], is moderately rapid (10min), and is quite expensive, listing at >$25.00
per 96-well plate. Another approach is to transfect target cells with an enzyme
that can then yield a fluorescent or luminescent signal upon cell lysis. Two
enzymes that have been employed in this way are firefly luciferase itself and
B-galactosidase [34]. The method obviously requires a separate transfection
step, but this can be done in a bulk fashion and adds little to the cost or labor
required. Unfortunately, neither luciferase nor B-galactosidase is well suited
to the purpose; luciferase has a short half-life under test conditions, while 
B-galactosidase is not readily released into the assay medium by membrane
rupture alone and requires additional steps for a successful assay. Release of
naturally present alkaline phosphatase can be monitored by means of a lumi-
nescent substrate, but only a few types of cells release measurable quantities
of this enzyme on lysis [35].

The important glycolytic enzyme glyceraldehyde-3-phosphate dehydroge-
nase (G3PDH) has also been used for decades to measure cytotoxicity by spec-
trophotometric means [36]. The original coupled luminescent assay method
for G3PDH was published in 1997 [37]. This method was extremely sensitive,
with an LoD of 0.03 nucleated mammalian cell or 1 rabbit erythrocyte.
However, it was impractical for use in HTS, not only because three separate
transfers were involved but also because it was not a homogeneous method:
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the Reagent cocktail was not adapted for use with live cells, which had to be
removed by centrifugation or filtering to avoid a false signal due to leakage
from these cells. The G3PDH assay method known as DeathTRAK was devel-
oped to address these problems [38].

Measurement of Phosphatase Activity

Currently the most widespread methods of assessing phosphatase activity in
drug discovery programs are the use of radioactive phosphorus tracers (espe-
cially with SPA) and antibody-based detection of phosphorylated or dephos-
phorylated target molecules. The coupled luminescent method proposed
herein, PhosTRAK [38], is a very rapid and sensitive alternative. For the 
phosphatases tested to date, the assay is truly a one-step method: All reaction
components, the phosphatase, and modulators are mixed and the readout is
obtained as the phosphatase reaction proceeds (see Section 16.3).

16.2 DEATHTRAK 3-MIN CYTOTOXICITY ASSAY

Introduction to DeathTRAK

DeathTRAK is a homogeneous, one-step assay (see Fig. 16.1 for a depiction
of the biochemical scheme of DeathTRAK). The limit of detection is well
under one nucleated mammalian cell. (Means of achieving still greater sensi-
tivity are discussed in Section 16.4.) As an essential glycolytic enzyme, G3PDH
is abundantly present in all known cells, and the DeathTRAK method is there-
fore applicable to quantification of any cell type. The two major modes of use
are in assessment of membrane rupture or damage and in measurement of
total biomass. It should also be noted that like other release methods, Death-
TRAK is poorly suited to detection of intracellular events, including fatal
events, that do not affect membrane integrity. For example, release assays are
not generally the first choice for detecting apoptosis, although they may well
be useful in distinguishing apoptosis from necrosis if used in combination with
a metabolic assay that is sensitive to intracellular events.

Three enzymatic reactions are depicted in the biochemical scheme of
DeathTRAK presented in Figure 16.1. G3PDH is the test enzyme. In the
normal flow of glycolysis, the free energy associated with the reducing capac-
ity of the C–H bond of carbon-1 of glyceraldehyde-3-phosphate is captured in
the formation of ATP from ADP and inorganic phosphate by the sequential
reactions catalyzed by G3PDH and phosphoglycerokinase (PGK). The reac-
tion series is exergonic, and the components are all readily available. Firefly
luciferase and the small molecules needed for its activity are included in the
reaction cocktail. The coupled reaction series produces light immediately upon
mixing, assuming there is a source of G3PDH.
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Modes of Use of DeathTRAK in Drug Discovery

Applications of DeathTRAK to Measurement of Cytotoxic Processes Many
death modes lead to membrane rupture, including natural killer (NK), lym-
phokine-activated killer (LAK), cytotoxic T lymphocytes (CTL), and comple-
ment attack, pore-formers, detergents, various other antibiotics, and osmolysis.
Numerous molecules that modulate these processes are under consideration
as drug candidates, and other aspects of the processes await investigation 
by drug discovery groups. Thus the potential applications of DeathTRAK 
in screening for drugs that modulate natural cytotoxicity are widespread.
DeathTRAK and the earlier glyceraldehyde-3-phosphate dehydrogenase/
phosphoglycerokinase/luciferase (GPL) assay were originally developed to
measure complement activity [39]. Figure 16.2 shows the results of a comple-
ment assay using DeathTRAK, in which the effects of an anti-Factor I anti-
body were assessed. Figure 16.3 shows the results of an assay of cytotoxic T
lymphocytes (CTL), selected and expanded by the proprietary Rapid Expan-
sion Method (CellExSys, Inc.; [40] and references therein), using the same
assay protocol. The DeathTRAK method appears to have major advantages
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Figure 16.1 Biochemical scheme of DeathTRAK homogeneous cytotoxicity assay.
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3-; G3PDH, glyceraldehyde-3-phosphate dehydrogenase; NADH,
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Figure 16.2 Enhancement of complement-mediated lysis of PC-3 prostate cancer cell
line measured by DeathTRAK. Human complement serum (Sigma) was preincubated
with the indicated concentrations of rat monoclonal antibody R65 (Alidex, Inc.,
Redmond, WA) against human complement Factor I, following by complement assays
as previously described [39].
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Figure 16.3 Measurement of cytotoxic T lymphocyte activity against autologous cells
expressing specific hepatitis B antigen. CTLs were grown and isolated by the rapid
expansion method, which is proprietary to CellExSys, Inc. and is described in [40].
Targets were EBV-immortalized lymphocytes from the same patient, infected with a
vaccinia vector containing a recombinant gene for an HBV-specific antigen. Control
targets were infected with an unrelated antigen. The infection process induces a certain
degree of leakiness, which accounts for most of the scatter seen in the control reac-
tions. Cells at 10¥ were incubated for 4 h at 37°C, whereupon 1/10 of the reaction
volume (5 mL) was transferred to 45 mL of DeathTRAK cocktail (Section 16.6) and
read on a TopCount scintillation counter. Reported data are the differences between
the initial read and a subsequent read at 2.33 min.
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over the standard 51Cr-release assay in assessment of CTL activity, some of
which were enumerated above.

Biomass Measurement (Competitive Comparison) Nearly all assays com-
monly referred to as proliferation assays actually measure either total biomass
or integrated metabolism. Currently, the most important true biomass assays
used in drug discovery are turbidometry and measurements of ATP release.
As mentioned above, turbidometric methods are very good ways of quantify-
ing bacteria and certain other microbes under controlled circumstances.
However, they yield no mechanistic information and do not distinguish
between healthy, morbid, and dead cells. This lack of specificity is more serious
in dealing with mammalian cells, especially since many types are adherent or
semiadherent, and cell debris may interfere with the turbidometric signal.

ATP Release Assays ATP release is a much more sensitive way of measur-
ing numbers of live cells than turbidometry, but since ATP has a short half-
life outside of living cells, these are actually viability assays. Using this method,
it is possible to obtain separate signals for prokaryotes and eukaryotes by
using so-called somatic cell lytic agents, which do not lyse prokaryotes, fol-
lowed by either lytic detergents or solutions specific for the type of prokary-
ote under study (see below).

The advantages of ATP release assays are important [41]. The method is
rapid, relatively sensitive, and linear over a very wide range. It also has the
important advantage relative to more complex release assays that it has been
well characterized in a number of systems. However, the disadvantages are
also sufficient to motivate a researcher to choose a different assay under some
circumstances. The rate of ATP release from various cell types is surprisingly
variable, possibly because so much of the compound is trapped inside of
various intracellular organelles; multiple membrane systems must therefore be
ruptured before a consistent readout can be obtained. Thus the speed and con-
venience of the method are good but not always excellent. The sensitivity is
also approximately 30- to 100-fold poorer than that available from coupled
enzyme systems. However, the most important drawback is the inherent sta-
tistical flaw in using these assays for measurements of cytotoxicity, in that for
sensitive detection of cell death, one must subtract two large numbers, each
with its associated error, to obtain the signal strength. Finally, many of the
commercial ATP release kits are expensive, a significant limitation in the HTS
setting.

Metabolic Assays The other important type of proliferation assay is really a
method of measuring metabolic rate. These assays include, for example, the
MTT, XTT, WST-1, and Alamar Blue techniques. (The BrdU-incorporation
assay [42, 43] as currently practiced does not qualify as a high-throughput
method.) All of these methods rely on chemical reactions that take place in
intact mitochondria. When mitochondrial transmembrane redox potential is
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lost, the reactions slow or stop. Thus the coupling between the signal and the
viability of the cells under study is quite good. However, these assays are inher-
ently flawed in several ways [44]. First, the signal obtained represents the inte-
gral of metabolism. If the researcher performs a 2.5-h experiment, and all the
cells suddenly die at 2.3h, the signal will look almost the same as if they were
still alive. (Cytotoxicity can easily exhibit this type of nonlinear time de-
pendence if one is studying a highly cooperative system such as complement.)
Moreover, some fairly broad categories of compounds can cause direct
changes in the redox signal in the absence of cytotoxic effects [45, 46], and the
test reagents are believed to interfere with metabolism in some cases. The
assays are also ill-suited to measurements of cytotoxicity for the same statis-
tical reasons associated with ATP release assays.

DeathTRAK in Biomass Measurement A rapid, ultrasensitive assay for total
biomass may be an attractive alternative to a metabolism-based viability assay
or cell-counting procedure. Speed, accuracy, and easy adaptability to auto-
mation are possible reasons. G3PDH can be released from cells and measured
in a one-step procedure. Because the enzyme is both catalytically efficient and
abundantly present, a signal can generally be obtained in 30s or less, although
the researcher may decide on a 3-min assay to attain the specified sensitivity.
In fact the assay can be continued until the desired sensitivity is achieved.
Figure 16.4 shows the results of 3-min assays of dilutions of detergent-
permeabilized cells. Data reduction can be accomplished by automated linear
fitting of the time-dependent readouts; however, single-point measurements
after a fixed length of time are also quite valid. This is illustrated in Figures
16.2 and 16.5, in which the linear-fit method, using all data collected over 20
min, can be compared with a single readout at 2.6min (see Fig. 16.2). The two
graphs yield the same information, and this is generally the case except at very
low signal strength.

DeathTRAK Cytotoxicity/Proliferation Dual Mode Unlike ATP, the G3PDH
molecule is relatively stable in a cell culture supernatant and can be stabilized
further. Because of this, it is possible, following a challenge such as a poten-
tial antibiotic or candidate cancer drug, to measure both cytotoxicity (as rep-
resented by total membrane lysis or damage) and live biomass in the same
sample, simply by adding detergent and remeasuring. This is an alternative to
viability/cytotoxicity methods reported in the past, which generally have the
same drawbacks as the independent assays that are being combined (e.g., [3-
(4,5-dimethylthiazol-2-yl)]-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) reduction and LDH release [47]). The dual-mode
DeathTRAK process requires 6min and is depicted schematically in Figure
16.6. Figure 16.7 shows an example of the results obtained with this dual-mode
cytotoxicity/biomass or cytotoxicity/proliferation assay. In this case the assay
method was used to measure the dose that is lethal to 50 percent of test sub-
jects (LD50) (cytotoxicity) of a detergent (Nonidet P-40), which was also used
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Figure 16.4 Linear response of DeathTRAK in cell counting. 841CON (a normal
human colonic epithelium-derived cell line) cells were counted, adjusted to 3 ¥ 106/mL,
killed by addition of 0.2% Nonidet P-40, and diluted to yield the indicated cell equiva-
lents in 5-mL aliquots, which were mixed (in triplicate) with 45 mL of DeathTRAK cock-
tail (Section 16.6). A two-point readout is shown, consisting of the difference between
the reading at 2.7 min and the initial reading. The background rate has been subtracted
from all points. Error bars (standard deviations) are shown but are small. The 0.15-cell
point reading was approximately 50 percent higher than background and was statisti-
cally distinguishable from background by T test (p = .0014), with a Z factor of 0.13.
The Z factor of the 1.5-cell point was 0.78.
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Figure 16.5 Antibody-mediated effects on complement lysis of PC-3 cells measured
by one-step DeathTRAK assay (linear-fit analysis). The same experiment as in Figure
B is depicted. Linear fits of data gathered up to 20 min after initiation are graphed.
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as the total lysis agent for the proliferation measurement. One might expect
some evidence of interference between the two modes when the same sub-
stance is used as both test agent and assay reagent, but fortunately, although
DeathTRAK is inhibited about 45 percent by 0.2% Nonidet P-40, this inhibi-
tion effect is nearly independent of detergent concentration above 0.2 percent,
and very little interference was seen. Thus the “proliferation” signal is virtu-
ally constant, reflecting the constant total number of cells seeded into the wells.
The calculated LD50 obtained from the cytotoxicity readout of the experiment
is in agreement with the known critical Micelle concentration of Nonidet P-
40. Equivalent results were obtained for the HL-60, PC-3, and T-24 cells lines,
except that killing T-24 required a significantly higher concentration of
Nonidet P-40 (~2.5-fold greater). In a library-screening paradigm, one can
obtain both cytotoxicity (representing direct lysis or membrane damage) and
proliferation data (represent static or growth inhibitory effects) from a single
plate in the same fashion.

cytotoxicity/proliferation measurements of gram-negative bacteria
Gram-negative prokaryotes may be studied in the same way. Figures 16.8 and
16.9 depict respective cytotoxicity and biomass measurements of Escherichia
coli strain K1 (generously provided by Dr. Craig Rubens of Children’s 
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Figure 16.6 Scheme of the DeathTRAK cytotoxicity/proliferation dual mode. The
data obtained directly are the cytotoxicity measurement (i.e., enzyme released due to
the process under test) and the biomass or total cell count (i.e., the sum of the cyto-
toxicity measurement and the viability readout at the end of the experiment). The 
viability readout is obtained by subtracting the first value from the second.
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Figure 16.7 Cytotoxicity/proliferation mode with 841CON cells. (a) The detergent
Nonidet P-40 acted as both the toxin and the total lysis reagent. Detergent was added at
the indicated concentration to 1000 841CON cells that had grown overnight in 100mL
IMDM,whereupon standard DeathTRAK cocktail (100mL) was added and luminance was
read for 3min; 10mL of 0.42% Nonidet P-40 was then added to each well and the prolifer-
ation measurement was taken for 3min. The data reported are the linear fits from 1 to 
3min of each data set. All time-linear correlation coefficients were >0.999. Note that the
displayed errors (standard deviations) incorporate both assay scatter and errors in plating
the cells. (b) A simple visual presentation, similar to a screening report, of the respective
effects on toxicity and proliferation of the evaluated drug (Nonidet P-40) in the assay.
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Figure 16.8 DeathTRAK cytotoxicity measurements of the effects of three antibiotics
on E. coli strain K1. Bacteria were grown to midlog phase, washed into PBS, and resus-
pended to an A600 of 1.549 (~2.18 ¥ 108/mL). These were further diluted to a nominal
2 ¥ 105/mL, whereupon a 10 percent volume of 10 mM dithiothreitol/1 percent
PICGUWS (a protease inhibitor; Sigma) was added to the cells; 55 mL of cells were dis-
tributed to each well and antibiotics or vehicle (PBS) were added to the indicated final
concentrations (reactions in duplicate). After 3 h, 45 mL of the standard DeathTRAK
cocktail was added and the luminance was read for 2.5 min. The linear fit is reported
(correlations were 0.99 or greater except for one, 0.97).

Hospital and Regional Medical Center, Seattle, Washington) challenged by
carbenicillin, vancomycin, and sulfanilamide antibiotics. An estimate of the
LD50 of carbenicillin can be made from the data shown in Figure 16.9, but no
mechanistic information is available; however, the cytotoxicity wing of the
same assay shows that carbenicillin causes a loss of cell wall integrity as part
of the killing process. Vancomycin has only a small effect on viability of this
strain under these conditions but could be identified as a hit in the cytotoxic-
ity wing, since the release data, though much lower than the carbenicillin data,
are significantly different from zero (Fig. 16.8). As expected, sulfanilamide was
not toxic to E. coli K1 under these conditions.

cytotoxicity/proliferation measurements of gram-positive bacteria
Similar data are shown for a Gram-positive organism in Figures 16.10 and
16.11. The proliferation/viability panel shows that all three antibiotics were
effective against this group-A streptococcus (also provided by Dr. Craig
Rubens), but the LD50 are distinct and are easily estimated with considerable



precision from the data obtained in this 3-min assay. The toxicity results for
the Gram-positives are more complex, and here it should be noted that Gram-
positives are “leakier” than Gram-negatives in DeathTRAK assays. Thus, the
toxicity data for Gram-positives amount to a complex average of killing
effects, cytotostatic effects, and leakage effects. It might be concluded that such
a seriously convoluted readout is not useful, but when the data are combined
with the viability observations, there may be mechanistic information avail-
able that is not apparent from either alone. One interpretation of the toxicity
data is that gentamicin kills most of the cells (thereby reducing total synthe-
sis of the G3PDH test enzyme and lowering the overall signal) and makes the
rest somewhat leaky; carbenicillin makes them very leaky; and vancomycin is
the most effective killer but causes no leakiness beyond the natural rate.
Whether or not this sort of the analysis is worthwhile in a given system is a
question that must be answered by the individual researcher, but in any case,
an antibiotic screening strategy in which baseline readouts for cytotoxicity and
viability are established during the development work, and significant anom-
alies in either type of readout are investigated further, is likely to miss fewer
useful molecules than methods employing single readouts. Note that if both
kinds of data are desired in a very rapid assay, it is necessary to lyse the cells
very quickly between the two measurements. This can be accomplished for
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both the Gram-negatives and Gram-positives studied in these experiments,
but the suggested lytic formulations are different (see Section 16.6), and there
is no certainty that the same formulations will be effective with other species
or strains. Different bacteria, and perhaps even different strains of the same
species, may be resistant to lysis by particular detergents and/or pore formers,
and new lytic formulations may be needed when such organisms are employed
as targets. This stands in contrast to the situation with mammalian cells in
which all cell types tested were very rapidly lysed by 0.2% Nonidet P-40.

Summary of Cytotoxicity/Proliferation Methods

Apart from speed, the major parameters influencing the choice of a cytotoxi-
city assay for use in HTS in a drug discovery paradigm include sensitivity, ease
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Figure 16.10 Cytotoxicity readout of group-A streptococcus challenged with three
antibiotics, measured by DeathTRAK. Group-A Streptococcus (GAS) were grown
overnight in THY medium, washed 2X with THY, and resuspended at approximately
4 ¥ 106/mL in the same medium; 50-mL aliquots of the cells were transferred to
microtiter wells and antibiotic or vehicle (PBS) was added in 5 mL (duplicates). GAS
were then incubated for 90 min at 37°C with 240 rpm shaking. The DeathTRAK cock-
tail (45 mL) was then added directly and luminance was read for 4.3 min; linear fits are
reported. Toxicity readout is a sum of natural leakiness of this organism and leakiness
due to membrane damage. Error bars are standard deviations.



of operation and adaptability to HTS, cost, information quality, and statistical
characteristics. From many of these viewpoints, a coupled luminescent assay
such as DeathTRAK has a number of clear advantages. However, in manag-
ing such a program, the extent of validation and historical acceptance of a pro-
cedure also comes into play, and these considerations must be weighed against
the perceived benefits.

16.3 PHOSTRAK: A VERY RAPID, HOMOGENEOUS GENERAL
PHOSPHATASE ASSAY

Measurement of Phosphatase Activities

The reaction catalyzed by phosphatases is not the simple reverse of the kinase
reaction since no ATP is involved in the phosphatase reaction; nevertheless,
in the biological sense, phosphatases may be considered as the dephosphory-
lating counterpart of kinases, and their importance in biological signal 
transduction is comparable, if not equal, to that of kinases. The search for mod-
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was added to the reactions shown in Figure 16.10 and the luminance was read for a
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ulators of phosphatase activities with druglike characteristics is an intensive
and accelerating part of current drug discovery efforts [48, 49]. A substantial
portion of the screening is carried out by methods involving specific antibody
recognition of reactants or products [49, 50]. While there are various levels of
sophistication associated with these methods, ranging all the way from
immunoprecipitation [51] to advanced FRET and FP techniques (some of
which employ novel high-affinity ligands instead of or in addition to anti-
bodies [49]), these methods are generally slow because the association process
is slow, frequently require separations and/or multiple addition, incubation, or
mixing steps (although FP assays are often operationally simple), and are often
expensive because of the antibodies and chemical conjugates involved. One
alternative method that is not available with kinases (without additional 
coupling enzymes) is direct detection of liberated inorganic phosphate. This
possibility is exploited in the malachite green assay [52]. This method has the
advantage of using natural substrates, and the materials are inexpensive, but
the method is a fairly slow, multistep process. Finally, a rapid chemilumines-
cent assay has been developed [53]; this assay yields speed and sensitivity, but
the major disadvantage is that this technique employs a substrate that is so
different from the natural substrates of most phosphatases that any inhibition
data gathered would be highly suspect, simply because for most phosphatases
the Km of the unnatural substrate is so poor that the reaction is too easy to
inhibit. Moreover, the method requires multiple steps. Thus there is still a need
for a rapid, sensitive, homogeneous assay that can make use of natural or
quasi-natural substrates.

Introduction to PhosTRAK

PhosTRAK is a coupled luminescent method of measuring the concentration
of free phosphate, and, by extension, of phosphatase activity [38]. The 
biochemical scheme of PhosTRAK is related to that of DeathTRAK
(compare Figs. 16.1 and 16.12), and similar speed and sensitivity are achieved;
however, performance of PhosTRAK is distinct in a number of respects.
Phosphate-free buffers must be used since free phosphate (hereafter, Pi) is 
the limiting reagent. A more significant difference is that DeathTRAK is a
small set of related methods (depending on the cell type), whereas PhosTRAK
is essentially a template on which a specific phosphatase assay can be 
developed.

Applicability of PhosTRAK Method to Various Types of Phosphatases

Phosphatases are a large class of enzymes with varying characteristics; some
exhibit metal dependence, while others, especially the class known as acid
phosphatases, have pH activity profiles that are significantly different from
those of most enzymes. Protein phosphatases have been recognized as critical
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mediators of signaling pathways for some time (see [54–58] for recent reviews
of aspects of this field), but many important phosphatases act on small mol-
ecules, such as inositol and its derivatives [59, 60] or phosphatidic acids [61,
62]. It is evident from work described herein and by analogy with other assay
methods that a fairly small range of substrates is sufficient to handle a large
subset of the protein phosphatases [e.g., Thr-Arg-Asp-Ile-Tyr-(PO3)-Glu-Thr-
Asp-Tyr-(PO3)-Tyr-(PO3)-Arg-Lys from the insulin receptor [63] and/or the
Fischer substrate Glu-Asn-Asp-Tyr-(PO3)-Ile-Asn-Ala-Ser-Leu [64] should be
useful with most protein tyrosine phosphatases], but other phosphatases
require individual treatment, including custom-synthesized substrates in some
cases. Experiments and common sense suggest that the great majority of phos-
phatase activities can be measured in one-step reactions using a PhosTRAK-
based scheme, although many will require some initial development work.
However, there are likely to be a number of phosphatases (acid and alkaline
phosphatases are obvious examples) that require separate reaction conditions
for the hydrolysis and detection steps, leading to two-step methods, and there
may also be phosphatases for which coupled luminescent schemes are simply
unworkable or inappropriate.
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Representative PhosTRAK Results with Diverse Phosphatases

Figures 16.13 to 16.16 present some of the data that have been obtained 
to date with PhosTRAK. The E. coli l phosphatase [65] was assayed with
unmodified casein as a substrate (Fig. 16.13). Casein has enough natural 
phosphorylation to provide an excellent, low-cost substrate for many protein
phosphatases. While casein is not the natural substrate of these phosphatases,
it is arguably much superior to synthetic, nonproteinaceous substrates as an
analog of natural protein substrates. The leukocyte antigen-related phos-
phatase [66] was assayed with the Fischer phosphopeptide substrate [64]. The
sensitivity is excellent, but no saturation was seen in this concentration regime
(Fig. 16.14). The T-Cell Protein Tyrosine Phosphatase [67, 68] (TCPTP, Sigma)
was also successfully assayed in the same system (data not shown). Note that
leukocyte antigen-related phosphatase (LARP) and TCPTP were assayed in
identical buffers, while the l phosphatase required only the addition of man-
ganese to this buffer. Calcineurin, however, is a very unusual enzyme, with
complex kinetics and cofactor requirements [69]. It was chosen for study pri-
marily because it was thought to represent a special challenge, and, indeed,
development of a single-step assay of calcineurin required a modest amount
of additional work, and the 3-min goal in a very low-cost assay was not
achieved, evidently because this was insufficient time for the autoactivation
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Figure 16.13 E. coli l-phosphatase activity measured by PhosTRAK. l-Phosphatase
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indicated concentrations. The PhosTRAK cocktail (Section 16.6) with or without l
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Figure 16.14 Substrate dependence of LAR phosphatase/Fischer substrate reaction
measured by PhosTRAK. Measurements were taken with or without 1.4 units LARP
(1 unit hydrolyzes 1.0 nmol of p-nitrophenylphosphate per minute at 30°C, pH 7.0).
The substrate was dissolved at 3 mM in DMSO, and the DMSO concentration was
equalized across all reactions at 4 percent; 45 mL of PhosTRAK cocktail with or without
31.1 units/mL LARP were aliquoted into each assay well, the substrate was added in
5 mL, and the luminance was read for 3 min. The background rate without enzyme and
substrate was subtracted from the data.

process to act. However, a strong signal was evident at 12min (Fig. 16.15),
using an amount of calcineurin corresponding to approximately 6 percent 
of the quantity used in the CalBiochem assay based on malachite green.
Assays performed in the presence of the calcineurin autoinhibitory peptide
[70] required preincubation for the autoactivation and inhibition processes,
but the enzyme activity was still measured in a 3-min endpoint reaction (Fig.
16.16).

Limitations Due to Complexity and Thermodynamic Considerations

Although it is possible in principle to couple virtually any reaction to ATP or
NADH production by using a sufficiently large and complex system, the
bounds of pragmatism enter the assay design process in several ways. If numer-
ous enzymes are present, the difficulties of interpretation are multiplied. Some
enzymes may have conflicting requirements for small molecules, pH, cofactors,
ionic strength, or other environmental factors. Thermodynamic principles
impose other significant restrictions on the possibilities. For example, numer-
ous reactions and reaction series involving ATP produce free phosphate or
pyrophosphate, and these reactions can be reversed to yield a direct assay for
free phosphate; however, the G3PDH-PGK system is one of a limited number
of simple reaction series in which ATP is produced from free phosphate



exothermically, and this appears to be a key element of the ease and flexibil-
ity of PhosTRAK. Alternative systems involving substrate-level phosphoryla-
tion are also possible, and some pathways suggest the possibility of other
coupled luminescent enzyme assays with applications in bacteriology and
antibiotic screening [71].

PhosTRAK Summary

There remains considerable development and validation work to do for 
PhosTRAK. The availability of ultrapure reagents would likely improve the
dynamic range by an order of magnitude at each end. Extensive inhibitor
studies would clarify the importance of spurious inhibitory modes due to the
presence of multiple enzymes and confirm or refute the hypothesis that tar-
geted libraries are likely to perform best with this assay. The breadth of appli-
cations of coupled luminescent assays such as PhosTRAK will gradually
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Figure 16.15 PhosTRAK measurement of inhibition of calcineurin by autoinhibitory
peptide. Recombinant human calcineurin Aa and B coexpressed subunits (protein
phosphatase 2B) were assayed in a buffer containing calmodulin, MnCl2, and other
components as recommended by the supplier (CalBiochem, San Diego, CA) with 
150 mM RII peptide (DLDVPIPGRFDRRV(PO3)SVAAE) in the presence of 0, 10, or
30 mM autoinhibitory peptide (AIP) in a 25-mL volume in triplicate. The enzyme with
or without AIP was incubated without substrate for 15 min at room temperature. RII
peptide was then added and the reaction was transferred to 30°C for 67 min; 5 mL of
the reaction, containing 2.2 units of calcineurin (the unit is defined as the amount of
enzyme that releases 1 pmol of Pi per minute from the RII peptide at 30°C, pH 7.4),
was then transferred to a microtiter well with 45 mL of the standard PhosTRAK cock-
tail, except that the amounts of PGK and G3PDH enzymes were 50 and 66 percent
greater, respectively. Luminance was read after 3.02 min. No enzyme background was
subtracted.



become apparent as additional formulations permit one-step reactions with 
a broader range of enzymes. In still other coupled systems, the phosphatase
reaction may merely be an intermediate coupling step downstream from a 
different enzyme of interest.

16.4 COUPLED LUMINESCENT ASSAYS IN PRACTICE:
SPECIFICATIONS AND LIMITATIONS

Assay Specifications

Specification parameters of the coupled luminescent assays described herein
include speed, sensitivity, operational simplicity, Z values, and cost.

Speed and Linear Response With the exception of the 12-min calcineurin
assay described above, the one-step assays described herein can be accom-
plished in 3min from initiation. If a single reading is to be taken, a G3PDH
standard curve should be included in the experiment to assure that the read-
ings are within the linear range of the response. If biochemical saturation is
observed (i.e., a signal outside the linear range of a G3PDH standard curve),
the data from 0 to 2min may be usable, if they have been captured;
alternatively, the samples can be diluted or the reaction cocktail adjusted
appropriately (usually by adding ADP). Given that signal generation begins
immediately in most cases, if a very rapid luminescence reader is available, it
may be possible to develop an assay with a plate turnover under 30s, although
a sophisticated injection scheme would be required.
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Figure 16.16 Autoactivation of native bovine calcineurin observed by one-step Phos-
TRAK assay. Forty units of enzyme were incubated in duplicate with a combination
of the calcineurin reaction and PhosTRAK cocktail modified as described in the legend
to Figure 16.15. Luminance was measured every 20 s for 12 min. Linear fits of the first
3 min and the interval from 7 to 12 min are shown.



Sensitivity
DeathTRAK Sensitivity/Limit of Detection The DeathTRAK assay as
described, using vendor-supplied materials without further purification, is
capable of distinguishing the G3PDH released by 0.15 nucleated mammalian
cell equivalent from the background signal. An acceptable Z value is achieved
at about one nucleated mammalian cell.

PhosTRAK Sensitivity/Limit of Detection PhosTRAK as described, using
vendor-supplied materials without further purification, can distinguish 3pmol
of Pi from the background signal.

Operational Characteristics Both DeathTRAK and PhosTRAK are funda-
mentally one-step assays, in which the reaction under study occurs simulta-
neously with the measurement, and only a single reagent addition is required.
However, this does not imply that no other steps are needed under any cir-
cumstances. For example, for cytotoxicity measurements by DeathTRAK, the
usual practice is to initiate the (potentially) cytotoxic process, wait for an
effect, and then add the reaction cocktail and read. In the case of PhosTRAK,
true one-step protocols appear to be possible for many or most phosphatases,
but there are exceptions, as noted. A related issue is how to add the cocktail.
If all the components of the coupled reaction are stored together while the
test reactions wait for equipment, or for other plates to be read, undesirable
side reactions can occur (as well as the backward reaction; see below). Usually
it is possible to inject the critical enzymes separately from the other compo-
nents or to include an essential factor in the test well instead of the reagent
reservoir; if not, the reaction cocktail can be mixed just before the run.
Another matter is whether to keep components cold. Obviously, this depends
on their stability and how long they will have to be stored before use. Again,
with a little thought given to protocol design, it may be possible to keep criti-
cal reagents cold in a small volume that will have little effect on the tempera-
ture in the well after injection. In any case, temperature equilibration is fairly
rapid inside a typical luminometer, and as a result, temperature artifacts with
significant consequences are relatively rare.

Z Values The Z (or Z¢) value or factor [72] is often reported as a measure
of assay “quality.” Calculation of the Z factor [Eq. (16.1)] takes into account
both the signal strength and the scatter of the positive and background signals,
while properly ignoring the absolute background level, essentially conveying
the ability of the assay as performed to distinguish signal variations from noise:

(16.1)

where STDEV is the standard deviation, AVG is the arithmetic mean, and
“positive control” refers to the maximum signal obtained without inhibition.

Z = -
+( )

( ) - ( )
1

3 STDEV STDEV

AVG positive control AVG negative control
positive negative
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Of interest is the fact that the absolute level of the background signal does not
enter into the calculation of the Z factor; only the variabilities and the differ-
ence between positive and negative signals matter. The implication of this for
coupled luminescent systems is that limited contamination of assay compo-
nents by reagents under test (such as ATP in the DeathTRAK system, and
either ATP or Pi in the PhosTRAK system) has little or no effect on the Z
factor since the contamination introduces a significant but constant background
signal. In a sense this corresponds to reality in that what is important is the 
statistical distinction between signal and background, rather than the absolute
level of either. However, this can be carried too far: Some sources of noise scale
with the background signal strength, and a very high background level can
cause biochemical and/or detector saturation or even unwanted side reactions.

The Z factor is useful in that it informs the researcher as to whether a desired
degree of change in a phenomenon will be detectable at a high confidence level.
However, the Z factor has inherent limitations and is sometimes misapplied.
The Z factor describes the performance of an assay in a given formulation, but,
since error modes typically observed in HTS often do not scale with signal
strength, it is often possible to “buy” a high Z factor by simply using more of
the target agent; this, however, requires the use of more of the test compounds
as well to make use of the increased amount of target. Moreover, the value of
a high Z factor is frequently overestimated: Strong changes in signal are usually
the most important, and a Z factor of 0.5 or greater is generally quite adequate
for detection of these interactions. Rather than the magnitude of the Z factor,
the cost of achieving an acceptable Z factor is usually a better basis for deci-
sion making. Conversely, when reagents are inexpensive, higher Z factors may
permit identification of less pronounced effects that may aid in deconvoluting
structure–function relationships or provide lead compounds subject to
improvements. The assays described herein have been optimized for sensitiv-
ity, rapidity, and low cost; however, the very nature of one-step assays permits
fewer opportunities for the introduction of measurement errors, and the Z
values of these and other operationally simple assays often reflect this sim-
plicity. Representative Z values obtained were as follows: Figure 16.5, 0.77;
Figures 16.7a and 16.7b, 0.87; Figure 16.8, 0.97; Figure 16.9, 0.82. Figure 16.10
exhibits Z values of <0.5 because the leakiness of the Gram-positive organisms
leads to scatter in the control; however, in Figure 16.11, the biomass data, an
average Z value of 0.77 ± 0.16, is obtained over all the runs at 0.5 to 50 mg/mL
of the antibiotics. The Z value of the l phosphatase assay (Fig. 16.13) is 0.90.
In the LARP assay (Fig. 16.14), Z values of 0.60 ± 0.21 were obtained at 15 to
120mM substrate. Despite the low signal strength, the Z value of the one-step
calcineurin assay depicted in Figure 16.15 is 0.80, reflecting the excellent sepa-
ration between signal and background. Typical Z values of DeathTRAK and
PhosTRAK assays using HTS conditions are 0.6 to 0.9.

Cost Even at full retail prices, the cost of these assays per 45-mL aliquot is
less than $0.05. Most of this is due to the luciferase, which can be cloned and
expressed, or purified, or obtained in bulk.
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Backward Reactions

In reaction series in which time-dependent accumulation of ATP is an essen-
tial component of the signal, care must be taken to avoid artifactual fluctua-
tions in the ATP concentration due to backward reactions of luciferase. These
reactions can occur if all three products of the canonical luciferase reaction
are present, that is, AMP, pyrophosphate, and light. The kind of problem this
can create is depicted in Figure 16.17. Here the components of the Death-
TRAK reaction series have been mixed and intentionally incubated in the
presence of room light for several minutes before initiation of the test reac-
tion. Because there is a small amount of G3PDH contaminating the PGK
preparation, the test reaction can proceed slowly even in the absence of added
G3PDH, yielding products of the luciferase reaction. A pseudo-steady-state
develops in which the concentration of ATP is maintained at a slightly ele-
vated level by the action of the backwards luciferase reaction on these prod-
ucts, together with available photons from ambient light. When the reaction
is initiated by adding the sample, the microtiter plate is simultaneously trans-
ferred to the dark chamber of the luminometer. This alters the pseudo-steady-
state concentration of ATP since high levels of light are no longer available
and the backwards reaction cannot occur. The concentration of ATP slowly
drops until a new “dark pseudo-steady-state” is achieved, at which point the
response to the sample can be measured accurately. As Figure 16.17 illustrates,
the delay can be as long as 10min. One half of the plate was covered with an
opaque plate seal during the preincubation; this reduced but did not eliminate
the lag phase. The solution is simple in theory and usually, in practice: Once
the full reagent cocktail has been mixed, it should be protected from light.
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Figure 16.17 Demonstration of light-dependent lag phase of DeathTRAK. Standard
DeathTRAK assays using detergent-lysed Raji cell (in triplicate) were preincubated
under a fluorescent lamp for 10 min and immediately transferred to luminometer
chamber for reading. Covering half of the plate with an opaque plate seal reduced but
did not eliminate the lag phase.



Another approach is to supply the elements of the cocktail in two separate
injections, or provide a portion of it with the sample, so that the test reaction
cannot occur before initiation. The time-linear correlation coefficients
reported herein, many greater than 0.999, were obtained either by protecting
the cocktails from light or by adding the PGK component immediately before
assay initiation.

16.5 SUMMARY AND CONCLUSIONS

Coupled luminescent technology has wide potential. Two novel assay methods
based on this technology are described in detail herein, but the range of poten-
tial applications is great and has been little explored to date. As these exam-
ples make clear, the practitioner of coupled luminescent assays can typically
expect very rapid and sensitive readouts with minimal sample and reagent
usage. However, there are idiosyncrasies and limitations inherent to the
method, many of which are associated with the presence of multiple catalytic
activities; only the use of proper controls and secondary screens can assure
correct interpretation of the results. It is hoped that this review will aid the
drug discovery researcher in deciding whether and how coupled luminescent
techniques can advance the goals of his or her program.

16.6 FORMULATIONS

Reaction Master Mixes (Cocktails) and Dilution Buffers

DeathTRAK Standard Cocktail The standard cocktail is used for measure-
ment of both eukaryotes and prokaryotes. The cocktail may be made as speci-
fied, using aliquots of the 4XGP cocktail, which may be stored at -70°C for
up to 2 years. Alternatively, the nonlabile cocktail (below) may be stored for
up to 1 year.

IMDM mammalian growth medium 31.2%
Phosphate-buffered saline (PBS) 16.9%
ATP Assay Diluent (Sigma) 38.1%
4XGP cocktail (see below) 8.5%
ATP Assay Cocktail (Sigma) 4.2%
Phosphoglycerokinase* 0.11units/mL (diluted with PGK 

diluent, below)
Dithiothreitol 0.0004M final
ADP 3mM final*

*In working with some systems, the ADP and phosphoglycerokinase concen-
trations may be adjusted upward to improve sensitivity, especially if the static
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background level and rate of increase (respectively) are not important con-
cerns. If extreme sensitivity and a very wide dynamic range are needed, it may
be fruitful to make or obtain an ADP preparation that is substantially free of
ATP [22–24] and eliminate or inactivate the G3PDH contamination in the
PGK preparation. Unit definition for PGK: “One unit will convert 1.0mmol of
1,3-diphosphoglycerate to 3-phosphoglycerate per min at pH 6.9 at 25°C.”

4XGP Cocktail
80% 5X PGK diluent (below)
0.004M nicotinamide adenine dinucleotide (oxidized form)
0.012M glyceraldehyde-3-phosphate
0.004M dithiothreitol
QS to volume with H2O

5X PGK Diluent
0.5M triethanolamine
0.25M NaH2PO4

0.005M EDTA (ethylenediaminetetraacetic acid)
0.5mg/mL bovine serum albumin (fraction V)

Nonlabile Cocktail In the alternative composition, which is easier to recon-
stitute but has a shorter shelf life, all the reagents except the ATP assay mix,
phosphoglycerokinase, and ADP are mixed together and stored at -70°C in
suitable aliquots. This method has the advantage that the ADP solution can
be made fresh to adjust to the ATP contamination level of a particular lot, or
to take advantage of purified ADP if available.

1X G3PDH Diluent
To 200 parts 5X PGK diluent add:

1 part 1M dithiothreitol
799 parts H2O

PhosTRAK Formulations

PhosTRAK Standard Cocktail
0.05M Tris-HCl (final) (pH 7.4)
38% ATP assay diluent
4.2% ATP assay mix
PGK = 4.5 ¥ 10-4 units/mL
G3PDH = 4.9 ¥ 10-4 units/mL
8.1% Phosphate-free 4XGP cocktail (below)
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QS to volume with H2O
(Add shortly before assay in minimal volume)
6mM ADP
3mM G3P

Unit definition for G3PDH: “One unit will reduce 1.0mmol of 3-phosphoglyc-
erate to d-glyceraldehyde-3-phosphate per minute in a coupled system with
3-phosphoglyceric phosphokinase at pH 7.6 at 25°C.”

Phosphate-Free GP Cocktail
83.5% 5¥ phosphate-free PGK diluent
0.004M dithiothreitol
0.0042M NAD+

QS to volume with H2O

Phosphate-Free 5X PGK Diluent
0.5M triethanolamine
0.25M Tris pH 7.4
0.005M EDTA
0.5mg/mL bovine serum albumin (fraction V)
Titrate to pH 7.3 with HCl; QS to volume with H2O

Phosphate-Free Nonlabile Cocktail (NLC) An NLC can also be made up
for the PhosTRAK reaction, as follows. However, if long-term storage is
intended, it should be kept in mind that G3P is more stable at mildly acidic
pH. Hydrolyzed G3P will, of course, contribute to the background rate of the
PhosTRAK signal. G3P can be omitted from the NLC and added just prior
to the assay, or the pH and buffer strength of the NLC can be adjusted to suit
the storage requirements.

0.05M Tris-HCl (final) (pH 7.4)
38% ATP assay diluent
8.1% Phosphate-free 4XGP cocktail (below)
6mM ADP
3mM G3P
0.001M dithiothreitol
QS to volume with H2O
PGK, G3PDH, ATP assay mix, and (optionally) G3P are added shortly

before the run.
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Lytic Formulations

Although these formulations were found to be effective with the cell types
and strains specified, it is clear that some strains are resistant to certain deter-
gents and/or antibiotics (such as polymyxin B). In the case of mammalian cells,
no cell type tested has proven to be resistant to Nonidet P-40, but the possi-
bility that such a cell type exists still remains. Thus the lytic formulation under
consideration must be carefully tested with the cells to be used for screening.

Mammalian Cells and Gram-Positive Prokaryotes For mammalian cells
and Gram-positive prokaryotes, add the lytic agent in 10 percent of the culture
volume to achieve the following final concentrations (before addition of
DeathTRAK cocktail):

0.2% Nonidet P-40 or Igepal
0.001M dithiothreitol

In the modes of use tested and envisioned, the assay cocktail is added im-
mediately after the lytic agent; thus no pH buffering is required in the lytic
agent. However, if a contemplated application involves prolonged incubation
in the presence of the lytic agent, it may be desirable to buffer the lytic agent
to prevent inactivation of G3PDH. The use of protease inhibitors may also be
indicated in such cases.

Gram-Negative Prokaryotes For Gram-negatives, the lytic agent is made up
in PBS and added in 10 percent of the culture volume to yield final concen-
trations (prior to addition of the DeathTRAK cocktail) as follows:

3000 units/mL polymyxin B
25mg/mL chicken egg-white lysozyme

ABBREVIATIONS

3PG 3-phosphoglycerate
4XGP 4X glyceraldehyde-3-phosphate dehydrogenase/

phosphoglycerokinase cocktail
ADP adenosine diphosphate
AMP adenosine monophosphate
ATP adenosine triphosphate
BrdU bromodeoxyuridine
cAMP cyclic adenosine monophosphate
CTL cytotoxic T lymphocyte
DTT dithiothreitol
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FP fluorescence polarization
FRET fluorescence resonance energy transfer
G3P glyceraldehyde-3-phosphate
G3PDH glyceraldehyde-3-phosphate dehydrogenase
GPCR G-protein coupled receptor
GPL glyceraldehyde-3-phosphate dehydrogenase/

phosphoglycerokinase/luciferase
HTS high-throughput screening
IND investigational new drug
Km Michaelis constant
LAK lymphokine-activated killer
LARP leukocyte antigen-related phosphatase
LDH lactate dehydrogenase
MTT 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
NAD+ nicotinamide adenine dinucleotide (oxidized form)
NADH nicotinamide adenine dinucleotide (reduced form)
NADPH nicotinamide adenine dinucleotide phosphate (reduced form)
NK natural killer
NLC nonlabile cocktail
PBS phosphate-buffered saline
PDE phosphodiesterase
PGK phosphoglycerokinase
Pi inorganic phosphate = PO4

3-

RLU relative luminance units
SPA scintillation proximity assay
TCPTP T-cell protein tyrosine phosphatase
WST-1 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-

2H-tetrazolium
XTT 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-

carboxanilide
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17.1 INTRODUCTION

The process of drug discovery has been changed considerably during the 
last decade. Modern drug discovery technologies such as computer-aided 
drug design, combinatorial chemistry, and high-throughput pharmacological
screens have provided large numbers of highly potent and selective drug can-
didates. However, optimal physico-chemical and biopharmaceutical require-
ments for the formulation and delivery of these drugs are not selected by these
procedures, and thus the new drug candidates often have poor “druglike”
properties and a high risk of failure in subsequent preclinical or clinical devel-
opment [1]. Thus, both drug formulation and delivery must be carefully con-
sidered throughout the drug design process.

There are various approaches that can be applied to overcome poor 
properties of drug formulation and delivery. Some of these problems can be
overcome by dosage form design. Another approach is to develop various 
drug analogs, but the risk in this approach is the irreversible modification of
bioactive center(s) and subsequent loss of therapeutic effect. An important
strategy approach to improve poor drug formulation and delivery properties
is prodrug technology. Historically, the term prodrug was first introduced
about 40 years ago to describe compounds that undergo biotransformation
prior to exhibiting pharmacological effects [2]. In the 1970s and 1980s,
the prodrug approach was primarily applied to improve physico-chemical,
biopharmaceutical, and/or pharmacokinetic properties of drugs that already 
were on the market. Currently, prodrug design and research should be more
involved in the lead optimization step during the drug discovery process 
(Fig. 17.1).

The prodrug approach is a valuable tool to further optimize potent struc-
tures and to solve potential formulation or delivery problems. Currently, about
5 percent of all worldwide approved drugs can be classified as prodrugs, and
this number is still increasing [3]. Despite these high numbers, understanding
the full potential of the prodrug approach in modern drug discovery and 
development has only just begun, and many prodrug innovations remain to be
discovered.
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17.2 DEFINITION OF THE CONCEPTS

Prodrug Concept

Prodrugs are pharmacologically inactive derivatives of drug molecules that
require a chemical or enzymatic transformation in order to release the active
parent drug in vivo, prior to exerting a pharmacological effect (Fig. 17.2) [4].
Prodrugs have also been called reversible or bioreversible derivatives, laten-
tiated drugs, or biolabile drug–carrier conjugates, but the term prodrug is now
the standardized term. In most cases, prodrugs are simple chemical derivatives
that are one or two chemical or enzymatic steps away from the parent drug.
In certain cases, a prodrug may consist of two pharmacologically active drugs
that are coupled together in a single molecule, so that each drug acts as a pro-
moiety for the other drug. Such derivatives are called co-drugs [5].

The major aim in designing prodrugs is to overcome limitations of a parent
drug that would otherwise hinder its clinical use. Drug analogs are also used
to overcome such limitations (Fig. 17.2), but facile modifications of the func-
tional group(s) or the bioactive center(s) may result in unacceptable changes
in the desired pharmacological profile, compared to the parent drug, which is
not a problem in the case of prodrugs.

Double-Prodrug Concept

Various drawbacks of prodrug derivatives can be overcome by preparing 
a prodrug from another prodrug, the result being a double prodrug (pro-
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prodrug). For example, stability problems of a prodrug, especially in solutions,
can sometimes be solved by preparing a double prodrug that requires 
enzymatic hydrolysis before spontaneous chemical release of the parent drug
(Fig. 17.3). The double-prodrug concept has been applied, for example,
in development of fosphenytoin [6], prodrugs of 9-[(R)-2-(phospho-
nomethoxy)propyl]adenine (tenofovir) [7], and pilocarpine prodrugs [8]. The
term double prodrug should not be confused with the term bi-functional
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prodrug, which indicates a prodrug that has been modified at two functional
groups on the parent molecule.

Soft Drug Concept

Soft drugs, unlike prodrugs, are active drugs that are designed to undergo a
predicable and controllable deactivation in vivo after achieving their thera-
peutic role. Soft drugs are active agents that have a metabolically weak struc-
ture built into the molecule. After exerting their therapeutic effect at the
desired site, soft drugs are rapidly metabolized to form inactive metabolites,
which in turn are rapidly metabolized to prevent unwanted pharmacological
activity or toxicity. The concept of soft drugs was introduced in the 1970s, and
since then various classes of soft drugs have been developed such as soft anal-
getics, soft antimicrobials, soft b-blockers, and soft corticosteroids [9–11]. Soft
drugs are most commonly designed for topical (e.g., ophthalmic, nasal, dermal,
and pulmonary) applications. Some of the commercially available soft drugs
are, for example, Brevibloc (soft b-blocker esmonol), Ultiva (soft opioid 
analgetic remifentanyl), and Alrex/Lotemax (soft corticosteroid loteprednol
etabonate). If the prodrug approach is applied to a soft drug, the resulting
product is known as a pro-soft drug [12].

Chemical Delivery System Concept

A chemical delivery system (CDS) is an inactive drug derivative that under-
goes several predictable enzymatic transformations via inactive intermediates
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and finally delivers the active drug to the site of action. In an ideal case, the
active drug molecule is released from its CDS only in the target organ or tissue,
and thus CDS remains inactive elsewhere in the body and is susceptible to
rapid elimination [10]. The main focus of CDS drug design has been to target
a variety of drugs to the central nervous system, and applications for 
ophthalmic use already exist. In some applications it can be argued whether
or not the appropriate term is prodrug or CDS. Nowadays the term retrometa-
bolic drug design is often used to include both soft drug design and chemical
delivery systems.

17.3 REQUIREMENTS FOR CLINICALLY USEFUL PRODRUGS

The major goal in designing a prodrug is to overcome various physico-chem-
ical, biopharmaceutical, and/or pharmacokinetic problems that may be asso-
ciated with a parent drug molecule, which otherwise would be of limited
clinical use. The prodrug approach should also be considered when other
dosage forms from the active compound are considered. For example, the
prodrug approach is extremely useful in developing orally active compounds
from an intravenous (i.v.) active compound. The common barriers to drug for-
mulation and delivery most often addressed by the prodrug approach are:

1. Low aqueous solubility
Prevents the development of aqueous-based formulations (e.g., solu-

tions, drops, infusions).
Leads to both rate-limited dissolution and variable oral bioavailability.

2. Low lipid solubility
Results in low membrane permeation and low oral bioavailability.
Hinders delivery across barriers such as cornea and skin (e.g., topical

drug delivery).
Limits the design of lipid-based formulations.

3. Short duration of action (due to rapid elimination from the body or
strong first-pass metabolism)
Necessitates frequent administration of a drug that often leads to poor

patient compliance.

4. Lack of site specificity (e.g., poor brain, tumor, or colon targeting)
May lead to undesirable systemic effects.

5. Poor taste or odor
May lead to poor patient compliance.

6. Side effects
May lead to safety concerns.
May also lead to poor patient compliance.
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7. Economic barriers
For example; patent and product lifetime may be prolonged by prodrugs

with improved formulation and/or drug delivery properties.

A successful prodrug design requires that the reasons for developing pro-
drugs are clearly defined and understood. The following points must be evalu-
ated in order to confirm that the prodrug concept may be clinically useful:

1. Identification of the suitable functional groups on the parent molecule.
2. Identification of the precise drug formulation or delivery problem.
3. Identification of the physico-chemical/pharmaceutical properties

required in order to overcome the specific problem.
4. Selection of a bioreversible prodrug structure that has the proper

physico-chemical/pharmaceutical properties to overcome the problem.
5. The selected prodrug-structure can be economically synthesized.

The requirements for a clinically useful prodrug are dependent on dosage
form and administration route. In general, prodrugs should fulfill at least most
of the following criteria:

1. Synthesis and purification methods for prodrug should be feasible.
2. Adequate chemical stability

Adequate shelf life in the final formulation.
Prodrug will not degrade before reaching the site of action.

3. Adequate aqueous solubility
Allowing dissolution and aqueous-based formulation development.

4. Optimal lipophilicity, to confirm efficient permeation across biological
membranes
logP value of 2 is considered to be optimal for gastrointestinal (GI)

absorption, for example.

4. The prodrug must release the parent drug in vivo at a reasonable rate
before, during, or after absorption or at the specific site of action.

5. The prodrug should be nontoxic and tasteless, and the promoiety
released after bioactivation must also be nontoxic.

Both solubility and permeability are considered fundamental parameters
for oral drug absorption. A biopharmaceutical classification scheme (BSC) has
been proposed to categorize drugs into four groups, based on their aqueous
solubility and permeability properties (Fig. 17.4) [13]. Drug molecules that
belong to class I are the most promising, from the bioavailability and drug
delivery point of view. If drug molecules in classes II to IV have suitable func-
tional groups for prodrug derivatization, the prodrug approach can be applied
in order to change molecules from classes II to IV to class I (Fig. 17.4).
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17.4 BIOREVERSIBLE PRODRUG STRUCTURES FOR THE MOST
COMMON FUNCTIONAL GROUPS

Prodrugs are commonly formed by linking a promoiety to a nucleophilic 
carboxyl, phosphate, hydroxyl, or amino group on the parent drug molecule
via a labile linkage. The labile linkage is usually designed to be stable in a phar-
maceutical formulation and be readily cleaved by enzymes in vivo to release
the parent drug after administration. This labile linkage can also be sus-
ceptible to nonenzymatic chemical cleavage. The release of the parent drug
can then be triggered by a pH shift from a relatively acidic (or basic) formu-
lation to a physiological pH of 7.4 in vivo. However, the utility of the latter
approach is somewhat limited by the difficulty of achieving sufficient stability
in the pharmaceutical formulation [14].

Key enzymes that are most commonly targeted for the cleavage of a labile
prodrug linkage include various esterases and alkaline phosphatases, which
are ubiquitous in mucosal membranes, blood, liver, and other organs [15].
A variety of other enzymes [16], such as aminoacylases, cystein conjugate 
b-lysase, g-glutamyltransferases, dipeptidases, amino- and carboxypeotidases,
oxoprolinase, b-glucronidase [17], and azoreductase [18] can also be targeted
for the bioconversion of a prodrug. However, this type of enzymatic activity
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is not ubiquitous in all tissues, and prodrugs converted by these enzymes are,
therefore, more suitable for organ-targeted drug delivery.

Many older drugs, as well as some new ones, are prodrugs that do not
contain promoieties as defined above. For example, nabumetone undergoes a
rapid liver oxidase catalyzed biotansformation to the bioactive form (Fig. 17.5)
[19]. Similarly, various antiviral and anticancer nucleosidic drugs are trans-
formed to their corresponding bioactive monophosphates and triphosphates
in vivo in a kinase-mediated step. In such cases, these in vivo metabolic trans-
formations are sometimes difficult to predict from in vitro investigations, and
the metabolic processing of these drugs can vary considerably between and
within animal species. The discussion in this chapter will, therefore, be limited
to the former type of prodrugs, where a well-defined promoiety is linked to a
suitable nucleophilic group on a parent drug molecule.

Prodrugs for Carboxyl Groups

In general, the pKa of a drug carboxyl group is in the range of 2.5 to 5.5. In
the upper gastric fluids (pH 1.3), the carboxyl group will be neutral, but mainly
ionized in the small intestine and other physiological fluids (pH 7.4). Ioniza-
tion does not necessarily prevent drug absorption, especially in the case of oral
dosing, because at least some part of the drug will be in the uncharged form.
However, masking the carboxyl group can reduce some side effects, such as
local irritation. Passive absorption can also be enhanced by forming neutral
lipophilic prodrugs.

The most common prodrugs are those requiring a hydrolytic bioconversion
that is mediated by an enzymatic reaction. Therefore, prodrugs derived from
carboxyl groups are commonly obtained by formation of esters [20], which are
substrates for various esterases found throughout the blood, intestinal mucosa,
liver, and other organs [21]. Moreover, it is possible to develop ester prodrugs
that have higly variable aqueous solubility or lipophilicity characteristics by
carefully selecting the prodrug moiety. Examples of promoieties for the 
carboxyl group are shown in Fig. 17.6.

Alkyl and Aryl Ester Prodrugs Prodrugs of angiotensin-converting enzyme
(ACE) inhibitors are some of the most successful prodrugs in clinical use today
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[16]. Various ester derivatives have been investigated to improve the oral
bioavailability of enalaprilate. While the proline carboxyl esters convert to
diketopiperazine in an intramolecular cyclization reaction that is chemically
unstable [22], esters on the N-carboxyalkyl group are chemically more 
stable and absorbed well after oral administration. A prototype of this class
of prodrugs is enalapril, which is a monoethyl ester of the ACE inhibitor
enalaprilate (Fig. 17.7). Other ACE inhibitors that have been introduced 
since enalapril, such as benzapril and ramipril, are also mono ethyl esters of
diacids.

The main disadvantage of simple alkyl ester prodrugs is that they will tend
to reduce aqueous solubility, relative to the parent drug. Since aqueous solu-
bility and dissolution rates can be a limiting factor in drug absorption, low
aqueous solubility can be addressed by introducing an amino group on 
the alkyl chain. A series of morphinoalkyl (ethyl, propyl, butyl) esters of
indomethacin and naproxen [23] have been investigated in vitro and in vivo.
These prodrugs were freely soluble in simulated gastric fluid and aqueous pH
7.4 phosphate buffer. The octanol/pH 7.4 phosphate buffer distribution co-
effcient was increased by 40- to 1500-fold through prodrug formation, relative
to the parent drug, whereas the octanol/simulated gastric fluid (pH 1.3) dis-
tribution coefficient decreased 3- to 20-fold. The esters were relatively stable
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at pH 7.4 with a half-life of 10h, but they were rapidly converted to the parent
drug in rat plasma with half-life of 1.2 to 31min. These prodrugs improved the
bioavailability of the parent drug only slightly, but gastric mucosal injury was
significantly reduced.

Acyloxyalkyl Prodrugs Bioconversion of simple alkyl esters may sometimes
be inefficient in humans, due to steric hindrance around the carboxyl group
on the drug molecule, which limits the therapeutic potential. a-Acyloxymethyl
derivatives are double esters, from which the terminal ester moiety is first
removed through an enzyme-catalyzed hydrolysis, with the formation of a
highly unstable hydroxymethyl ester intermediate that subsequently releases
both formaldehyde and the parent drug. In a-acyloxyalkyl esters that contain
a longer alkyl chain (e.g., ethyl, propyl, butyl), hydrolysis may take place at the
carbonyl of the parent drug, rather than the carbonyl of the promoiety [24].

As an example, various acyloxyalkyl esters of b-lactam antibiotics are well
absorbed and efficiently hydrolyzed by esterases in vivo and in vitro, while
prodrugs that are simple esters of the C-3 thiazolidine carboxyl group are 
ineffective in humans, due to limited hydrolysis [25]. The pivaloyloxymethyl
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derivative of ampicillin has been clinically introduced as pivampicillin (Fig.
17.7). More examples of ampicillin prodrugs are discussed in Section 17.5.

Amides In general, amides are more stable toward hydrolysis than esters, but
various amides formed with amino acids are in vivo substrates for endopepti-
dase [21]. For example, glycine amide prodrugs of ketoprofen and naproxen
have been evaluated for efficacy in mice and gastrointestinal irritation in rats
[26]. Hydrolysis in serum is relatively slow, but these prodrugs exhibit similar
anti-inflammatory activity as the parent drugs. Such prodrugs contain a free
carboxylic acid group, and the physico-chemical properties are, therefore, not
significantly altered with the prodrug modification. However, gastrointestinal
irritation is still somewhat reduced with the glycine amide prodrugs.

Prodrugs for Phosphate and Phosphonate Groups

The phosphate and phosphonate groups are negatively charged zwitterions 
at nearly all physiological pH values, making them very polar and poorly
absorbed from the GI tract. Moreover, drugs containing these groups also tend
to have a low volume of distribution, and they are, therefore, subject to rapid
and efficient renal clearance [27]. Prodrug strategies for phosphate and phos-
phonate functional groups usually mask the charge by chemical derivation to
obtain neutral and better absorbed prodrugs (Fig. 17.8).

Prodrugs for Phosphate Groups Phosphate prodrugs are primarily pro-
drugs for 5¢-O-monophosphates nucleoside analogs. The unmodified 5¢-O-
monophosphate esters have very limited oral bioavailability, due to poor
absorption and rapid dephosphorylation in the gastrointestinal tract [27].
Lipophilic dialkyl ester prodrugs are often well absorbed, but their biocon-
version is sometimes slow and inefficient. For example, simple dialkyl phos-
phate esters (5¢-O-monophosphate) of the antiviral drug zidovudine (AZT)
have no activity toward inhibiting the human immunodeficiency virus (HIV)
replication [28] because of poor bioconversion to AZT.

The in vivo enzymatic conversion of phosphate esters is catalyzed by phos-
phodiesterases and phosphonodiesterases [27]. The phosphate ester linkage to
the nucleside is liable to both chemical and enzymatic cleavage. Phosphate
ester prodrugs tend, therefore, to be converted to the parent nucleoside rather
than the monophosphate nucleotide. One way to circumvent this problem is
to form homo- or hetero-dinucleoside phosphate derivatives of biologically
active nucleoside analogs. Hydrolysis of the ester bond produces one mole-
cule of nucleoside and one molecule of the nucleotide. These two products
should then be synergistically active in the cell. The 5¢ Æ 5¢ homo- and hetero-
dinucleoside phosphates of the antiviral nucleoside analogs AZT, ddC, and ddI
(Fig. 17.9), have been investigated for activity against HIV [27, 29]. However,
the hydrolysis of these compounds was inefficient and, thus, these prodrugs
exhibited lower activity than the parent drugs.
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An attempt to better control the bioconversion of the prodrug is an 
acyloxymethyl phosphate ester, from which the acyloxy group is cleaved by
esterases, and the resulting hydroxymethyl ester derivative is rapidly elimi-
nated to release formaldehyde and the phosphate group. For example, from
di(pivaloyloxymethyl) phosphate esters the first pivaloyloxy group is effi-
ciently removed, whereas the hydrolytic cleavage of the second acyloxymethyl
ester group can be considerably slower, due to lower affinity of the ionized
compound for the enzyme [27]. A mechanistic study for the enzymatic con-
version of di(pivaloyloxymethyl) AZT monophosphate (AZTMP) has shown
that the hydrolytic cleavage of the first pivaloyloxmethyl group is catalyzed by
esterases, whereas the second group is mainly removed through hydrolysis of
the phosphate ester bond by phosphodiesterases [30].
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Diphosphate 1,2-diacyl glycerol derivatives have been investigated as pro-
drugs for nucleoside monophosphates. In this case, the phospholipid prodrug
is targeted to the cellular membrane, and monophosphate is released in 
a phosphatase-catalyzed hydrolysis reaction. For example, acyclovir diphos-
phate dimyrstoylglycerol can be effective against the HIV virus in thymidine
kinase deficient cell lines, whereas acyclovir and acyclovir monophosphate are
ineffective [31].

A study of the degradation pathway for stavudine-5¢-(phenyl methoxy-l-
alaninyl) phosphate (Fig. 17.9) showed that the methoxy ester is first cleaved
in a esterase-catalyzed reaction, followed by a spontaneous chemical hydro-
lysis of the aryl phosphoester, which is intramolecularly catalyzed by the free
carboxylic acid group. The amino acid moiety is then efficiently removed in a
reaction catalyzed by phosphoroamidases [32]. This prodrug was equally effec-
tive against HIV in normal and kinase-deficient cell lines. Because the bio-
conversion is dependent on the chemical structure of the amino acid and the
nucleoside moiety, the methoxy-l-valinyl derivatives are stable toward enzy-
matic hydrolysis and have very little efficacy against HIV.
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Prodrugs for Phosphonate Groups The C-P bond linking a phosphonate
group to the parent drug structure is not subject to enzymatic hydrolysis, and
the selection of suitable promoieties is, therefore, less problematic than in the
case of phosphate groups.

The most simple prodrug approach for increasing the lipophilicity of phos-
phonates is by esterification of the phosphonic OH groups. Several alkyl and
aryl esters of phosphonates have been made, but they usually suffer from their
high stability in biological media. In a series of dialkyl prodrugs, 9-[2-
(phosphonomethoxy)ethoxy]adenine bioconversion to the parent drug
depended on the chemical nature of the alkyl chain [33]. As the size of the
alkyl chain increased, the prodrugs broke down more efficiently to the
monoester, but the monoester failed to release the parent phosphonate.
Similar results were obtained from a study of dialkyl prodrugs of 9-[2-(phos-
phonomethoxy)ethyl]adenine (PMEA) [34].

A series of dialkyl and diaryl prodrugs were studied in order to increase
oral bioavailability of the neutral endopeptidase inhibitor CGS 24592 [35].
The diethyl and dicyclohexyl prodrugs were resistant to hydrolysis, whereas
the diphenyl (Fig. 17.9) and di(acyloxyalkyl) derivatives were efficiently
hydrolyzed in human plasma. Moreover, they significantly increased the
bioavailability from <3 percent in rats.

Bis(acyloxymethyl) esters have been developed to overcome the hydrolytic
resistance that has been observed with alkyl and aryl esters phosphonates.
Investigations of prodrugs to increase the bioavailability of bisphosphonate
antiosteoporosis drugs have shown that tri- and di(pivaloyloxymethyl) 
prodrugs of clodronic acid rapidly degrade in liver homogenates to release 
clodronic acid in quantitative amounts, whereas the benzoyloxypropyl 
esters were not subject to either enzymatic or chemical hydrolysis [36].
Monoamine derivatives were rapidly hydrolyzed at pH 7.4, but the reaction
was not subject to enzymatic catalysis [37]. This suggests that the monoamine
derivatives could be useful intermediates in the design of enzymatically labile
prodrugs.

Prodrugs for Hydroxyl Groups

Prodrugs are commonly derived from existing hydroxyl groups on the parent
drug molecule, usually by ester formation (Fig. 17.10). The esters are typically
formed by a condensation reaction between the hydroxyl group and a 
carboxylic acid or by reaction with an acid halide. This condensation is com-
monly carried out by using a coupling agent, such as 1-ethyl-3-(3-dimethylam-
opropyl)carbodiimide and a catalyst such as 4-dimethylaminopyridine
(DMAP). Both aliphatic and aromatic esters can be substrates for nonspecific
esterases, which are widely distributed throughout various tissues and blood
serum. Phosphate esters are substrates for phosphatases found in blood and
as intestinal-brush border-bound enzymes.
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Water-Soluble Prodrugs Water-soluble prodrugs are commonly obtained as
phosphates, succinates, or amino acid esters of the hydroxyl group. For
example, succinate esters and phosphate esters of corticosterioids have been
used for intravenous administration. In general, the succinate esters have a
limited chemical stability [20], due to intramolecular hydrolytic catalysis of 
the ester bonds by the neighboring carboxyl group [38]. These compounds are,
therefore, marketed as a freeze-dried powder, which is dissolved just prior to
administration. Due to anionic charges, the succinate esters are relatively 
poor substrates for carboxylesterases. Therefore, they are only slowly con-
verted after intravenous administration and partially eliminated unchanged in
urine [39, 40].

Phosphate esters are more stable toward chemical hydrolysis and can be
formulated as aqueous solutions with an acceptable shelf life [20]. Phosphate
esters of corticosteroids, such as methylpredinsolone (Fig. 17.11) [38] are
rapidly and quantitatively converted to the parent drug in vivo.

Amino acid esters, which are substrates for endopeptidases in vivo [21], are
also considered as suitable promoieties that improve aqueous solubility. The
synthesis of these prodrugs involves either condensation with N-protected
amino acids or reaction of an amine with an a-halogenacetate ester of the
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parent drug. Amino acid derivatives such as N-propyl-, N,N-dimethyl, and
diethtyl glycine esters, 4-morpholinoacetate, and methyl-1-pirperazinoacetate
[41, 42] were freely water-soluble and their half-lives for bioconversion were
less than 30min. However, their chemical stability was limited. In general, a-
amino acid esters tend to be unstable in aqueous solution due to an electron-
withdrawing effect of the protonated amino group [20].

Hydrophilic corticosteroid prodrugs can also be obtained by forming a 
glycoside derivative from the primary hydroxyl group. Glycosides can be 
relatively stable in the small intestine but easily bioconverted by bacterial gly-
cosidases in the colon. This type of prodrug, for example, dexamethasone-b-
d-glucuronide [17], is therefore intended for colon-specific delivery.

Lipophilic Prodrugs Lipophilic produgs of drugs containing a hydroxyl
group can be obtained by esterification with a carboxylic acid that has a non-
polar side chain. The purpose of producing a more lipophilic prodrug is to
enhance both absorption and transmembrane delivery of polar drugs. For
example, various lipophilic linear aliphatic esters of metronidazole have been
investigated for dermal delivery. Enzymatic conversion in human plasma and
skin homogenates is faster with long-chain aliphatic esters, such as caproyl
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esters, than with shorter chains, especially acetyl and propionyl esters. In vitro
investigations have shown that metronidazole acetate can penetrate through
excised mouse skin and is partially metabolized to metronidazole [43].

Promoieties to Overcome Steric Hindrance Steric hindrance in a drug struc-
ture can affect the enzymatic lability of esters formed at the hydroxyl group.
In such cases, the lack of enzymatic lability can be addressed by introducing
a suitable spacer between the modified hydroxyl group and the ester function.
The ester is then cleaved in an enzymatic reaction, followed by a rapid
intramolecular chemical reaction of the spacer group to release the parent
drug.

Taxol phosphates have, for example, been investigated as prodrugs for the
poorly soluble anticancer drug taxol [44]. Simple phosphate esters were more
soluble than the parent drug, but they were also stable toward alkaline phos-
phatase in plasma and consequently ineffective in vivo. The steric hindrance
around the phosphate ester was reduced by introducing an oxyphenyl-
propionate spacer group (Fig. 17.11). These phosphate esters were readily
cleaved in purified alkaline phosphatase preparations, and the remaining
hydroxyphenylpropionate group was eliminated through an intramolecular
lactonization reaction. However, these prodrugs were not converted in animal
plasma, apparently due to tight protein binding, and consequently had no in
vivo activity.

Prodrugs of Lactones Prodrugs of lactones can be obtained by forming an
ester or an amide with the hydroxyl group in the open ring of a lactone. When
incubated in plasma, they revert to the parent drug in a two-step process, with
initial enzymatic degradation of the ester or amide on the hydroxyl group fol-
lowed by spontaneous ring closure to the lactone. This approach has been used
for water-soluble prodrugs of camptothecin derivatives (Fig. 17.11), where an
amide is formed from the carboxyl group of the open lactam and an enzyme-
labile acyl moiety is attached to the hydroxyl group [45, 46].

Prodrugs for Amines and Amides

Nucleophilic amino groups are present in many drugs, and they can be found
as either primary, secondary, or tertiary aliphatic or aromatic amines. They can
also be part of resonance-stabilized systems, such as heterocyclic aromatic
groups, amides, imides, or guanidines. Depending on structure, the pKa of a
protonized basic amino group can vary from less than 2 to more than 11.
Amino groups in resonance-stabilized systems can also act as weak acids.
Acidic amino groups will generally be neutral at physiological pH values, and
the charge of a moderately basic amino groups is not necessarily a barrier to
drug absorption. However, amino groups are often subjected to modification,
especially if readily esterifiable hydroxyl or carboxyl groups are not present
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in the drug structure [14]. Various promoieties have been investigated for
amines, with particular consideration toward the nature of the amino group
(Fig. 17.12).

N-Acyl Prodrugs The N-acylation of a basic amino group gives an amide,
which has limited utility in prodrug design due to their relative in vivo stabil-
ity [14]. However, certain amides can be substrates for specific enzymes in
vivo. For example, the g-glutamyl derivatives of dopamine are cleaved by g-
glutamyl transferases in the kidneys and have been considered for kidney-
targeted drug delivery [14, 47]. Biolabile prodrugs can, however, sometimes
be obtained by acylation of relatively acidic amides or imides. For example,
the half-life of the N3-acetyl derivative of 5-fluorouracil (Fig. 17.13) is 40min
at pH 7.4 (37°C) and only about 4min in 80 percent human plasma [14].

N-Mannich Bases N-Mannich bases have been considered as chemically
reversible prodrugs for NH-acidic compounds (e.g., amides, imides) and both
aliphatic and aromatic amines. N-Mannich bases decompose in aqueous, alka-
line, and slightly acidic solutions. However, they are relatively stable in acidic
formulations, and the release of the parent drug is, therefore, triggered by a
shift to higher pH values after administration. For example, the N-Mannich
base formed between salicylamide and piperidine is relatively stable below 
pH 4, whereas the half-life for hydrolysis at pH 7.4 (37°C) is 14min [48]. The
N-Mannich base promoiety can also be utilized for water-soluble prodrugs 
of drugs with NH-acidic amino (amides) groups. For example, various N-
Mannich bases of carbamazepine (Fig. 17.13) have been developed as water-
soluble prodrugs for parenteral administration [49].

N-a-Acyloxymethyl and N-Phosphoroxymethyl Derivatives Probably the
most successful and common approach to prodrugs from amines is to form N-
a-acyloxymethyl or N-phosphoroxymethyl derivatives. The bioconversion of
these prodrugs undergoes a two-step process; first an enzymatic cleavage 
of the ester bond, catalyzed by esterases or phosphatases, followed by a 
spontaneous chemical decomposition of the N-hydroxymethyl intermediate,
which releases formaldehyde and the parent drug. Useful prodrugs cannot be
obtained by N-a-acyloxymethylation of primary or secondary amines due to
the extreme lability of such derivatives [14]. This approach is, therefore, limited
to acidic imides or amides. For example, various such promoieties have 
been considered for the sparingly soluble and poorly absorbed anticonvulsant
phenytoin. The water-soluble N-phosphoroxymethyl derivative of fospheny-
toin is now marketed as Cerebyx and is further discussed in Section 17.5.
The N-a-acyloxymethyl and N-phosphoryloxymethyl promoieties have 
also been used to obtain either water-soluble or lipophilic prodrugs of theo-
phylline (Fig. 17.13) [50], allopurinol [51], 6-mercaptopurine [52], and 5-
fluorouracil [53].
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17.5 PHARMACEUTICAL APPLICATIONS OF THE PRODRUG
STRATEGY

Improved Drug Absorption

Oral Drug Delivery For orally administered drugs, the intestinal epithelia
serves as physical barrier by forming tight cellular junctions that restrict para-
cellular drug delivery into the systemic circulation. Consequently, efficacious
drugs must possess either optimal physico-chemical properties (e.g., lipophilic-
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ity, sufficient molecular weight, ionic charge, hydrogen-bonding potential, or
structural conformation) in order to passively diffuse via the transcellular
route, or the drug must have structural features that allow it to be taken up
by one of the endogenous transport mechanisms present at the intestinal
epithelium [54]. Other prerequisites for a drug’s effective oral absorption are
sufficient aqueous solubility at the absorption site and adequate chemical 
stability in the GI tract or sufficient stability during first-pass metabolism.

Lipophilic Prodrugs Since nonfacilitated and largely nonspecific passive
transcellular transport is the most common absorption route in oral drug deliv-
ery, lipophilicity can be increased to achieve better diffusion across the lipoidal
biological membranes, and thus better oral bioavailability. This approach has
been one of the major research areas of prodrug research. Well-known and
successful examples of oral prodrugs are various lipophilic ampicillin deriva-
tives. Ampicillin is highly polar and in a zwitterionic form in the pH range 
of the gastrointestinal tract and has an oral bioavailability of only 30 to 40
percent. A transient increase in its lipophilicity by esterification resulted in
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clinically useful ester prodrugs of ampicillin (Fig. 17.14), namely pivampicil-
lin (pivaloylmethyl ester), bacampicillin (ethoxycarbonylethyl ester), and
talampicillin (phtalidyl ester), which are all well-absorbed and rapidly
hydrolyzed to ampicillin either during or after absorption [25].

More recent examples, for example, tenofovir disoproxil, adefovir dipivoxil,
ximelagatran, and BIBR 1048, show further proof of the concept. In 
particular, the acyclic nucleoside phosphonate 9-[2-(phosphonylmethoxy)
propyl]adenine (PMPA, tenofovir) (Fig. 17.15) has potent and selective activ-
ity against HIV. However, high hydrophilicity of the phosphonic acid moiety
has been postulated to account for its poor oral bioavailability (less than 0.1
percent in Caco-2 cell monolayer model). On the basis of its favorable in vitro
chemical and enzymatic degradation properties, and octanol/water partition
coefficient [logP (pH 6.5) = 1.3], bis(isopropyloxycarbonyloxymethyl)PMPA
[bis(POC)-PMPA, tenofovir disoproxil] was selected for further development
[55]. In clinical studies, tenofovir disproxil has been well tolerated, with an oral
bioavailability in fasted patients of approximately 25 percent [56]. Similarly,
the lipophilic bis[(pivaloyloxy)methyl] ester prodrug adefovir (PMEA), a
close hydrophilic analog of tenofovir (Fig. 17.15), enhanced the oral bioavail-
ability up to 30 to 40 percent, compared to only 12 percent when adefovir
alone was administered in HIV-infected patients [57]. Recently, both tenofovir
disoproxil and adefovir dipivoxil have been approved for the market. Fur-
thermore, lipophilic prodrugs such as ximelagatran and BIBR 1048 (Fig. 17.16)
may be the first examples of orally administered thrombin inhibitors [58].

Carrier-Mediated Transport This means of transport is particularly important
where drugs or prodrugs are either polar or charged, and passive transcellu-
lar absorption is neglible. Therefore, the targeting of intestinal epithelial mem-
brane transporters has become an attractive approach for improving the oral
bioavailability of poorly absorbed drugs. By using a bioreversible prodrug
derivatization strategy, a drug with low membrane permeability is converted
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to a prodrug that is a substrate for the endogenous transport system. The 
nutrient transport systems have mainly been investigated and utilized for the
enhancement of intestinal absorption, and these primarily include peptide,
amino acid, bile acid, and glucose transporters. Other systems seem to have
narrow structural requirements that currently make them less relevant for this
purpose. Among the membrane transporters, the peptide transport mechanism
appears to be most promising as it is widely distributed throughout the small
intestine and shows low substrate specificity, together with high transport
capacity [54, 59, 60]. Therefore, in addition to endogenous peptides, various
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drugs can be recognized as substrates by peptide transporters, even drugs that
do not include amino acid residues.

A good example of a prodrug that exploits intestinal transporters is vala-
cyclovir, the l-valyl ester of acyclovir (Fig. 17.17). Acyclovir is a specific and
selective inhibitor of viral herpes replication and is neither highly lipid 
nor aqueous soluble, with limited and variable oral bioavailability (15 to 21
percent) that decreases with increasing doses [61]. Conversely, valacyclovir has
an oral bioavailability of three to five times higher than that of acyclovir itself.
Moreover, valacyclovir is rapidly and extensively hydrolyzed to acyclovir after
oral administration [62, 63]. Studies of its transport mechanisms have demon-
strated that the improved oral bioavailability is due to its active transport by
the human intestinal peptide transporter (PEPT1) [64]. Similarly, biolabile 
l-valyl ester prodrugs of AZT and ganciclovir afforded 3- to 10-fold better
intestinal permeability than their parent drugs, and their membrane transport
was mediated predominantly by the peptide transporter [65, 66], although they
do not possess an amino acid residue in their structures.
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Others For poorly water-soluble drugs, dissolution in the GI tract can be a
rate-limiting step for intestinal absorption, leading to poor and variable oral
bioavailability. For example, milproxifene phosphate has a higher aqueous 
solubility than its insoluble parent drug, milproxifene, which results in a nearly
10-fold increase in permeation across the Caco-2 cell monolayer, due to its
better dissolution properties [67]. Increasing aqueous solubility by the prodrug
approach is more thoroughly discussed below.

Due to its great instability in acidic environment, as well as its hydro-
philic character, the semisynthetic b-lactam antibiotic carbenicillin has been
only used parenterally in clinical practice. Its facilitated oral absorption was
achieved by bioreversible esterification of the side-chain carboxyl group,
which resulted not only in improved lipophilicity but also in greater acid 
stability [68]. Carbenecillin is released from the prodrug carindacillin with 
relative ease by enzymatic hydrolysis, following absorption.

Dermal Drug Delivery The skin, and in particular its most superficial layer,
the stratum corneum, provides a unique and impressive resistance to molecu-
lar transport in either direction. Most existing drugs do not possess the 



requisite physico-chemical properties for efficient percutaneous absorption,
and therapeutic levels of these agents cannot be achieved in either tissue or
blood. It has been demonstrated in numerous studies that the ideal properties
for a drug molecule to readily diffuse across the skin are both adequate
hydrophilicity and lipophilicity (i.e., adequate water and lipid solubility) and
an optimal partition coefficient [69]. Especially the partition coefficient seems
to be crucially important in establishing a high initial drug concentration
within the superficial skin layers. These optimal features can often be achieved
by the prodrug approach, which is a very efficient means of manipulating
drug–skin and drug–vehicle interactions. Prodrugs have been studied in both
topical drug delivery (local treatment preferred) and transdermal drug deliv-
ery (systemic treatment preferred) [70, 71]. The principle of dermal and trans-
dermal prodrug delivery is illustrated in Figure 17.18.

Topical Drug Delivery Naproxen is a nonsteroidal anti-inflammatory drug
(NSAID) with both analgesic and antipyretic properties. It is suitable for the
treatment of both topical and some soft-tissue disorders. Unfortunately, its
topical administration in humans shows a bioavailability of only 1 to 2 percent,
which may be attributed to a very polar and ionizable carboxylic acid group.
Various naproxen prodrugs (Table 17.1) were studied in attempts to increase
the topical penetration of naproxen by transiently masking the carboxylic acid
by esterification [24, 73–75]. Acyloxyalkyl, aminoacyloxyalkyl, and aminoalkyl
esters of naproxen readily hydrolyzed to naproxen in vitro and possessed
highly variable aqueous solubilities and lipophilicities. The highly lipophilic
acyloxyalkyl esters did not enhance the dermal permeation of naproxen across
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the human skin in vitro, most probably due to their very low aqueous solu-
bilities. In contrast, members in a series of aminoacyloxyalkyl esters (amino
acids as the promoiety) and aminoalkyl esters had a combination of adequate
aqueous solubility and lipophilicity, and gave significant in vitro improvements
in the skin permeation of naproxen (Table 17.1). Moreover, the prodrugs
hydrolyzed simultaneously during permeation, which is of great interest to
move forward in the development of topical dosage forms.

It is also interesting note that at pH 7.4, where the highest flux values of
both naproxen and prodrugs were achieved, significantly lower concentrations
of prodrugs were used in the donor compartment than that of naproxen to
achieve dermal transport. The permeability coefficients, which, unlike flux, are
independent of donor concentration, were higher (up to 998-fold) for almost
all prodrugs when compared to that of naproxen at pH 7.4. However, at 
pH 5.0 only two prodrugs exhibited higher permeability coefficients than
naproxen, despite their flux values being lower than those for any other
studied compound. Because the permeability of the studied compounds
increased from aqueous solutions as the solubility of the compounds in these
solutions decreased, the high permeability coefficient of these prodrugs can be
explained by their very low aqueous solubility and decreased concentration in
the applied vehicle, when compared to other studied compounds. Therefore,
the flux, which measures the mass of material transported through the skin,
may be a more relevant therapeutic parameter than the permeability 
coefficient.

Transdermal Drug Delivery Propranolol, an adrenergic b-blocker, is a widely
used and clinically effective cardiovascular agent that is indicated in the treat-
ment of angina pectoris, hypertension, and cardiac arrhythmia. However,
low and variable bioavailability follows the oral admistration of propranolol,
which may be attributed to extensive stereoselective hepatic first-pass metab-
olism. Because the transdermal route of administration allows for systemic
drug absorption while eliminating hepatic first-pass effects, the relatively
impermeable propranolol was made more lipophilic by the formation 
of diastereomeric ester prodrugs [76]. Subsequent in vitro diffusion 
studies across rat skin demonstrated a 3- to 12-fold higher flux value associ-
ated with propranolol than with the prodrugs. On the other hand, the perme-
ability coefficient was higher for all prodrugs, due to their lower solubilities in
the donor phase, compared to that of propranolol. Based on the hydrolysis
data in conjunction with the flux values, it could be concluded that 
drugs having both optimum partitioning characteristics and resistance to 
enzymatic hydrolysis during permeation were able to afford the highest 
transdermal permeation.

In summary, the design of dermal prodrugs (topical or transdermal) not
only includes the optimization of physico-chemical properties (lipid and
aqueous solubility) but also considers the evaluation of enzymatic degrada-
tion properties within permeated membranes. When local treatment is 
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preferred, the active parent drug should be released during permeation or
immediately afterwards. When systemic treatment is preferred, the parent
drug can be released into the systemic circulation as well.

Ophthalmic Drug Delivery In general, the site of action for ophthalmic
drugs is located inside the eye. Thus, topical delivery of eyedrops into the lower
cul-de-sac of the eye is the most common method of drug treatment in ocular
disease. After topical administration, an aqueous eyedrop solution mixes with
tear fluid to be dispersed over the eye surface. However, various precorneal
factors (i.e., drainage of instilled solution, noncorneal absorption, induced
lacrimation) limit ocular absorption by shortening the cornea contact time of
applied drugs. These factors, and the corneal barrier itself, limit penetration 
of a topically administered ophthalmic drug. As a result, only a few percent of
the applied dose is delivered into the intraocular tissues, the major part (50 to
99 percent) being absorbed into the systemic circulation (Fig. 17.19), where it
can cause various unwanted side effects.

The cornea is generally considered to be a major pathway for the ocular
permeation of topically applied drugs [77]. Compared to many other epithe-
lial tissues (e.g., bronchial, intestinal, nasal, tracheal), the corneal epithelium
is relatively impermeable but less than the stratum corneum of the skin [78].
For corneal permeation, lipophilicity of the drug seems to be the most impor-
tant property, and both parabolic [79] and sigmoidal [80] curves have been
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used to describe the influence of drug lipophilicity on corneal drug perme-
ation. The optimum apparent partition coefficient (Papp; octanol/pH 7.4 buffer)
for corneal drug absorption is in the range of 100 to 1000 [81, 82], which is
consistent with the lipophilic nature of the corneal epithelium [83]. Aqueous
solubility is another drug property important for the efficacy of ophthalmic
drug delivery. The surface of the eye is constantly being cleaned and moist-
ened by the aqueous tear fluid. Thus, it is difficult for drug molecules to be
absorbed by the corneal epithelium unless they are soluble in the tear film. In
addition, the drug’s water solubility must be sufficient to enable the formula-
tion of aqueous eyedrops. The dilemma is that an ideal potential ophthalmic
drug should be simultaneously both water soluble and lipid soluble, and only
a few molecules can fulfill these severe criteria. Because of this fact, various
pharmaceutical technologies, such as prodrugs and cyclodextrins, have been
applied to improve the physico-chemical properties of ophthalmic drugs.

Ocular absorption of a drug can be substantially enhanced by increasing its
lipophilicity (hydrophilic compounds) or aqueous solubility (poorly water-
soluble compounds). Prodrug derivatization, as a method to achieve these
objectives, is a potential and a very useful approach that was introduced to
ophthalmology about 20 years ago when the ocular absorption of epinephrine
was substantially improved by this approach.

Dipivalyl epinephrine (dipivefrine) is a dipivalic acid diester of epinephrine
(Fig. 17.20) that releases epinephrine after corneal absorption [84, 85]. Dip-
ivefrine penetrates the human cornea 17 times faster than epinephrine [86]
due to the fact that dipivefrine is 600 times more lipophilic (at pH 7.2) than
epinephrine [87]. Consequently, a smaller topical dose of dipivefrine achieves
a similar therapeutic effect in the eye [88] and the smaller prodrug dose results
in decreased systemic levels of epinephrine. Compared to the conventional 2
percent epinephrine hydrochloride eyedrop, a 0.1 percent dipivefrine eyedrop
results in an only slightly less effective IOP lowering effect, while side effects
are greatly reduced [89].

Prostaglandin analogs represent a new class of active ocular hypotensive
agents. Commercially available latanoprost, travoprost, and unoprostone (Fig.
17.21) are lipophilic isopropyl ester prodrugs that rapidly hydrolyze in the
cornea to the biologically active prostaglandin [90, 91, and references cited
therein]. The present lipophilic prodrugs achieve efficient ocular absorption
and make the topical administration possible with decreased systemic 
side effects. Various lipophilic prodrugs have been studied in order to enhance
ophthalmic absorption of drugs such as pilocarpine [8, 92], timolol [93], and
tilisolol [94].

Another possible prodrug strategy for enhancing drug absorption is a
prodrug design based on the structures of membrane transporters. However,
very little is known about the presence of various transporters on the corneal
epithelium. For example, hydrophilic l-valyl ester of acyclovir is threefold
more permeable across the intact rabbit cornea than the parent drug [95]. This
enhanced permeability suggests the presence of a carrier-mediated transport
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mechanism that is specific for peptides on the cornea and may be targeted to
improve the ocular absorption of poorly absorbed drugs.

Nasal Drug Delivery Systemic drug delivery via the nasal cavity circumvents
the gastrointestinal degradation and first-pass elimination associated with oral
drug delivery. Moreover, the nasal route can be an attractive alternative to 
parenteral administration. In the healthy nose, epithelium is covered by a 
2- to 4-mm layer of aqueous mucus, which is renewed approximately every 
10min. This aqueous mucus layer is one of three physical barriers for drug
absorption by the nasal cavity. The other two barriers are the lipophilic epithe-
lium lining the nasal cavity and an effective enzymatic pathway, both of which
result in presystemic drug degradation. The enzymatic barrier in nasal admin-
istration is, however, not as efficient as in drug metabolism in the gastro-
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intestinal tract. Drug absorption from the nasal cavity is predominately passive.
Small hydrophilic drugs are absorbed via passive diffusion through aqueous
channels, whereas lipophilic drugs are absorbed via the transcellular route.
Drug molecules are rapidly absorbed from the nasal cavity, resulting in plasma
profiles that are frequently comparable to those obtained after intravenous
delivery. However, the absorption rates decrease with increasing molecular
weight and fall off sharply when the weight exceeds 1000 daltons [96, 97].

Water-Soluble Prodrugs Enhancement of nasal drug delivery can be
obtained by the formation of water-soluble derivatives of lipophilic drugs.
Such derivatives will not only increase the amount of dissolved drug in the
mucus, resulting in enhanced drug diffusion through the aqueous mucus
barrier, but also allows the dose to be dissolved in a small volume (i.e., less
than 200 mL) of an aqueous nasal vehicle. Testosterone, for example, under-
goes extensive first-pass metabolism when given orally. The drug is completely
absorbed in rats after nasal administration, but it is difficult to formulate a suf-
ficient drug dosage (about 3mg) for intranasal delivery in humans due to its
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low aqueous solubility (0.01mg/mL). Through the formation of a water-
soluble prodrug ester, testosterone 17b-N, N-dimethylglycinate hydrochloride,
the solubility was increased to over 100mg/mL. The resulting bioavailability
of testosterone after nasal administration of the prodrug to rats was reported
to be nearly 100 percent [98].

The nasal administration of benzodiazepines is another example. Benzodi-
azepines are generally well, but slowly, absorbed from the gastrointestinal
tract, reaching maximum serum concentrations about 2h after oral adminis-
tration. Benzodiazepines are used to treat panic attacks and seizures and as
sedatives before anesthesia and surgery, where they are administered intra-
venously for rapid onset of drug action. As in the case of testosterone, the
nasal administration of benzodiazepines is hampered by their low aqueous sol-
ubility. It is possible to increase their solubility by opening the diazepine ring
of the benzodiazepine molecule; that is, by the formation of a prodrug. For
benzodiazepines, such as alprazolam, midazolam, and triazolam, this ring
opening is completely reversible (Fig. 17.22). In human serum in vitro at 37°C,
the half-life for the first-order rate constant for the ring-closing reaction was
estimated to be less than 2min for both alprazolam and midazolam [99]. An
aqueous nasal formulation containing the midazolam prodrug had an absolute
bioavailability of 64 to 73 percent [99, 100].

Lipophilic Prodrugs Lipophilic prodrugs are thought to be absorbed from
the nasal cavity via the transcellular route and, thus, their absorption is
strongly affected by their lipophilicity. Acyclovir is a hydrophilic antiviral
agent that does not readily permeate biological membranes [101]. The nasal
absorption of acyclovir was enhanced significantly by forming lipophilic
prodrug esters of the parent drug, but the results indicate that enzymatic
hydrolysis of the esters prior to absorption (i.e., by the enzymatic barrier)
reduced the amount of drug absorbed (Table 17.2) [102, 103]. Further studies
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in rat nasal mucosal homogenate showed that the rate and extent of prodrug
degradation assumes a direct relationship with the acyl side-chain length.
Lengthening of the linear acyl chain from three to eight carbons resulted in
more than 600-fold increase in first-order degradation rate constants. Esters
with branched acyl chains were more resistant to nasal carboxylesterase-
mediated cleavage, and, thus, the branched esters not only increased the
lipophilicity of acyclovir but also minimized mucosal hydrolysis, resulting in
better drug absorption from the nasal cavity.

Enhanced Brain Delivery The anti-Parkinson drug levodopa is a zwitterion 
and, thus, both hydrophilic and water insoluble. Both lipophilicity and water 
solubility of the drug was increased through the formation of alkyl prodrug 
esters. Nasal administration of the prodrugs resulted in rapid and complete 
absorption into the systemic circulation and improved dopamine delivery 
to the central nervous system (CNS) when compared to intravenous administra-
tion of the prodrug. These results indicate that the prodrugs were delivered from
the nasal cavity to the cerebral spinal fluid via the olfactory epithelium [104,105].

Transport-Mediated Absorption Some amino acids have been shown to be
absorbed via active transport from the nasal cavity and can be used as trans-
port moieties for the active absorption of drugs [106]. For example, studies
have indicated that an l-aspartate b-ester prodrug of acyclovir improved the
nasal absorption of acyclovir by an active transport system [107].

Prodrugs of Peptides Both peptides and protein drugs are susceptible to
rapid enzymatic degradation. For example, the aminopeptidase-catalyzed
hydrolysis of Leu-enkephalin and Met-enkephalin is responsible for the rapid
deactivation of these peptides at various mucosal sites. Formation of 4-
imidazolidinone derivatives of enkephalins almost totally prevented amino-
peptidase cleavage of the drugs. These derivatives were readily converted to
the parent peptides by spontaneous hydrolysis [108]. In has been suggested
that such prodrugs can enhance the bioavailability of peptides after nasal
administration [109].

Improved Aqueous Solubility

The efficient aqueous solubility of a drug molecule is a prerequisite for the
preparation of aqueous-based solutions for drug delivery. Moreover, aqueous
solubility is also one of the key physico-chemical properties in the oral drug
absorption process. Two prodrug approaches have been introduced to enhance
the aqueous solubility of a poorly soluble drug: (1) decreasing the parent
drug’s melting point by prodrug derivatization and/or (2) introducing an 
ionizable/polar promoiety to the parent drug, with the latter being the more
common approach [15]. The most commonly utilized ionizable and, therefore,
solubilizing prodrug structures are presented in Table 17.3.
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Phosphates A number of phosphoric acid esters have been developed as
potential water-soluble prodrugs. Many are marketed as injectable dosage
forms while only a few are used in oral dosage forms [67]. The phosphate pro-
moiety can be introduced either directly or via various spacer groups to the
parent drug molecule that contains a hydroxyl or various amino functional
groups, where it is enzymatically cleaved with relative ease by endogenous
alkaline phosphatases.

Etoposide Phosphate A representative example of a phosphate prodrug is
etoposide phosphate, which is currently in clinical use. Due to its poor aqueous
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TABLE 17.3 Examples of Water-Soluble Prodrug Structures for Poorly 
Water-Soluble Drugs

Prodrug Derivative Molecular Structure

Phosphate esters Drug—O—PO3
-2

a-Amino acid esters and amides
(from alcohols X = O; from amines
X = NH; R = alkyl/aryl group)

Amino acid amides
(from carboxylic acids; R = alkyl/aryl group)

Hemiesters
(typically n = 2–4)

Aminoalkyl esters
(R = alkane group; R1 and R2 = H and/or
alkane group, or heterocycle)

Trialkylammonium (quaternary ammonium
alkyl) esters (R = alkane group;
R1, R2, and R3 = alkyl groups)

Glucose derivatives
(as an example glucuronide)

Sulfate esters Drug—O—SO3
-

O

Drug—X—C—CH—NH3
+

R

— —

—

O

H

— —

— —

Drug—C—N—CH—COO-

R

O

— —

Drug—O—C—(CH)n—COO-

O
+— —

Drug—O—C—R—NHR1R2

O
+— —

Drug—O—C—R—NR1R2R3

O

COO-

OH
OH

Drug—O—spacer—O HO



solubility and chemical instability, etoposide requires a complex IV formula-
tion and must be diluted to a concentration of less than 0.4mg/mL to avoid
precipitation. Monophosphorylation of the phenolic group of etoposide
increases the aqueous solubility up to 20mg/mL and, furthermore, improves
its chemical stability. After IV administration to patients, rapid and quantita-
tive bioconversion of etoposide phosphate to etoposide was observed. The
efficacy of the phosphate prodrug also proved to be bioequivalent to etopo-
side, with analogous therapeutic effects [110].

Fosphenytoin Phenytoin is a sparingly water-soluble (20 to 25 mg/mL) weakly
acidic (pKa = 8.3) drug. In comparison, fosphenytoin [(phenytoin-3-yl)methyl
phosphate] is a phosphonooxymethyl prodrug of phenytoin that has high
aqueous solubility (140mg/mL), which also provides good chemical stability
within neutral and slightly basic pH ranges. The bioconversion process
involves a phosphatase-catalyzed dephosphorylation, followed by sponta-
neous decomposition of the hydroxymethyl intermediate, eventually releasing
the parent drug and formaldehyde (Fig. 17.23). In epileptic patients, both intra-
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muscular and intravenous administrations of fosphenytoin led to its rapid and
quantitatively bioconversion to phenytoin with half-lives ranging from 8 to 
17min. Moreover, the blood levels of phenytoin following intramuscular
administration of fosphenytoin were far superior to those achieved from
phenytoin sodium alone. The pharmacokinetics, pharmacodynamics, and
safety properties of fosphenytoin have been thoroughly reviewed by Stella [6].
The same prodrug strategy has been extended to various drugs containing a
tertiary amino group, which were then derivatized to N-phosphonooxymethyl
prodrugs [111–113]. Again, highly water-soluble prodrugs were substrates for
alkaline phosphatase that cleaved the phosphoric acid monoester bond, fol-
lowed by spontaneous in vivo chemical hydrolysis to the tertiary amine and
formaldehyde (Fig. 17.23).

Other Prodrug Structures A number of hemiester prodrugs (mainly
hemisuccinate esters) have been studied as water-soluble prodrugs [114–116].
These derivatives usually improve aqueous solubility of the parent drug, but
the limited amount of published information indicates that hemiester prodrugs
generally possess limited chemical stability in aqueous solutions and give a
slow and incomplete hydrolysis to the parent drug in human plasma. In con-
trast, their bioconversion appears relatively fast in the presence of hepatic
hydrolases.

Amino acid prodrugs have been evaluated as water-soluble derivatives of
various alcohols [42, 117] and amines [118, 119], as the corresponding ester or
amide prodrugs. In addition to good aqueous solubility, the use of amino acids
as a promoiety provides rapid and quantitative bioconversion by ubiquitous
esterases and/or peptidases. While amino acid ester prodrugs show usually rel-
atively rapid chemical hydrolysis, which precludes the development of solu-
tion formulations, amino acid amide prodrugs, in general, exhibit greater
chemical stability while still maintaining enzymatic susceptibility.

Prolonged Duration of Action

In general, prodrugs have been designed to prolong the duration of a partic-
ular drug action by two means: (1) inactive prodrug is delivered into the body
at a sustained rate, where it rapidly releases the parent drug, or (2) after admin-
istration the prodrug releases the parent drug over a prolonged and relatively
well-defined period of time. Primary goals for the prolongation of drug action
can be an improvement in patient compliance by eliminating the need for 
frequent dosing, and by reducing side effects through a steady drug 
concentration.

The slow release for very lipophilic prodrug derivatives of several steroids
(e.g., testosterone, nandrolone) and neuroleptics (e.g., fluphenazine,
flupenthixol, haloperidol) from the site of intramuscular injection results in a
prolonged duration of action. Once released into the tissue fluid or blood,
prodrugs are rapidly bioconverted in most cases with no attenuation of their
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therapeutic action. In the case of the neuroleptic fluphenazine (Fig. 17.24), the
onset of action generally appears between 24 to 72h after injection, and then
continues for 1 to 8 weeks with an average duration of 3 to 4 weeks [120].

The prodrug approach has also been evaluated to obtain sustained drug
action as a means of prolonging release of the parent drug. Longer duration
of drug action has been achieved, for example, with a prodrug of insulin [121],
which prolongs a normoglucemic profile in diabetic rats, due to a slow bio-
conversion of insulin from (9-fluorenylmethoxycarbonyl-SO3H)3-derivatized
insulin, and with a bisdimethylcarbamate prodrug (bambuterol) of the bron-
chodilator terbutaline [122, 123], which after oral administration is predomi-
nantly bioconverted to terbutaline outside the lungs via a cascade of hydrolysis
and oxidation reactions (Fig. 17.25). Moreover, prodrugs of various antiglau-
coma drugs such as pilocarpine, timolol, and epinephrine have a slow biocon-
version to their parent drugs, achieving a longer duration of action that is,
however, closely related to improved ocular permeation. A prodrug of epi-
nephrine was described above.

Improved Drug Targeting

Targeted or site-specific drug delivery is one of the ultimate goals in controlled
drug delivery. In prodrug design, targeting can be achieved by site-directed
drug delivery or site-specific drug bioactivation (Table 17.4). With site-directed
drug delivery, such as localized drug delivery (e.g., dermal and ocular drug
delivery), the bioreversible prodrug is selectively or primarily transported, as
an intact prodrug, to the site of drug action. On the other hand, with site-
specific bioactivation, the prodrug can be widely distributed all over the body
but undergoes bioactivation and exerts activity only at the desired site. The
most common prodrug applications in targeted drug delivery are described as
follows. In many prodrug applications, either site-directed drug delivery or
site-specific bioactivation has been combined in order to achieve successful
targeted drug delivery.

Tumor Targeting The physiological barriers of solid tumors, which are aggre-
gated masses of cells caused by changes or mutation in genes that control
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healthy cell division, considerably restrict cancer chemotherapy. Compared
with the normal, ordered vasculature of healthy tissues, blood vessels in tumors
are highly abnormal and have distended capillaries with leaky walls and slug-
gish flow, leading to inconsistent drug delivery. Furthermore, the increased
intratumoral interstitial pressure limits the penetration of drugs into tumors.
Highly irregular blood flow results in localized hypoxia, which subsequently
leads to tumor resistance to certain anticancer agents and to radiotherapy as
well. However, increased bioreductive enzyme expression is an adaptive strat-
egy that solid tumors use to detoxify anticancer drugs [124–126], and the
hypoxic environment further contributes to the increased reductase activity of
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tumors. Due to the high proliferation rates of tumor cells, in addition to biore-
ductive activity, the levels of other enzymes such as acid phosphatase, uridine
phosphorylase, b-glucuronidase, and g-glutamyl transpeptidase are often ele-
vated in these cells and have been exploited in targeted prodrug–tumor deliv-
ery [124]. Recent prodrug approaches have been actively applied to achieve
very precise and direct effects at the tumor site of action, with minimal effects
to the rest of the body. Therefore, an effective prodrug must be selectively
cleaved to the active drug by specific activating enzymes at the site of action.
For tumor drug delivery, the first studied prodrug-activating enzymes were
endogenous to specific tumor types (e.g., sarcoma 180, NK lymphoma, Walker
carcinoma 256, Novikoff hepatoma), such as b-glucuronidase and aryl sulfa-
tase, and a NAD(P)H dehydrogenase isozyme that sensitized tumors to aniline
mustard and 5-aziridinyl-2,4-dinitrobenzamide, respectively. To expand the
range of tumors susceptible to this mode of therapy, prodrug-activating
enzymes were initially targeted to tumor cells by using antibodies and more
recently genes. These approaches are referred to as ADEPT (antibody-
directed enzyme prodrug therapy) and GDEPT (gene-directed enzyme
prodrug therapy),VDEPT (virus-directed enzyme prodrug therapy), or GPAT
(gene–prodrug activation therapy), respectively. The latter approach is also
known as “suicide gene therapy.” Some specific examples of hypoxia-selective
prodrugs, and both ADEPT and GDEPT technologies in targeted tumor deliv-
ery are described in the following section.

Hypoxia-Selective Prodrugs Despite highly irregular blood flow to the solid
tumor, with the development of oxygen-depleted areas (hypoxia) that result
in poor drug delivery, hypoxic cells also present a major therapeutic opportu-
nity for tumor targeting via bioreductive prodrugs. The substantial selectivity
of hypoxia-selective drugs depends upon the presence of overexpressed reduc-
tase enzymes in tumor cells that reduce bioreductive prodrugs to active cyto-
toxic radicals under hypoxia. In normal cells, under aerobic conditions, the
reduced radical is oxidized to the nontoxic prodrug with the concomitant pro-
duction of a superoxide radical (Fig. 17.26). There are three main classes of
hypoxia-selective prodrugs that are in clinical use or are being developed for
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TABLE 17.4 Prodrug Approaches to Improve Drug Targeting

Site-Directed Drug Delivery Site-Specific Bioactivation

Prodrug is selectively or primarily Prodrug is widely distributed 
transported to the site of drug action: throughout the body:

• Localized drug delivery (e.g., dermal • Bioactivation takes place only 
and ocular drug delivery) at the desired site of drug action

• Prodrug improves drug delivery to 
the specific tissue (e.g., improved 
CNS drug delivery)



clinical use: quinone-based compounds, nitroimidazoles, and N-oxides
[124–127].

Among the quinones of clinical interest that act as hypoxia-selective 
prodrugs are mitomycin C, its N-methyl derivative porfiromycin, and
aziridinylquinone EO-9. All are structurally similar and are converted upon
reductive metabolism to semiquinones and hydroquinones, which probably
alkylate nucleophiles [e.g., DNA (deoxyribonucleic acid)] through covalent
binding. Although EO-9 demonstrated excellent antitumor activity in hypoxic
tumor cells and in a solid tumor animal model, it failed in clinical trials due to
its short half-life (rapid elimination) and poor distribution. Moreover, mito-
mycin C has demonstrated only modest selectivity toward hypoxic cells and
its clinical utility is also limited because of severe side effects. Despite promis-
ing preclinical data, and an acceptable toxicity profile, porfiromycin is consid-
ered to be inferior to mitomycin C.

The most extensively studied compounds in a second class of hypoxia-
selective prodrugs are 2-nitroimidazoles, of which RSU1069 has been shown
to be highly efficient both in vitro and in vivo. RSU1069 containing an
aziridinyl alkylating group in the side chain (dual function) showed increased
hypoxia selectivity compared to its nonalkylating nitroimidazole analogs and
was bioconverted into a bifunctional alkylating drug by reduction. In further
drug development, its bromoethyl prodrug RB6145 was shown to form
RSU1069 rapidly under physiological conditions and have less systemic toxi-
city and improved pharmacokinetic properties compared to RSU1069. Clini-
cal trials of RB6145 were, however, aborted due to irreversible cytotoxicity
toward retinal cells.

The N-oxide, tirapazamide (TPZ), is the first drug introduced into clinical
use as a selective hypoxia-activated prodrug. TPZ undergoes 1-electron biore-
duction to monodeoxygenated toxic products (Fig. 17.26) in the presence of
cytochrome P450, NADPH : cytochrome P450 oxidoreductase, xanthine
oxidase, and aldehyde dehydrogenase. Under hypoxia, the formed oxidizing
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radical leads to DNA single- and double-strand breaks, which kills the 
tumor cell.

Antibody-Directed Enzyme Prodrug Therapy (ADEDT) In the ADEPT
design (Fig. 17.27), prodrug-activating enzymes are targeted toward human
tumor xenografts by conjugating them to tumor-selective monoclonal anti-
bodies. An antitumor antibody is covalently conjugated to an enzyme not nor-
mally present in the extracellular fluid or on cell membranes (e.g., bacterial or
viral enzymes), and these conjugates are then localized in the tumor via sys-
temic administration. After allowing for the conjugate to clear from the blood,
a prodrug is administered. The activation of a prodrug to form a chemother-
apeutic drug then takes place by reacting with the pretargeted enzyme, which
was delivered onto the tumor surface. ADEPT has progressed into several
phase I clinical trials (e.g., CMDA prodrug with a murine monoclonal anti-
body linked to the bacterial enzyme carboxypeptidase) and has shown evi-
dence of tumor response. Although giving high tumor to blood ratios of
antibody–enzyme conjugate, the targeting systems require the administration
of a clearing antibody in addition to the antibody–enzyme conjugate. More-
over, the paucity of tumor-specific antigens has limited the applicability of
ADEPT. This limitation has in turn led to the development of GDEPT, in
which vectors are used to deliver suicide genes that encode specific prodrug-
activating enzymes for tumor cells. The ADEPT approach has been reviewed
recently [128, 129].

Gene-Directed Enzyme Prodrug Therapy (GDEPT) In GDEPT (Fig. 17.27),
an inactive prodrug can be activated to release a cytotoxic drug by an enzyme
that has been delivered via a gene to the tumor for expression. GPAT is a 
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variation of GDEPT, which uses known transcriptional differences between
normal and tumor cells to achieve the selective expression of a prodrug-
metabolizing enzyme [128]. The enzymes used are from nonmammalian origin,
such as viral tyrosine kinase, bacterial cytosine deaminase, carboxypeptidase
G2, purine nucleoside phosphorylase, and nitroreductase or enzymes of
human origin that are absent or are expressed at only low concentrations in
tumor cells, such as deoxycytidine kinase and cytochrome P450. A number of
GDEPT approaches have been described in the past decade [130, 131]. A pro-
totypical example of this approach is centered on inserting a thymine kinase
gene into the herpes simplex virus (HSV-TK), followed by combination treat-
ment with the prodrug ganciclovir (GCV). Another widely studied example is
the bacterial gene cytosine deaminase (CD), which sensitizes tumor cells to
the antifungal drug, 5-fluorocytosine (5-FC). As a result 5-FC is bioconverted
to an anticancer drug, 5-fluorouracil (5-FU). Both of these approaches have
been tested in clinical trials; HSV-TK-GCV against, for example, mesothe-
lioma, ovarian cancer, glioblastoma, breast cancer, melanoma, multiple
myeloma, and astrocytoma, and CD-5-FC has been used against colon and
breast carcinomas. In addition to these classical examples, many other
enzyme–prodrug combinations have been explored for GDEPT [132, 133].
Despite promising in vitro and in vivo results, the antitumor effect in clinical
trials has not proved promising, primarily due to difficulty in achieving selec-
tive gene delivery to a sufficient number of tumor cells.

Brain Targeting According to prevailing consensus only small, nonionic, and
lipid-soluble molecules can diffuse across the blood–brain barrier (BBB) from
the systemic circulation, whereas larger, more water-soluble, ionic molecules
do not readily cross the BBB. There are exceptions, however, and some large,
polar molecules can be transported into the brain via endogenous transporters.
Therefore, the strategies used to improve drug delivery and targeting to the
brain utilize passive drug uptake for lipophilic prodrugs and also more 
sophisticated approaches, such as chemical drug delivery system and carrier-
mediated transport.

Lipophilic Prodrugs A series of aliphatic and aromatic lipophilic ester pro-
drugs of the anticancer agent chlorambucil have been developed to increase
efficacy in the treatment of brain tumors [134, 135]. While short-chain aliphatic
ester (e.g., methyl and propyl) and the aromatic esters (e.g., phenylmethyl and
phenylethyl) were hydrolyzed too rapidly in rat and human plasma in vitro,
long-chain aliphatic esters (hexyl and octyl) had more favorable bioconver-
sion rates. However, as lipophilic prodrugs, they were highly bound to proteins
and did not readily enter the brain. The sterically more hindered chlorambucil-
tertiary butyl ester was subsequently developed in an attempt to maintain the
desired slower bioconversion rate while having reduced lipophilicity and
protein binding. Significant amounts of chlorambucil-tertiary butyl ester did
enter the rat brain, with a 35-fold greater increase compared to an equimolar
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dose of chlorambucil [135]. However, it exhibited poor bioconversion to 
chlorambucil in brain tissue and despite an enhanced brain delivery ratio,
chlorambucil-tertiary butyl ester did not demonstrate anticancer activity 
superior to the equimolar administration of chlorambucil. Thus, increased
lipophilicity over the parent drug alone does not ensure improved drug effi-
cacy. While enhanced lipophilicity may improve permeation across the BBB,
it also tends to increase both uptake into other tissues, causing an increased
tissue burden and interaction with plasma proteins. Moreover, both biocon-
version selectivity (serum vs. brain) and rate of bioconversion in the targeted
tissue should be taken into account when designing bioreversible prodrugs for
brain targeting.

Chemical Drug Delivery System (CDS) The principle of CDS, in addition to
providing access to the brain by increasing the lipophilicity of a drug, exploits
specific properties of the BBB to lock drugs in the brain on arrival and prevent
them from recrossing the BBB. Linking an active drug molecule to a biore-
movable lipophilic targetor moiety, 1,4-dihydro-N-methylnicotinic acid (dihy-
drotrigonelline), for example, results in a derivative that readily distributes
throughout the body and brain after administration due to its lipophilic char-
acter. Once inside the brain parenchyma, the lipophilic dihydrotrigonelline is
enzymatically oxidized to the ionic quaternary salt via the ubiquitous
NAD(P)H ´ NAD(P)+ coenzyme system (Fig. 17.28). The acquisition of
charge has a dual effect: accelerating the rate of systemic elimination of this
derivative and capturing the ionic drug-targetor inside the brain. Subse-
quently, slow release of the drug from the targetor can result in a sustained
and brain-specific release of free active drug, and the targetor is readily
removed from the brain by active processes. The CDS has been explored with
a wide variety of hydroxy- and amino-containing drugs [136, 137], and con-
siderably increased brain targeting has been achieved, for example, zidovu-
dine (AZT), ganciclovir, benzylbenicillin, and estradiol.

Among all CDSs, estradiol-CDS is in the most advanced stage of investi-
gation [137]. Estradiol is a lipophilic drug with an octanol/water partition coef-
ficient (logP) of 3.3, and derivatization with 1,4-dihydrotrigonelline as a
targetor further increases lipophilicity (log P = 4.5), thus enabling better trans-
port across the BBB. Oxidation of the targetor moiety leads to a more ionic
and less lipophilic form, with a logP value of only -0.14. A study in rats found
that the concentration of estradiol in rat brain was elevated four to five times
longer after estradiol-CDS administration than after estradiol treatment.
Moreover, clinical evaluations suggested a potent central effect with only
slight elevations in systemic estrogen levels.

Carrier-Mediated Transport Carrier-mediated drug delivery takes advantage
of facilitative endogenous transport systems that are present in brain endothe-
lial cells. A number of carrier transport systems in the BBB are responsible
for brain uptake of nutrients and their analogs, such as glucose, amino acids,
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choline, vitamins, low-density lipoprotein (LDL), and nucleosides in the sys-
temic circulation [138, 139]. Of the nutrient transport systems present at the
BBB, the carriers for glucose and large neutral amino acids (LAT) have been
estimated to have a sufficiently high transport capacity that hold promise for
significant drug delivery to the brain. From these two systems, the glucose
carrier is very restrictive in its requirements, and only those molecules closely
resembling d-glucose (e.g., d-mannose, d-galactose) are transported. By con-
trast, the large neutral amino acids transport (LAT) system has the highest
maximum transport rate and is less specific for its substrates and, thus, is
capable of transporting numerous endogenous and exogenous amino acids of
great structural variety. A classic example of the LAT-mediated transport is
the anti-Parkinson’s agent dopamine. Dopamine itself is poorly transported
across the BBB, while its precursor molecule l-dopa is transported into the
brain by the LAT system. Once in brain, l-dopa is decarboxylated to
dopamine. Other amino acid mimetic drugs in clinical use that enter the brain
predominantly via LAT-mediated transport are a-methyldopa (a centrally
acting antihypertensive) and gabapentin (an antiepileptic).

In an analogous way to LAT-mediated transport, the glucose transporter
was employed to facilitate the penetration of glucose prodrugs of chlorambu-
cil into the brain [140]. All glucose-conjugated prodrugs were able to inhibit
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the transport of [14C]glucose by the glucose transporter (GLUT1) isoform in
a concentration-dependent manner and displayed an inhibition curve similar
to that of the inhibition by glucose itself. Especially the 6-O-glucose ester
derivative of chlorambucil showed activity at a 160-fold lower concentration
than chlorambucil itself. Similarly, glucose and galactose derivatives of the
anticolvulsant agent nipecotic acid [141], and the potential neuroprotective
agent 7-chlorokynurenic acid [142], have been explored as a possible means
of improving brain delivery of the active parent drug by providing suitable
substrates for active membrane transporters. Moreover, ascorbic acid deriva-
tives of nipecotic acid were shown to competitively inhibit the ascorbate trans-
porter SVCT2, which is expressed in the choroid plexus [143]. In vivo studies
with rats showed increased significance in latency for the appearance of 
pentylentetrazol-induced tonic convulsions than nipecotic acid, demonstrating
better absorption compared to the nonconjugated parent drug.

Colon Targeting To achieve successful colon targeting, a drug needs to be
protected from absorption and degradation in the upper gastrointestinal tract
and then released into the proximal colon. The best known prodrugs that
target the colon are azo-bond derivatives of 5-aminosalicylic acid (5-ASA).
These prodrugs are formed by attaching a hydrophilic promoiety to 5-ASA
and are absorbed from the upper gastrointestinal tract to a very limited extent
due to their polar nature, but they are converted to their constituent entities
by azoreductases produced by anaerobic colonic bacteria. Carrier molecules
that have been used include, for example, sulfapyridine in sulfasalazine, 4-
amino benzoyl-b-alanine in balsalazine, and p-aminohippurate (4-amino
benzoyl glycine) in ipsalazine (Fig. 17.29) [144, 145]. The first prodrug intro-
duced for this purpose, sulfasalazine, causes side effects due to the formation
of sulfapyridine, from the degradation of the prodrug. Balsalazine has been
found to be therapeutically more effective in clinical trials with fewer side
effects. However, in spite of promising pharmacokinetic results, ipsalazine has
not developed further. Olsalazine, a dimer of two 5-ASA molecules linked by
an azo-bond, has shown promising results in clinical trials (Fig. 17.29).

Similarly, hydrophilic glycoside and glucuronide prodrugs of drugs such as
dexamethasone, prednisolone, budesonide, naloxone, and nalmefene, which
release the active parent drug by bacterial glycosidases and glucuronidases,
have been studied for their colon-targeting potential [144, 145]. In vivo studies
in rats revealed that nearly 60 percent of an oral 21-b-d-glucosidic prodrug of
dexamethasone reached the colon in the form of the free drug. In the case of
prednisolone-b-d-glucoside, 15 percent of the given dose reached the colon.
When unmodified steroids were administered orally, they were absorbed from
the small intestine and less that 1 percent of dose reached the colon.

Kidney Targeting Renal-specific drug targeting may be an attractive
approach under the following conditions: when drugs reaching the kidney
cause unwanted extrarenal effects, or the intrarenal transport of a drug is not
optimal in relation to the target cell within the kidney, or when a drug is 
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inactivated before reaching the site of action in the kidneys, or when patho-
logical conditions such as abnormalities in glomerular filtration, tubular secre-
tion, or when the occurrence of proteinuria can affect the normal renal
distribution of a drug.

Most research on targeted drug delivery to the kidney has focused on the
development of amino acid prodrugs [146]. The strategy is based upon the rel-
ative high concentration of bioconverting enzymes in the proximal tubular
cell, either cytosolic enzymes, such as l-amino acid decarboxylase, b-lyase, and
N-acetyl transferase, or enzymes at the brush border of the proximal tubule,
such as g-glutamyl transpeptidase. These prodrugs are designed to be activated
by one or two enzymes in order to release the active parent drug. For example,
dopamine showed a high renal specificity following the intraperitoneal admin-
istration in mice of the double prodrug, g-glutamyl-l-dopa [147]. This double
prodrug first requires g-glutamyl transpeptidase-catalyzed cleavage of the g-
glutamyl linkage, and consequently the resulting l-dopa is decarboxylated to
dopamine by l-amino acid decarboxylase. Targeted delivery to the kidney has
also been achieved with N-acetyl-g-glutamyl prodrugs of sulfamethoxazole
[148]. On the other hand, l-g-glutamyl-sulfamethoxazole, which requires only
g-glutamyl transpeptidase for its activation, did not show renal selectivity
[149]. Up to now, results of the prodrug approach in renal targeting are still
rather disappointing and without a clear therapeutic impact.

Improved Formulation and Delivery of Peptides

Bioactive peptides have become an important class of drugs with the recent
advantages in biotechnology, peptide synthesis, and modern screening tech-
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nologies. Although numerous bioactive peptides and proteins have been iden-
tified, they are usually limited to parenteral use, due to unfavorable biophar-
maceutical properties. The hydrolysis of peptides is catalyzed by a variety of
digestive and mucosal peptidases and proteases with broad substrate speci-
ficities. This enzymatic activity is a significant barrier for the absorption of pep-
tides, and they are often extensively degraded before and after entering the
systemic circulation. Therapeutic peptides tend to be relatively hydrophilic,
which limits their penetration through the cellular membrane. Thus, they are
not absorbed via the transcellular route, but primarily via a less efficient para-
cellular route or by cellular endocytosis. Efflux system activity also limits the
absorption of peptides and peptidomimetics. The oral bioavailability of pep-
tides is, therefore, typically less than 1 to 2 percent [150]. Systematic clearance
is also rapid and the in vivo half-life is generally less than 30min [150, 151].

Limited stability of peptides can often be addressed by designing 
peptidomimetic drugs with modified peptide backbones [152]. However,
the clinical development peptidomimetics is still hampered by inadequate
bioavailability, due to limited absorption and low aqueous solubility.

The usual objectives for producing a prodrug from a peptide is to improve
both enzymatic stability and membrane permeation properties. Prodrugs for
improved solubility have also been investigated. The C-terminal carboxyl and
N-terminal amino groups are commonly selected for modification, but the
amino acid side chains and the peptide backbone are also targeted. Many 
innovative prodrugs have been reported, but the development of clinically 
successful peptide prodrugs still remains a challenge. These prodrugs must suf-
ficiently resist enzymatic degradation and be relatively lipophilic to allow
absorption, but at the same time they must be sufficiently labile to release the
parent peptide prior to systematic clearance.

Prodrugs to Improve Aqueous Solubility Prodrugs that increase the
aqueous solubility of the immunosuppressive hydrophobic cyclic undecapep-
tide cyclosporin A have been developed, based on the N,O-acyl migration
reaction [153] (Fig. 17.30). The O-acyl-peptide isomers can be formed under
mild acidic conditions, but they will revert back to the normal N-acyl form
under physiological conditions. The O-acyl isocyclosporin A is quantitatively
converted back to cyclosporin A under simulated physiological conditions, but
the half-life for this reaction is more than 4h at pH 7.4 (37°C) [154], which is
considered to be too slow as a useful peptide prodrug [153].

The aqueous solubilities of the O-acyl prodrugs of the HIV protease
inhibitors KNI-720, KNI-272, and KNI-727 (Fig. 17.30) are more than 4000-
fold higher than that of the parent drugs [155, 156]. These prodrugs are rapidly
(t1/2 < 1min) and quantitatively converted back to the parent drugs under sim-
ulated physiological conditions (pH 7.4, 37°C).

Prodrugs for Improved Enzymatic Stability Endopeptidases are important
barriers against the absorption of peptides such as ACTH, oxytocin, various
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rennin inhibitors, and enkephalins [157]. Prodrugs derived from both C-
terminal and N-terminal residues can protect a peptide from the degradation
catalyzed by endopeptidases. For example, derivation of the C-terminal car-
boxylic group of the pseudopeptide rennin inhibitor SR42128 with a highly
lipophilic 1,3-dipalmytoyl acetyl glycerol promoiety prevents a-chymotrypsin-
catalyzed degradation [158].

An a-aminoamide moiety appears in a large number of peptides. These
peptides can be condensed with aldehydes or ketones to form 4-imidazolidone
prodrugs that will protect the parent peptide from an aminopeptidase-
catalyzed degradation. These prodrugs are spontaneously hydrolyzed in
aqueous solutions. The rate of hydrolysis depends on the structure of the
parent peptide and the carbonyl component [157]. For example, the 4-
imidazolidone derivatives of Leu-enkephalin that are formed with either
acetaldehyde, acetone, or cyclopentanone (Fig. 17.30) decompose at pH 7.4
(37°C) with half-lives of 30, 10.9, and 3.1h, respectively [157].
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Side-chain modification has also been tried to protect against enzyme-
catalyzed degradation. This approach has, for example, been used for prodrugs
of the CNS-active thyrotropin-releasing hormone (TRH). Although this
peptide has been suggested for the treatment of various conditions, its 
clinical utility is limited by a short plasma half-life (6 to 8min), due to rapid
enzymatic degradation, as well as limited transport across the blood–brain
barrier [159].

Modifications on the imidazole group of the histidine residue of TRH to form
N-alkoxycarbonyl prodrugs greatly increased stability toward TRH-specific
pyroglutamyl aminopeptidases found in serum, and the half-life in plasma was
also improved [157, 159]. Although the lipophilicity increased significantly with
the octyloxycarbonyl prodrug (Fig. 17.30), this did not result in any improve-
ment in penetration through rabbit and rat intestinal tissue or Caco-2 cell mono-
layers. This lack of penetration enhancement was explained as a result of
enzymatic cleavage by carboxypeptidase and nonspecific esterase.

Prodrugs can also be obtained by forming an ester with hydroxyl groups on
amino acid moieties. The O-pivaloyl ester of the hydroxyl group on tyrosine
of the antidiuretic peptide desmopressin is an example of such a prodrug. This
prodrug is more stable toward a-chymotrypsin-catalyzed degradation than the
parent peptide [160].

Prodrug for Increased Membrane Permeation Bioreversible cyclization of
the peptide backbone is now one of the most promising approaches for
peptide prodrugs with improved enzymatic stability and membrane perme-
ability. The cyclization is achieved by linking the N-terminal amino group and
the C-terminal carboxyl groups together through an enzyme-labile promoiety.
Cyclic-acyloxyalkyl-based, phenylpropionic acid, or coumarine-based peptide
prodrugs have been investigated (Fig. 17.31). These promoieties are cleaved
in a slow esterase-catalyzed step that is followed by a rapid chemical reaction
that releases the parent peptide [151]. Lacking terminal residues, these pro-
drugs are not substrates for endopeptidase. Lipophilicity is also increased, due
to the lipophilic nature of the promoieties by masking the charge of terminal
residues, due to the fact that the cyclic prodrugs exist in unique solution struc-
tures, some of which contain a high degree of intramolecular hydrogen
bonding [161]. However, the effect of cyclization on permeation varies signif-
icantly with the structure of the peptide and promoiety. Lipophilic cyclic pep-
tides are absorbed via the transcellular route, but the net flux is often limited
by substrate properties for the polarized efflux systems (e. g., MRP and P-
glycoprotein) [151]. For example, the cyclic phenylpropionic acid prodrugs of
the opioid peptides Leu-enkephalin and DADLE exhibited 1680- and 77-fold
increases in flux through Caco-2 cell monolayers, respectively, compared to
those of the parent peptides. In contrast, very little permeation was observed
with the cyclic acyloxyalkyl prodrugs of these peptides. This difference was
mainly explained by the fact that only the acyloxyalkyl prodrugs were sub-
strates for the efflux systems in Caco-2 cells [162, 163].
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Reduced Side Effects

Prodrugs have been utilized to minimize both local and systemic side effects.
In general, improved drug targeting results in decreased side effects. Pro-
longed release of an active drug from a prodrug derivative also decreases side
effects due to decreased plasma or specific tissue peak concentrations. In addi-
tion, the utilization of topical drug administration with prodrugs, instead of
systemic administration, may decrease systemic side effects, or water-soluble
prodrugs may allow IV administration without pain or irritation at an injec-
tion site. The pain or irritation at an injection site may be due to irritable for-
mulation (low or high pH, co-solvents) or probable precipitation of the drug
molecule at the injection site.

Fosphenytoin is an excellent example of how the prodrug approach can be
used to develop an IV dosage form that decreases both side effects and local
irritation [6]. Sodium phenytoin for IV and IM (intramuscular) administration
was previously formulated as a very alkaline solution (pH near 12) that con-
tained 10 percent ethanol and 40 percent propylene glycol. This formulation
must be given slowly and minimally diluted to avoid precipitation and serious
side effects. At least, the formulation only results in local tissue irritation.
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Fosphenytoin, a water-soluble and bioreversible prodrug of phenytoin,
increased the aqueous solubility of phenytoin by about 4000-fold at physio-
logical pH and allows preparation of an aqueous and well-tolerated IV 
formulation.

Many topically applied ophthalmic drugs are absorbed into the systemic
circulation, giving rise to possible systemic side effects. The general prodrug
strategy is to improve the corneal absorption of a drug molecule by increas-
ing lipophilicity, thus reducing the installed dose, systemic absorption, and side
effects. For example, lipophilic prodrugs of timolol [164] and epinephrine [89]
have been developed to decrease systemic side effects via improved corneal
absorption.

The GI irritation resulting from NSAIDs is thought to be due to two dif-
ferent mechanisms: a direct contact of acidic drug on the GI mucosal and an
inhibition of prostaglandin biosynthesis. Recent studies have confirmed that
this GI side effect from NSAIDs are mainly a result of inhibiting COX-1,
which regulates prostaglandin synthesis for normal cell activity. Thus, alterna-
tive formulations, administration routes, and prodrugs should not be able to
eliminate all these side effects. However, direct contact of the NSAIDs has
been shown to produce GI lesions, and, thus, the temporary masking of the
carboxylic moiety has been proposed as a possible method to reduce or even
abolish GI side effects [165, 166]. Thus, most oral prodrugs of NSAIDs have
been developed to overcome GI-tract irritation, such as ibuprofen [167],
indomethacin [168], ketoprofen [169], and naproxen [170].

Macromolecular Prodrugs

A variety of biological and synthetic macromolecules have been conjugated
either directly or with various spacer groups to drug molecules by means of a
biodegradable bond to make either macromolecular prodrugs or polymeric
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TABLE 17.5 Macromolecular Promoieties for Prodrug Design

Macromolecular Promoiety Reference

Proteins
albumin 172
antibodies 129, 172

Polysaccharides
dextrans 173

Polyamino acids
polyaspartamide 174, 175
polyglutamic acid 176

Miscellaneous
N-(2-hydroxypropyl)methacrylamide (HPMA) 177
Styrene-maleic acid anhydride copolymer (SMA) 178, 179
Polyethylene glycol (PEG) 180–182



prodrugs. The macromolecular prodrugs offer several advantages over other
drug delivery methods such as: (1) improved drug targeting, (2) improved
aqueous solubility, (3) extended duration of action, and (4) improved chemi-
cal stability. An increased understanding of the biological factors most rele-
vant to macromolecular prodrugs has enabled the design of such therapeutics
that are sufficiently interesting to justify clinical testing, and several macro-
molecular prodrugs have already entered clinical trials [171] as anticancer
agents. Low-molecular-weight prodrugs are the primary subject of the present
chapter and, therefore, a more detailed description of some of the most com-
monly utilized macromolecules as promoieties can be found in the references
listed in Table 17.5.
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18.1 THERAPEUTIC PROSPECTS FOR GABA AND GLUTAMATE
RECEPTOR LIGANDS: GENERAL ASPECTS

The complex functions of the mammalian central nervous system (CNS) are
primarily determined by two superior systems: (1) excitation by the major
excitatory amino acid transmitter, (S)-glutamic acid (Glu), which depolarizes
neurons via a large number of receptor subtypes, and (2) inhibition by 4-
aminobutyric acid (GABA), which hyperpolarizes neurons via multiple recep-
tor subtypes. Although the roles of amino acid neurotransmitters in the CNS
are far from being fully mapped out, accumulating evidence from a variety 
of neurochemical and electrophysiological studies seems to indicate that a
majority, perhaps all, central neurons are under excitatory and inhibitory
control by Glu and GABA [1–4].

It is interesting to note that the brain and spinal cord functions are essen-
tially determined by two simple amino acids. However, the transmission
processes mediated by Glu and GABA are very complex and apparently highly
regulated. The functions and interactions of the amino acid neurotransmitter
systems are further complicated by the fact that Glu is the biosynthetic pre-
cursor of GABA. Although GABA predominantly hyperpolarizes neurons,
depolarizing actions of GABA are also observed, primarily at the early stages
of development of the brain. In addition, there is evidence to suggest that a third
mechanism may play a fundamental role in the function of the brain, namely
disinhibition.The indirect neuronal excitation implies synaptic contact between
two inhibitory neurons. This indirect excitatory mechanism in the CNS has
never been unequivocally proven or disproven, but a number of apparently
paradoxical observations have been explained on the basis of disinhibition.

Both Glu and GABA operate through ionotropic as well as metabotropic
receptors. Whereas the former classes of receptors, iGluRs and GABAA,C,
mediate fast neurotransmission, the metabotropic receptors, mGluRs and
GABAB, are involved in slow neurotransmission processes. All of these sub-
classes of receptors are heterogeneous and may be involved in a variety of
CNS disorders and disease conditions. Thus, all subtypes of Glu and GABA
receptors are potential therapeutic targets [5–7].

In light of the ubiquitous presence of these amino acid receptors in the
CNS, it is not straightforward to design Glu and GABA receptor ligands as
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drugs with selective effects on diseases involving degenerating or derailed
amino acid neurotransmission in restricted brain areas. Glu and GABA recep-
tor subtypes are, however, unevenly distributed in the CNS, and this fact opens
up the prospect of developing receptor ligands as drugs with a regioselective
effect on particular brain disorders [1–7].

There are numerous examples of therapeutic agents acting as agonists or
antagonists at metabotropic (G-protein-coupled) receptors in other CNS neu-
rotransmitter systems, suggesting that from a drug development point of view
the metabotropic GABAB receptors and the mGluRs would be particularly
attractive. On the other hand, the ionotropic GABAA,C receptors and 
the iGluRs, which mediate fast neurotransmission, represent complex chal-
lenges as drug targets. Thus, full antagonists or agonists at ionotropic Glu or
GABA receptors are less likely to be useful therapeutic agents. Whereas the
former type of ligands may cause severe CNS disturbances via blockade of
fundamental neurotransmission processes, Glu agonists are likely to exert neu-
rotoxic effects in the human CNS, as observed in numerous animal models.
Full GABAA agonists, which show effective receptor desensitization in model
studies, may also desensitize receptors in human brain tissue after systemic
administration and thus provoke undesirable “functional antagonism.” These
issues make partial agonists targeting ionotropic Glu or GABA receptors
more attractive as therapeutic agents. Medicinal chemists are faced not 
only with the challenges of designing partial agonists with optimal levels 
of efficacy for each disease with malfunctioning ionotropic amino acid 
receptor mechanisms, but also of developing principles for the design of such
ligands.

Modulation of ionotropic amino acid receptors by compounds interacting
noncompetitively with the receptors via binding to physiological modulatory
sites or nonphysiological binding sites at receptor protein interfaces are likely
to play increasingly important roles as therapeutic agents. A notable example
of this category of drugs is the benzodiazepines, which interact with binding
sites of no apparent physiological function, but located at protein interfaces
in heteropentameric GABAA receptor complexes.

GABA and Glutamate Receptor Ligands as Potential Drugs in
Neurological Diseases

It is well known that Glu can act as a neurotoxin, especially when energy
supply is compromised. This has given rise to the proposal that injury to
neurons in many neurological disorders may be caused, at least in part, by
overstimulation of Glu receptors (excitotoxicity) [8]. At least to some extent,
this may involve reversal of Glu transporters. Such neurological conditions
range from acute insults such as stroke, trauma, and epilepsy, to chronic neu-
rodegenerative states such as Huntington’s disease, Parkinson’s disease, AIDS
(acquired immunodeficiency syndrome) dementia, and amyotrophic lateral
sclerosis [1, 8].
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Central Nervous System Ischemia

Stroke was the first clinical indication considered for Glu receptor antagonists
because the evidence for an etiological role of excitotoxic mechanisms is the
most convincing. A very large number of studies have been performed with
iGluR antagonists in experimentally induced ischemic stroke in laboratory
animals, and, in most cases, these model experiments have revealed neuro-
protective effects elicited by different subclasses of competitive and noncom-
petitive iGluR antagonists.

Interpretation of these results and extrapolation of the observations to the
human clinic are, however, complicated by the different effects of iGluR anta-
gonists in models of focal and global ischemia, and the quite pronounced in-
fluence on the results of the experimental condition. A number of iGluR
antagonists entered early clinical trials for stroke, and, with different patterns
and degrees of severity, these compounds have produced severe and fre-
quently unacceptable side effects such as psychotomimetic effects, respiratory
depression, and cardiovascular dysregulation.

These predominantly negative clinical results seem to emphasize that
blockade of iGluRs by full antagonists has limited therapeutic potential. In
principle, low-efficacy iGluR agonists that thus predominantly antagonize the
receptors may have some therapeutic potential. Alternatively, functional
iGluR partial agonism, established by coadministration of an iGluR antago-
nist and an iGluR agonist at a fixed ratio [9] may find therapeutical use.
Although difficult to establish as a practical approach, functional partial
agonism does, in principle, present a flexible approach to therapies based on
the concept of partial agonism.

Little is known about the prospects for mGluR ligands, antagonists or
perhaps agonists, in ischemia, but there generally is a growing interest in this
heterogeneous group of receptors as therapeutic targets.

Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by
cell loss, pathological changes in neuronal transmission, and the formation of
senile plaques and neurofibrillary tangles. The cholinergic transmitter system
is particularly vulnerable to degeneration, and loss of cholinergic pathways in
the CNS may largely explain the cognitive impairments and memory defi-
ciencies that are prominent symptoms of AD patients [1].

In the progression of the neurodegenerative processes in the brains of AD
patients, not only cholinergic neurons but also other transmitter systems,
including Glu and GABA neurons, are increasingly affected. It has been pro-
posed that the b-amyloid content of the senile plaques renders neighboring
neurons vulnerable to excitotoxicity, which is likely to contribute to the mul-
tifactorial disease mechanism in AD.

Whereas neither full Glu receptor agonists nor antagonists appear to have
obvious therapeutic prospects in AD, partial Glu agonists or functional partial
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Glu agonists with appropriately balanced agonist/antagonist profiles may, at
least in principle, hold interest as neuroprotective agents or drugs for symp-
tomatic treatment of AD patients.

Since Glu neurotransmitter systems, like cholinergic neuronal pathways,
play a key role in learning and memory functions, various GluR ligands have
been studied in animal models of these CNS functions. There has recently been
a particular pharmacological interest in compounds showing positive non-
competitive modulatory effects at iGluRs. Such compounds have been shown
to improve learning and memory in model systems, but, obviously, potentia-
tion of iGluR functions may provoke excitotoxicity, emphasizing that thera-
peutic targeting of iGluRs to AD is a difficult balancing trick.

The results of studies on different GABAA receptor ligands in animal
models relevant to learning and memory seem to support GABAergic thera-
peutic approaches in AD. Whereas administration of GABAA agonists impairs
learning and memory in animals via inhibition of cholinergic pathways,
memory enhancement is observed after administration of a GABAA antago-
nist. Similarly, compounds showing negative noncompetitive modulatory
effects at GABAA receptors enhance performance in learning and memory
tasks in animal models.

The lack of positive and particularly negative effects of high-efficacy partial
GABAA agonists in AD patients is of interest and may support the view that
low-efficacy partial GABAA agonists hold clinical potential in AD.

Other Diseases and Disease Conditions

As the result of extensive neurobiological, molecular pharmacological, animal
behavioral, and clinical studies, a steadily increasing number of potential 
therapeutic targets among the Glu and GABA neurotransmitter systems are
being identified. Compounds potentiating GABAA receptor functions, includ-
ing benzodiazepines, and agents that increase GABA levels via inhibition of
the GABA-metabolizing enzyme, GABA-transaminase (GABA-T), or
GABA reuptake systems all show antiepileptic effects. Different competitive
and noncompetitive Glu receptor antagonists are currently undergoing clini-
cal trials in epilepsy [1, 2].

Growing evidence suggests involvement of Glu transmitter systems in
schizophrenia [1, 10, 11]. It is possible that schizophrenia is a reflection of a
pattern of imbalances in the CNS and not simply a unidirectional change in
neurotransmission. Several lines of research suggest that Glu neurotransmit-
ter mechanisms contribute to the pathophysiology of schizophrenia. Based on
extensive animal behavioral studies, drugs that target mGluRs may be con-
sidered more attractive than iGluR ligands therapeutically, as well as regards
side effect. Undoubtedly animal behavioral and clinical studies will steadily
grow in this area.

The number of diseases and disease conditions potentially susceptible to
Glu and GABA receptor ligand therapeutic interventions is increasing. Dif-
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ferent GluR ligands have been subjected to intensive studies in various models
of pain, and a high-efficacy partial GABAA agonist has been shown in the
human clinic to possess potent nonopioid analgesic effects [2]. This latter 
category of compounds also is of major clinical interest as agents capable 
of reestablishing normal sleep architecture in patients suffering from sleep 
disorder [2, 12].

18.2 GABA: INHIBITORY NEUROTRANSMITTER

Classification of the GABA System and Therapeutic Targets

The GABA system is the major inhibitory neurotransmitter system in the
CNS, and GABAergic mechanisms are directly involved in a variety of phys-
iological and behavioral processes and in many neurological illnesses. The
GABA neurotransmitter system includes a number of synaptic processes (Fig.
18.1), such as the various enzymes and mechanisms involved in synthesis,
release, and metabolism of GABA, the transmembrane GABA transporters,
and the GABA receptors (GABAA, GABAB, and GABAC). Each of these
entities presents a potential drug target, but so far only the GABA receptors,
the GABA transporters, and the GABA-metabolizing enzyme GABA-T have
proven therapeutically useful.

Although many drugs interacting with the GABA neurotransmitter 
system have been clinically helpful in the treatment of anxiety, epilepsy, sleep
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disorders, alcohol withdrawal, and in the induction and maintenance of 
anesthesia, there are still problems that need to be solved. Therefore, major
efforts are underway to improve the therapeutic spectrum of the presently
available drugs, reduce their side effects, and discover new therapeutic tools
and targets.

GABA Biosynthesis and Metabolism

The main pathway of GABA synthesis is the decarboxylation of Glu, catalyzed
by Glu decarboxylase (GAD), which employs pyridoxal-5¢-phosphate (PLP)
as a cofactor. GABA (1) is released into synaptic clefts by depolarization of
presynaptic neurons and is rapidly removed from the synapses by reuptake
into both glia and presynaptic nerve terminals, where it is initially catabolized
by transamination into succinic semialdehyde. The major pathway of its degra-
dation is via transamination with a-ketoglutarate, catalyzed by the PLP-
dependent enzyme GABA-T. This enzymatic degradation takes place within
GABAergic neurons, as well as in surrounding glia cells. It has been shown
that inhibition of the activity of GABA-T results in an increase in available
GABA, which makes it a therapeutic target in, for example, neurological dis-
orders associated with abnormally low levels of GABA [13–15].

Inhibitors of GABA Metabolism Based on the knowledge of the mecha-
nism of inactivation of GABA-T, a number of inhibitors of this enzyme have
been developed [16–20]. These compounds are typically analogs of GABA,
containing appropriate, notably unsaturated, substituents at the g-carbon adja-
cent to the g-amino group. Via a deprotonation at the g-carbon, the sub-
stituents are converted by GABA-T into electrophiles, which react with
nucleophilic groups at or near the active site of the enzyme and thereby inac-
tivate the enzyme irreversibly [19]. The receptor protein nucleophile that par-
ticipates in this reaction is known to be Lys329, which links PLP to the active
site [21].

Although GABA-T, like other PLP-dependent enzymes, does not show
strict stereospecificity with respect to inactivation by mechanism-based inac-
tivators, such inhibitors do react with the enzyme in a stereoselective manner.
Thus the S forms of the GABA-T inhibitors Vigabatrin (2) and its fluo-
romethyl derivative (3) are more active as GABA-T inactivators than the
respective R-isomers [22] (Fig. 18.2). These observations are in good agree-
ment with results obtained from modeling studies of the inhibitors using the
reported crystal structure of the enzyme [21]. The a-carboxylate of the
inhibitor–PLP complex interacts with Arg192, which positions the S-proton of
the g-carbon appropriately for abstraction by Lys329.

The therapeutic potential of the GABA metabolic system is illustrated 
by Vigabatrin (2), which is utilized in the treatment of epilepsy [23], and is in
clinical trials for treatment of drug addiction [24–26]. Unfortunately, the high
risk of irreversible visual field defects, frequently associated with Vigabatrin
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treatment, continues to cause concern [27, 28]. However, a recent study on rats 
has revealed that low-dose Vigabatrin maintains therapeutic efficacy for the
treatment of cocaine addiction with reduced risk for emergence of visual
defects [29].

In order to optimize the inactivator–enzyme interaction, conformationally
rigid analogs of Vigabatrin and 4-amino-5-halopentanoic acid have been
developed [20, 30]. Unlike the cyclopentene analog (4) of Vigabatrin, which
does not inactivate GABA-T, the saturated 5-fluoro analog (5) exhibits inac-
tivation properties similar to the corresponding open-chain analogs.

The apperance of the crystal structure of GABA-T [21] initiated the devel-
opment of a series of cyclohexene analogs of Vigabatrin that possess slightly
increased flexibility about the double bond [16, 17]. The analogs 6 and 7 irre-
versibly inhibit GABA-T, whereas the corresponding trans-isomers are com-
petitive reversible inhibitors of the enzyme. Once bound, the proton of the
trans-isomer, which needs to be removed for the reaction to take place, is not
oriented toward the active site (Lys 329). Thus, no irreversible reaction takes
place [17]. Interestingly, similar effects on drug addiction have been observed
for competitive reversible GABA-T inhibitors [25, 31].

GABA Reuptake

The reuptake of GABA into surrounding neurons and glial cells is affected by
selective GABA transporters that belong to the superfamily of sodium- and
chloride-dependent neurotransmitter transporters. Four different transporters
have been identified displaying regionally distinct distributions within the CNS
[32]. The four subtypes have been cloned from different species by different
research groups leading to different acronyms, bringing the numbering of the
transporters into confusion [32]. Whereas the homologous transporters cloned
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from rat, mouse, and human have been numbered GAT-1, GAT1, and GAT-
1, respectively, the mouse GAT3 and GAT4 correspond to the rat and human
GAT-2 and GAT-3. The betaine/GABA transporter from humans (BGT-1)
corresponds to the mouse GAT2. Based on studies of the regional distribu-
tion of GABA transporters, GAT1 seems to be the most abundant in the CNS,
and it appears to be predominantly localized in neurons. GAT3 and GAT4
seem to be preferentally expressed in glial cells, while GAT2 is equally
expressed in neurons and in glial cells [32–38].

Inhibition of GABA uptake has been shown to enhance the synaptic effi-
cacy of GABA and to increase the extracellular concentration of GABA in
the brain [39, 40]. The anticonvulsant effects seen in different seizure models
following the administration of GABA uptake inhibitors substantiates the
functional importance of these observations. In addition to their anticonvul-
sant activities, in vivo and in vitro studies indicate that GABAergic agents,
including reuptake inhibitors, possess neuroprotective [41, 42], cognition-
enhancing [43], and pain-relieving properties [44].

It has been established that the transport systems show different substrate
specificities, which makes selective pharmacological manipulation of the
GABA transport system possible [45]. For the purpose of stimulating GABA
neurotransmission, the most effective strategy for such therapeutic interven-
tion seems to be a selective blockade of glial GABA uptake, in order to elevate
the level of GABA taken up by the neuronal carrier.

Inhibitors of GABA Reuptake The classical GABA transport inhibitors
nipecotic acid (8) and guvacine (9) are effective inhibitors of both neuronal
and glial GABA uptake [46–49] (Fig. 18.3). Introducing small substituents at
the amino group of nipecotic acid (8) or guvacine (9) results in compounds
with reduced affinity for GABA transport carriers [50], whereas large
lipophilic derivatives such as N-(4,4-diphenyl-3-butenyl)nipecotic acid (12) are
much more potent than the parent compounds [51]. By contrast with nipecotic
acid (8) and guvacine (9), such lipophilic compounds are able to cross the
blood–brain barrier (BBB) and have been shown to be potent anticonvulsants
in animal models. This development has led to the compound Tiagabine (13),
now marketed as a therapeutic adjunct for the treatment of epilepsy [23]. Due
to nonoptimal pharmacokinetic profile of Tiagabine (13) [52] a large number
of lipophilic analogs of nipecotic acid (8) have been synthesized, that include
an electronegative moiety in the carbon chain (e.g., compounds 14 and 15)
[53–57]. Although some of these analogs have turned out to be more potent
than Tiagabine (13), a new therapeutic candidate apparently has not emerged
from these studies.

Although effective as an anticonvulsant, Tiagabine (13) does not display
glial selectivity and has been shown to be GAT-1 selective [58]. By the devel-
oping exo-THPO (10) and analogs thereof, a certain degree of selectivity for
the glial transport system has been achieved [59]. N-Me-exo-THPO (11)
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exhibits more than 10-fold higher inhibitory potency for glial transport than
for neuronal transport of GABA [59]. Although Tiagabine (13) is approxi-
mately 1000-fold more potent than exo-THPO (10) and its N-alkylated
analogs as an inhibitor of GABA uptake in cultured neuronal cells and in
GAT1 expressing cells, the anticonvulsant potencies of exo-THPO (10) and its
analogs have been shown to be only 3 to 7-fold less than that of Tiagabine (13)
[58]. Thus, the anticonvulsant efficacies of exo-THPO analogs seem to corre-
late better with their ability to inhibit glial rather than neuronal GABA trans-
port [58]. Although glia selective, both exo-THPO analogs and liphophilic
analogs of nipecotic acid and guvacine interact selectively with GAT1.
Very few inhibitors of GABA transport have been shown to display selecti-
vity for other GABA transporters (GAT2, -3, or -4). SNAP-5114 (16) [60, 61]
has been reported to inhibit GAT2-4, and a group of compounds exemplified
by NNC 05-2090 (17) seem to inhibit GAT2 and GAT4 [62]. Further devel-
opment of subtype-selective compounds would be useful for studying the
pharmacological and physiological importance of the GAT subtypes and may
help understand the different anticonvulsant profiles observed for different
inhibitors [63].
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The GABAA Receptor Complex

The GABAA receptor is a member of the superfamily of ligand-gated ion
channels (Fig. 18.4). The structure and function of this group of receptors dis-
plays a high degree of complexity, which has been the subject of a number of
excellent reviews over the last decade [5, 64–70]. The GABAA receptor is an
oligomeric protein that forms a complex containing a considerable number of
separate but allosterically interacting binding sites (Fig. 18.4b). This is reflected
in the structural diversity of compounds acting at GABAA receptors, includ-
ing important drugs such as benzodiazepines, barbiturates, and neurosteroids.
The heterogenity of the GABAA receptor in the brain is pronounced. The
exact number of different receptor subtypes is not known, but so far a total
of 19 different subunits belonging to several subunit classes have been cloned
(a1-6, b1-3, g1-3, d, e, q, p, and r1-3). GABAA receptors are built up as pen-
tameric assemblies of different families of receptor subunits, as illustrated in
Figure 18.4a. It is believed that the most abundant receptor subtype consists
of two a1, two b2, and one g2 subunit in a well-defined structural arrangement
forming a pore/channel in the cell membrane that is permeable to chloride
ions.

Site-directed mutagenesis studies have shown that the binding site(s) for
GABA, GABAA agonists, and competitive antagonists are located at the inter-
face between a and b subunits, whereas the binding site(s) for benzodiazepines
are located at the interface between a and g subunits.

The GABAA receptors display different pharmacology and regional distri-
bution depending on their subunit combination suggesting that GABAA

receptor ligands with subunit-specific effects may provide drugs with improved
clinical utility.
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Figure 18.4 (a) Schematic model of the pentameric structure of the GABAA recep-
tor complex indicating the position of the binding sites for GABA and benzodiazepines
(BZD). (b) Schematic illustration of the GABAA receptor complex indicating the chlo-
ride ion channel and additional binding sites.



The GABAA Receptor Agonists and Antagonists In spite of the very distinct
and specific structural requirements for GABAA receptor agonists, conforma-
tional restriction of different parts of the GABA (1) molecule and bioisosteric
replacement of the carboxyl group have led to a series of specific GABAA ago-
nists. Some of these compounds have played a key role in the pharmacologi-
cal characterization of GABAA receptors.

Muscimol (18) (Fig. 18.5), a constituent of the mushroom Amanita mus-
caria, has been highly useful in the investigation of the GABAA receptors [48].
However, the fact that muscimol (18) is nonselective, being both a GABAA

receptor agonist [71, 72] and a substrate for GABA-T [73], and moreover a
neurotoxin, prevents its therapeutic application. Because the 3-isoxazolol
moiety has proved to be efficient as a bioisosteric replacement for the car-
boxyl group of GABA, muscimol (18) has been extensively used as a lead
structure in the development of GABAA receptor ligands.

The conformationallly restricted bicylic analog THIP (19), a specific
GABAA agonist [74], has been shown to be devoid of the neurotoxic proper-
ties of muscimol (18) and metabolically stable, in contrast to muscimol (18).
THIP (19) shows nonopioid analgesic effects [75] and is in clinical trials as a
novel hypnotic agent. Unlike GABA, muscimol (18) and THIP (19) are
capable of penetrating the BBB after systemic administration, in spite of their
zwitterionic structures [76].

Based on the structure of THIP (19), a series of monoheterocyclic GABAA

agonists has been developed, including isonipecotic acid (20) and isoguvacine
(21) [74, 77]. THIP (19) and the equipotent analog isoguvacine (21) are now
used as standard GABAA agonists.

Bicuculline (22) [78] (Fig. 18.6) and bicuculline methochloride (BMC) [79]
are classical GABAA antagonists. SR 95531(23) belongs to a group of ary-
laminopyridazine analogs that show potent and selective competitive GABAA

receptor antagonist effect [80, 81]. SR 95531(23) is now used as a standard
GABAA antagonist.

The nonannulated THIP analogs, 4-PIOL (24) [82], the corresponding
sulfur analog thio-4-PIOL (25) and 26 [83] represent a group of low-efficacy
GABAA agonists that predominantly show GABAA antagonist profiles
[83–85]. As reported for other GABAA antagonists, the functional conse-
quences of the subunit composition of the GABAA receptors on thio-4-PIOL
(25) pharmacology are negligible [86, 87]. This contrasts with the effects
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observed on the pharmacology of GABAA agonists [86]. Importantly, unlike
full and highly efficacious partial GABAA agonists, repeated administration of
4-PIOL (24) has been reported to not cause significant desensitization of
GABAA receptors [85, 88].

Based on the structure of 4-PIOL (24), a series of potent and selective com-
petitive GABAA antagonists has been developed, as exemplified by compound
27, with potencies in the low nanomolar range (see also the following section)
[89]. Very little information has been obtained regarding direct acting full
GABAA receptor agonist or antagonists in clinical studies. Therapeutic use 
of GABAA receptor agonists and antagonists that can interact with all
GABAA receptor subtypes in the CNS may be associated with side effects,
such as tolerance and convulsions. In this regard, partial agonists with various
levels of efficacy, displaying either predominantly agonist or antagonist pro-
files, could be of therapeutic relevance, as exemplified by THIP.

THIP (19) and the heterocylic GABA isosteres piperidine-4-sulfonic acid
(P4S, 28) and imidazole-4-acetic acid (IAA, 29) show the characteristics of
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partial agonists [90]. Binding studies have shown only relatively low selecti-
vity of GABAA agonists for GABAA receptors containing different a or 
b subunits [87]. By contrast, electrophysiological investigations using 
heteromeric (axb3g2) human GABAA receptors expressed in Xenopus oocytes
have revealed that the relative efficacy as well as the potency displayed by
these compounds is highly dependent on the receptor subunit combination
[86]. The patterns of GABAA receptor subunit dependence of the maximal
responses of THIP (19) and IAA (29) are qualitatively the same as that seen
for P4S (28) (Fig. 18.7). Agonist potencies are frequently highest at receptors
containing a5 or especially a6 subunits and generally lowest at a4-containing
receptors. Coexpression of different a subunits in combination with b and g
subunits has been shown to result in unpredictable changes in both efficacy
and potency of GABAA receptor agonists [88, 90, 91].
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Another example of the consequences of the variation of subunits is the
effect of substituting of a d subunit for the g2 subunit in a receptor complex
containing a4b3 subunits. THIP (19) behaves as a partial agonist at a4b3g2-con-
taining receptors, while the compound behaves as a superagonist at a4b3d-con-
taining receptors, with a maximum response 60 percent larger than that 
of GABA, suggesting that GABA acts as a partial agonist at the a4b3d recep-
tor subtype [92, 93]. Interestingly, d-containing receptors show a 50-fold 
higher affinity for GABA than g-containing receptors [94]. The a4 and the d
subunits are co-localized in the thalamus and hippocampus [95, 96], and some
of these receptors are presumed to be extrasynaptic [97]. This restricted
expression and putative extrasynaptic location makes them potentially inter-
esting as drug targets.

It has been shown that the hypnotic effect of THIP (19) is elicited by a
mechanism different from those of benzodiazepines and ethanol [98]. Most
likely, this effect is mediated by benzodiazepine-insensitive a4-containing
receptors. These receptor subtypes are located in regions distinctly different
from the most abundant a1-containing receptors that are supposed to be
responsible for the effects of currently used hypnotics [99]. These observations
have led to the suggestion that THIP (19) has a major effect on a4- and d-con-
taining extrasynaptic receptors [98].

Despite the fact that the amino acid residues contributing to the binding
site of GABA appear to be conserved within the a and b subunits [69], the
functional consequences of binding are highly dependent on the subunit com-
position of individual GABAA receptors. Moreover, the pharmacological
response seems to be determined not only by a and b subunits but by the inter-
action of all subunits present in the receptor complex. The determinants of
these changes in pharmacological profiles that results in functional selectivity
are still not clarified, making the development of compounds with a prede-
fined receptor subtype-selectivity profile difficult.

Receptor and Pharmacophore Models of the GABA Site of the GABAA

Receptor Complex There is currently no experimentally determined three-
dimensional structure of the GABAA receptor complex. Thus, the study of the
structure–activity relationship (SAR) and the design of novel GABAA ligands
cannot be based on experimental structural information about the receptor
protein. The GABAA receptors belong to the same superfamily as the nico-
tinic acetylcholine receptors, and a soluble homopentameric acetylcholine
binding protein (AChBP) from the snail Lymnaea stagnalis has been isolated
[100]. This protein is weakly homologous to the extracellular ligand-binding
domain of the nicotinic acetylcholine receptor. The protein has been success-
fully crystallized and its three-dimensional structure has been solved by X-ray
crystallography [101]. The AChBP structure has been used for homology
building of the extracellular ligand-binding domain of GABAA receptors
[102–104]. The receptor models obtained may be used as tools for the design
of mutagenesis experiments. However, it should be noted that the AChBP
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protein only shares approximately 18 percent sequence identity with GABAA

receptor subunits, making sequence alignment and homology modeling ques-
tionable. Thus, given the low level of sequence identity, it is not straight-
forward to use these models for the prediction of ligand affinity or SAR
studies.

In the absence of an experimentally determined three-dimensional (3D)
structure for the GABAA receptor, rationalization of SARs and design of
novel ligands may be attempted by the use of pharmacophore models.
Such a model is developed on the basis of analysis of the molecular proper-
ties of known ligands and their receptor binding data [105, 106]. A well-devel-
oped pharmacophore model may be employed to design new ligands and/or
to search databases for new compounds that are compatible with the model
[105, 106].

Most attempts to develop pharmacophore models for ligands binding to the
GABA site of GABAA receptors have used the assumption that the 3-isoxa-
zolol rings in, for example, muscimol (18), THIP (19), and 4-PIOL (24) (Figs.
18.5 and 18.6) are located in very similar regions in the binding cavity and thus
may be superimposed in a pharmacophore model. Furthermore, it has been
assumed that the relative spatial locations of the nitrogen atom and the 3-iso-
xazolol ring in THIP (19) define the bioactive conformation of muscimol (18).
Based on these assumptions, a number of molecular modeling studies have
been carried out in order to develop pharmacophore models for GABAA

receptor agonists and competitive antagonists [107, 108].
However, it has not been possible to rationalize crucial experimental data

by using models in which the 3-isoxazolol rings of muscimol (18), THIP (19),
and 4-PIOL (24) are superimposed. For instance, it has been shown that
replacement of the 3-isoxazolol ring in these molecules by an isothiazolol ring
(e.g., compound 25) has significantly different effects on the receptor affinity
[72, 83, 109]. This indicates that the 3-isoxazolol rings in the three classes of
compounds do not occupy identical positions in the receptor cavity.
Furthermore, high-level quantum chemical ab initio calculations indicate that
the assumed THIP-like bioactive conformation of muscimol has a very high
conformational energy [110], which is not compatible with its high affinity. In
addition, the introduction of a methyl group in the 4-position of the 3-isoxa-
zolol ring of muscimol (18) severely inhibits interaction with the GABAA

receptor recognition site [111]. This effect probably reflects steric repulsion
between the methyl group and the receptor, which makes a direct superim-
position of the 3-isoxazolol rings of muscimol (18) and THIP (19) highly 
questionable.

The equipotent activities of 4-PIOL (24) and compound 26 [83] clearly
demonstrates that the distance between the nitrogen atom and the 3-isoxa-
zolol ring in the bioactive conformation of 4-PIOL (24) is significantly larger
than it is in THIP (19) and muscimol (18). A pharmacophore model that over-
comes these problems has been developed [89, 112, 113] by noting that an argi-
nine residue is a suitable binding partner to the carboxylate group of the
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endogenous ligand GABA, as well as to the 3-isoxazolol anions of muscimol
(18), THIP (19), and 4-PIOL (24). High-level quantum chemical ab initio 
calculations show that a bidentate interaction between the arginine side 
chain and the ligand is compatible with observed SARs [114]. The involve-
ment of an arginine residue in the binding of muscimol (18) has been demon-
strated by site-directed mutagenesis studies [115–117]. The flexibility of the
arginine side chain makes it feasible to accommodate muscimol (18) and 4-
PIOL (24) in the same binding pocket, by assuming that the side chain adopts
different conformations when binding to the two ligands, as illustrated in
Figure 18.8.

Figure 18.9 displays the deduced binding modes of muscimol (18), THIP
(19), and 4-PIOL (24). It should be noted that the 3-isoxazolol rings of the
three compounds do not overlap, which is in agreement with experimental evi-
dence (see above). The black tetrahedrons in Figure 18.9 denote sterically
“forbidden” regions. The pharmacophore model indicates that the 4-position
in 4-PIOL (24) (marked by an arrow) does not correspond to the “forbidden”
4-position in muscimol (18) (see above). Thus, by contrast with muscimol
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Figure 18.8 Proposed binding mode of muscimol (18) and 4-PIOL (24) to the GABAA

receptor employing two different conformations of an arginine side chain. (This figure
is available in full color at ftp://ftp.wiley.com/public/sci_tech_med/drug_discovery/.)



derivatives, substitution at the 4-position of 4-PIOL (24) may be allowed
according to the model. This prediction has resulted in the successful design
of a number of 4-substituted 4-PIOL analogs with alkyl, phenylalkyl, dipheny-
lalkyl, and naphthylalkyl substituents, demonstrating the presence of a recep-
tor pocket of considerable dimensions in the vicinity of the 4-position of
4-PIOL (24) [89, 113].

Compound 27 displays the highest affinity of the 4-substituted 4-PIOLs with
an increase in affinity by a factor of about 200 compared to 4-PIOL (24). Com-
pound 27, fitted to the pharmacophore model, is shown in Figure 18.10.

Ligands for the Benzodiazepine Site and Other Allosteric Sites of the GABAA

Receptor Complex The GABAA receptor complex is the target of a large
number of structurally diverse compounds, some of which are pharmacologi-
cally active and used clinically. Agents that increase chloride ion flux directly
or indirectly through the GABAA receptor have sedative, anxiolytic, anaes-
thetic, hypnotic, and/or anticonvulsive action. Compounds that decrease 
chloride ion current may induce convulsions, anxiety, or increase cognitive
functions. These modulatory effects are produced by compounds such as ben-
zodiazepines, ethanol, general anesthetics, barbiturates, and neuroactive
steroids via a wide range of distinct allosteric binding sites within the pen-
tameric, proteinous receptor complex [5, 69, 118, 119].

The benzodiazepine binding site was defined in 1977 as the binding site for
1,4-benzodiazepines [e.g., diazepam (30) (Fig. 18.11)] in a rat membrane sus-
pension. Since then a wide variety of structurally diverse nonbenzodiazepine
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Figure 18.9 Pharmacophore model of GABAA receptor agonists showing the pro-
posed binding modes of muscimol (18), 4-PIOL (24), and THIP (19). Dashed lines indi-
cate hydrogen bond interactions. The cyan-colored tetrahedrons indicate positions of
methyl groups in GABAA agonists that cause strong steric repulsion with the recep-
tor. The arrow points at the 4-isoxazolyl position in 4-PIOL (24). The magenta-colored
spheres indicate sites with which the ammonium group in muscimol (18) interacts via
hydrogen bonds. Hydrogens on carbon have been omitted for clarity, except for hydro-
gens at the 4-isoxazolyl position of muscimol and 4-PIOL. (This figure is available in
full color at ftp://ftp.wiley.com/public/sci_tech_med/drug_discovery/.)



Figure 18.10 Compound 27 fitted to the GABAA pharmacophore model. Hydrogens
on carbon have been omitted for clarity. (This figure is available in full color at
ftp://ftp.wiley.com/public/sci_tech_med/drug_discovery/.)
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compounds, as illustrated in Figures 18.11 and 18.12, have been found to 
interact with this binding site. These classes of substances include: imidazopy-
ridines [Zolpidem (35)], imidazopyrimidines [Divaplon (36)], pyrazoloquino-
linones [CGS 9896 (37)], cyclopyrrolones [Zopiclone (38)], b-carbolines
[Abecarnil (40)], pyrazolopyrimidine [Zaleplon (44)], and triazolopyridazines
[L-838,417 (45)] [67, 120]. The benzodiazepine binding site lies within the
GABAA receptor complex, through which the various ligands exert their
effects.
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Knowledge of the multiplicity and complexity of the benzodiazepine
binding sites has increased dramatically over time, from one site, to two sites,
to an unknown number of different regionally distinct subtypes in the mam-
malian brain. The complexity has been further enhanced by the discovery of
the agonist–antagonist–inverse agonist principle [121].

Studies of benzodiazepine sites at GABAA receptor complexes are per-
formed using (a) radioactive labeled ligands in vitro or in vivo (see, e.g.,
[122–124]); (b) by fluorescence based methods, including recombinant
GABAA receptor complexes, which have been made cation (Ca2+) permeable
via specific point mutations in subunits [92, 125, 126]; (c) by 36Cl-flow mea-
surements [127]; or (d) by electrophysiological techniques. Genetically mo-
dified mice (so-called knockin mice) have been used to differentiate the 
various pharmacological effects of agonists on the benzodiazepine binding site
[99, 128]. The biological materials used for assaying benzodiazepine binding
sites include: brain membrane preparations and brain slices; recombinant
receptors [human or rat complementary deoxyribonucleic acid (cDNA) 
or messenger ribonucleic acid (mRNA)]; any combination of ax (x = 1, 2, 3, 5),
by (y = 1, 2, 3), and g2 expressed in Xenopus oocytes, HEK 293 cells, CHO 
cells, Sf9 cells, or by construction of stable GABAA receptor-expressing cell
lines.

The clinical effects of nonselective benzodiazepines such as diazepam 
(30) include sedation, muscle relaxation, anxiolysis, and memory impairment.
Furthermore, the drugs can induce tolerance and dependence. Using the
above-mentioned tools for studying the GABAA receptor complex, the ben-
zodiazepine pharmacology of different GABAA subtypes is emerging, and the
observed clinical effects of, for instances, diazepam (30) are being partly dis-
sected. The a subunit seems to be a determinant for the pharmacology dis-
played by benzodiazepines. The sedative effect is suggested to be mediated
primarily by a1-containing GABAA receptors, whereas a2-containing recep-
tors seem to be important for different anxiolytic effects [99, 128–130]. The
very distinct distribution of a5-containing GABAA receptors, being limited pri-
marily to the hippocampus, which is known to be of importance in learning
and memory, makes this group of receptors interesting as therapeutic targets.
These observations have been used in the development of novel compounds
with more specific actions.

In the following discussion selected ligands for the benzodiazepine site at
the GABAA receptor complex are listed (see Figs. 18.11 and 18.12):

Bretazenil (31) and Imidazenil (32) are high-affinity partial agonists of the
benzodiazepine binding sites (nonselective) [131]. L-655,708 (33) is a partial
inverse agonist. The substance shows higher affinity for a5-containing recep-
tors than for a1-containing receptors [132]. RY 80 (34) shows about 50 times
higher affinity for a5-containing receptors than for a1-, a4-, or a6-containing
receptors [133]. ZK 91085 (39) is a b-carboline derivative with high affinity for
the benzodiazepine binding sites. The substance stimulates GABAA receptor
function both via the benzodiazepine site and the Loreclezole site (see below)
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[134]. RWJ-51204 (41) is described as a high-affinity partial agonist. The com-
pound shows more anxiolytic activity and less sedation in mice and monkeys
but not in rats [135]. SL 651498 (42) shows stronger binding affinity for a1-
and a2-containing receptors compared to a5-containing receptors. The com-
pound is a full agonist at a2- and a3-containing receptors, while it has a partial
agonist profile at a1- and a5-containing receptors [136].

NS 2710 (ME 3127) (43) is described as possessing functional subtype selec-
tivity and anxiolytic activity [137]. Zaleplon (44) is a nonbenzodiazepine 
hypnotic drug. It has a lower EC50 value in potentiating GABA effects at 
a1-containing receptors compared to a2-, a3-, and a5-containing receptors
[138]. L-838,417 (45) has anxiolytic action. The efficacy of the substance 
shows subtype selectivity: enhanced responses at a2-, a3-, and a5-containing
receptors, while no modulation of the GABA response is found at a1-
containing receptors [99]. The substance is devoid of the sedative and amnesic
effects usually described for agonists of the benzodiazepine binding site.
Pazinaclone (DN 2327) (46) is reported to be a partial agonist, although the
substance shows the same adverse effects as full agonists [139]. PNU-101017
(47) has high affinity for the benzodiazepine binding sites and shows partial
agonist-like inhibition of induced convulsions in mice, as well as a weak 
anxiolytic effect. Besides the benzodiazepine binding site, the compound 
may act via a second low-affinity site at GABAA receptors producing a 
negative allosteric effect, whereas the trifluoroethyl analog 48, produces a 
positive allosteric effect [140, 141]. Derivatives of imidazopyridopyrimidine
(e.g., 49) show high affinity and some selectivity toward GABAA receptor sub-
types. One derivative is reported to be an a2/a3-selective partial agonist
showing in vivo activity [142]. Derivatives of pyrazoloquinolinones (e.g., 50)
have been found in several studies to be very potent ligands for benzodi-
azepine sites [143]. Naturally occurring and synthetic flavone derivatives
(51, 52) are inhibitors of benzodiazepine binding in vitro [144, 145].
Amentoflavone (52), a biflavonoid, was identified as the first nonnitrogenous
substance showing high affinity for benzodiazepine binding sites [146]. ROD
185 (53) is reported to bind to benzodiazepine sites as well as to a novel
allosteric modulatory site at the GABAA receptor complex [147]. AWD
131–138 (54) is a low-affinity partial agonist. The compound has anticonvul-
sant and anxiolytic properties in rodents [148]. Derivatives of benzothiophe-
none (e.g., 55) show higher affinity for a5-containing receptors compared to
a1-, a2-, and a3-containing receptors. Some analogs have inverse agonist activ-
ity at a5-containing receptors; enhancement of cognitive performance is seen
in rat behavioral models [149]. Derivatives of N-(indol-3-yl glyoxyl)amine (e.g.,
56) bind with higher affinity to a1-containing receptors than for a2-, a3-, and
a5-containing receptors [150, 151]. Derivatives of phenyltriazole (e.g., 57) show
anticonvulsant and sedative effects, although less potent than diazepam in
animal studies [152].

Apart from the benzodiazepine binding site, a number of GABAA sites exist
that recognize specific chemical patterns. In the following discussion, selected
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ligands are listed for some of these nonbenzodiazepine allosteric sites at the
GABAA receptor complex (see Fig. 18.13):

Barbiturates [e.g., pentobarbital (58)], neurosteroids, and neuroactive
steroids [e.g., a-THDOC (59) and alphaxolone (60)] are selective allosteric
modulators of GABAA receptors [68, 153–155]. Although many actions of the
barbiturates and the steroids are similar, they are believed to interact with dis-
tinct binding sites within the GABAA receptor complex. Anesthetics generally
have low affinity for GABAA receptor complexes, but defined amino acid
mutations in a and b subunits have been found to be critical for the action of
general anesthetics [156]. As an example Enflurane (61) potentiates GABA
currents in a3b3g2 subunit containing receptors [157]. Loreclezole (62) is an
anticonvulsive compound that potentiates GABAA receptor function, depend-
ing on the b subunit: b2- or b3-containing receptors have much higher affinity
for Loreclezole (62) compared to b1-containing receptors [158]. a-EMTBL
(63) has no affinity for the benzodiazepine binding sites or the GABA binding
site; it shows a profile similar to that of Loreclezole (62) [159]. Etomidate (64)
is an anxiolytic compound that potentiates GABA-induced currents depen-
ding on the type of b subunit present in the receptor complex, as seen for 
Loreclezole (62) [160, 161]. Etifoxin (65) is an anxiolytic substance, which
potentiates GABA-induced currents, depending on the type of b subunit
present in the receptor complex as seen for Loreclezole (62) [162]. Mefenamic
acid (66) has anticonvulsant and proconvulsant activity. The substance poten-
tiates GABAA receptor function in vitro. It exhibits a profile comparable to
Loreclezole (62) [163]. MDL 26,479 (Suritozole) (67) is reported to be active
in animal models that are predictive of cognitive enhancement and antide-
pressant activity. The compound has been suggested to act at the GABAA

receptor complex at a site different from the benzodiazepine binding site
[164]. Tracazolate (68) possesses anxiolytic and anticonvulsant activity. The
compound potentiates GABA-induced currents in recombinant receptors
[165].

Propofol (69) activates GABAA receptors in the absence of GABA [166].
SB-205384 (70) potentiates GABA-induced currents. The substance prolongs
the half-life of the decay of current after GABA removal. Its effect is selec-
tive for a3-containing receptors [167]. Retigabine (71) is an antiepileptic drug.
The substance interacts allosterically with the GABAA receptor complex,
possibly via a novel site coupled to the GABA binding site. The compound is
also a potassium channel opener [168]. Fluoxetine (72) is reported to affect
GABAA receptor function via a novel modulatory site. The substance
increases the response to subthreshold concentrations of GABA but does not
alter the maximum response. The a5-containing receptors show less response
compared to other a-containing receptors [169]. Clozapine (73) is an antipsy-
chotic drug. The compound is reported to inhibit GABA-evoked chloride ion
currents at a1b2g2L GABAA receptors expressed in Xenopus oocytes [170].

A wide range of different ligands are known to block the chloride channel
[2]. These compounds could be defined as negative allosteric modulators of
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Figure 18.13 Structures of some ligands for nonbenzodiazepine allosteric binding
sites at the GABAA receptor.
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GABAA receptors (or noncompetitive GABAA receptor antagonists). Picro-
toxinin (74) is a potent convulsant. a-Thujone (75), which is an ingredient of
absinthe, has been found to interact with the GABAA receptor complex via
the picrotoxin binding site [171]. Lindane (76) and Dieldrin (77) are insecti-
cides known to inhibit GABAA receptor function [172].

Receptor and Pharmacophore Models of the Benzodiazepine Site of the
GABAA Receptor Complex The X-ray crystallographic structure of a soluble
homopentameric AChBP [101] described in the previous section has been
employed via homology models in attempts to obtain structural information
about the benzodiazepine binding site [102, 103]. The amino acid residues
forming the benzodiazepine binding site have been predicted, and a mecha-
nism for the mediation of positive cooperativity at the benzodiazepine site has
been proposed [103]. As mentioned earlier the low level of sequence identity
between AChBP and the corresponding parts of GABAA receptors necessi-
tates extensive validation of models before any conclusions regarding their
usefulness can be drawn.

A number of pharmacophore models of ligand binding at the benzodia-
zepine site of the GABAA receptor complex have been reported [144,
173–179]. The most comprehensive and well-validated pharmacophore model
reported so far is that of Cook and co-workers [174, 175]. The model is based
on 136 different ligands from 10 structurally different classes of compounds.
In developing the model it was assumed that agonists, antagonists, and inverse
agonists share the same binding pocket. The elements of the pharmacophore
model are shown in Figure 18.14. H1 and A2 denote hydrogen bond donor
and acceptor sites, respectively, whereas H2/A3 is a bifunctional hydrogen
bond donor/acceptor site. L1, L2, L3, and LDi are lipophilic regions and S1, S2,
and S3 are regions of steric repulsive ligand-receptor interactions (recep-
tor-essential volumes). As shown in Figure 18.14, 1,4-benzodiazepines such as
diazepam (30) are proposed to bind in a different binding mode than the more
planar ligands such as the pyrazoloquinolone CGS 9896 (37). Diazepam and
CGS 9896 both interact with H1, H2/A3, L1, and L2 sites, but the L3 site is
only occupied by 1,4-benzodiazepines, and the LDi site only by compounds
similar to CGS 9896.

This model has been widely used for the design of novel ligands [180, 181]
and for SAR analyses [182–184]. The validity and usefulness of the model have
been further demonstrated by an extensive study of flavone derivatives [144,
178]. It should be noted that flavones were not included in the original devel-
opment of the model. As shown in Figure 18.15, these studies have resulted in
an extension of the model built by Cook and co-workers [174, 175], by the
identification of two new regions of steric ligand–receptor repulsions, S4 and
S5, and the proposal of a large region (denoted “channel” in Fig. 18.15) in
which a wide variety of substituents may be accommodated. This region is
proposed to be partly lipophilic, with possibilities for hydrogen bonding. The
extension of this region may be a channel in which larger substituents are only
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partly desolvated. Such a channel may exist at the interface between an a and
a g subunit in the GABAA receptor where the benzodiazepine binding site is
most probably located.

By using the model, a number of high-affinity flavone derivatives have been
designed. The highest affinity flavonoid (51) is shown fitted to the model in
Figure 18.15 (Ki = 0.9nM, [3H]-Ro 15–1788 binding to rat cortical membrane
preparations) [178]. Flavone itself displays an affinity of 4200nM. Thus, the
use of the pharmacophore model has resulted in an increase in the affinity by
a factor of 4700 via the introduction of three properly positioned substituents.

The pharmacophore model displayed in Figure 18.15 has been converted
into a search query and used for database searching with the Catalyst software
suite (Accelrys, Inc.). A number of hits have been identified, and these may
be used as interesting starting points for the design of novel ligands for ben-
zodiazepine sites [185].

Current developments of pharmacophore models for benzodiazepine sites
focus on models for specific receptor subtypes [133, 186, 187]. Most of this
work has been performed in the context of the pharmacophore model devel-
oped by Cook and co-workers [174, 175], described above. As more data for
subtype-selective compounds become available, such pharmacophore models
will undoubtedly be further developed to a level where they can be effectively
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used for the design of novel subtype-selective ligands. It may also be within
reach to employ pharmacophore models to elucidate the molecular proper-
ties involved in the actions of agonism and inverse agonism [174, 188, 189].

GABAB Receptor Ligands

The GABAB Receptor GABAB receptors were first identified in the early
1980s on the basis of pharmacological responses to the agonist baclofen (78)
and insensitivity to the GABAA antagonist bicuculline (22) (Fig. 18.6) [190,
191], but resisted cloning until the late 1990s. GABAB receptors belong to the
family of G-protein-coupled receptors (GPCR), which upon activation cause
a decrease in calcium and an increase in potassium membrane conductance
and inhibit cyclic adenosine 5¢-monophosphate (cAMP) formation. The
response is thus inhibitory and leads to, for example, hyperpolarization and
decreased neurotransmitter release [192]. Specifically, the receptor belongs to
the family C of GPCRs, with similarity to the mGluRs (see Metabotropic glu-
tamate Receptor Ligands), which are characterized by a large extracellular
amino-terminal domain (ATD) and a 7-transmembrane (7TM) domain (Fig.
18.16) [193].

Cloning revealed that the receptors consist of two subtypes, GABAB(1) and
GABAB(2), which form a heterodimeric receptor through a coiled-coil inter-
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action in the intracellular carboxy-terminus (Fig. 18.16) [195–198]. The roles of
the individual subunits in the receptor complex are just beginning to emerge.
GABAB(1) contains the orthosteric ligand-binding site [199, 200] and is retained
in the endoplasmatic reticulum (ER) in the absence of GABAB(2) [195–198]. It
has been shown that GABAB(1) features an RSRR motif adjacent to the a-
helical coil, which is responsible for ER retention by an as yet unknown mech-
anism [201–203]. Formation of the coiled-coil interaction by heteromerization
appears to mask the RSRR motif, allowing release of the GABAB(1) subunit
from the ER, and surface trafficking of the heteromeric complex. However,
GABAB(2) is not merely a chaperone that ensures proper trafficking of the
receptor complex to the plasma membrane. Data from several studies indicates
that this subunit is mainly responsible for coupling to the G-protein [204–208].
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In spite of intense research, the GABAB(1,2) heterodimer remains the only
functional GABAB receptor described so far. Since it has become virtually
axiomatic that neurotransmitter receptor systems are composed of pharma-
cologically distinct subgroups, it was expected that GABAB receptors would
form a family of related genes. Therefore, the discovery that GABAB recep-
tors arise from the expression of only two genes comes as a surprise and 
significantly limits the therapeutic potential of GABAB selective ligands.
This is despite the fact that pharmacological differences have been observed
in vivo and in vitro, which suggested the existence of multiple receptor 
subtypes [192].

GABAB Receptor Agonists As already mentioned, the GABAB receptor 
is selectively activated by the GABA (1) analog baclofen (78), of which the
R-form is the active enantiomer. Baclofen (78) was developed as a lipophilic
derivative of GABA (1), in an attempt to enhance the BBB penetrability of
the endogenous ligand. Since 1972, racemic baclofen (78) has been marketed
for the treatment of spasticity due to its muscle-relaxant effects [209]. This
action appears largely due to a reduction in neurotransmitter release onto
motoneurons in the ventral horn of the spinal cord. GABAB receptor agonists
also represent attractive drug targets in the pharmacotherapy of various 
neurological and psychiatric disorders, including neuropathic pain, anxiety,
depression, absence epilepsy, and drug addiction. However, the (side) effects
of agonists, principally sedation, tolerance, and muscle relaxation, limit their
utility for the treatment of many of these diseases. Unfortunately, the lack of
GABAB receptor subtypes makes the therapeutic prospects of agonists rather
dim.

Although a number of GABAB receptor agonists have been synthesized,
the number of selective and potent agonists for the GABAB receptor is
limited, and (R)-baclofen still remains one of the more potent and selective
agonists for the GABAB receptor. So far, the most successful strategy toward
increasing potency has been bioisosteric replacement of the carboxyl group of
GABA (1) with a phosphinic acid moiety. Thus, the phosphinic acid analog of
GABA (1), CGP27492 (79), is the most potent GABAB agonist reported to
date, being approximately 10-fold more potent than GABA (1) [210].

Competitive GABAB Receptor Antagonists The first GABAB receptor
antagonists to be reported were phaclofen (80) and saclofen (81) (Fig. 18.17),
the respective phosphonic acid and sulfonic acid bioisosteric analogs of
baclofen (78) [211, 212]. 2-OH-Saclofen (82) is the most potent antagonist
obtained using these scaffolds [213], however, and with potencies in the 
mid-micromolar range there was room for improvement. Furthermore,
these compounds were unable to penetrate the BBB, which made in vivo
studies difficult.

In an attempt to improve the pharmacology of the GABAB agonist
CGP27492 (79), a new series of selective and potent GABAB antagonists,

GABA: INHIBITORY NEUROTRANSMITTER 825



H2N
OH

O

Cl

H2N P
O

H
OH

H2N P
OH

O
OH

Cl

H2N S
OH

O
O

Cl

R
H2N P

O
OH

O O

Baclofen (78) CGP27492 (79)

Phaclofen (80) R=H:   Saclofen (81)
R=OH: 2-OH-Saclofen (82)

CGP35348 (83)

OH

HO

O

HO

CGP7930 (86) CGP13501 (87)

H
N P

H
N

OH

H

O

OH
O

COOH
OH

I125

H
N P

H
N

OH O

OH
O

COOH I125

N3

OH

[125I]CGP64213 (84)

[125I]CGP71872 (85)

Figure 18.17 Chemical structures of ligands used to characterize and clone GABAB

receptors. The recently identified positive allosteric modulators CGP7930 (86) and
CGP13501 (87) are expected to broaden the spectrum of therapeutic applications for
GABAB drugs.

826



capable of penetrating the BBB after systemic administration, were dis-
covered [214]. It was found that substituents larger than methyl conferred
antagonism, compounds such as CGP35348 (83) displaying low-micromolar
potency. However, it was not possible to break the nanomolar barrier with this
series of compounds, which was finally achieved by substituting the amino
group of the g-aminopropylphosphinic acids with branched benzyl sub-
stituents. In this series, many sub- to low-nanomolar compounds have been
reported, including the radioligands [125I]CGP64213 (84) and [125I]CGP71872
(85), which were crucial tools for the functional cloning of the receptor [215].

The development of antagonists capable of penetrating the BBB 
has allowed in vivo analysis of the therapeutic potentials of such ligands.
Accordingly, it has been suggested, based on animal studies, that GABAB

antagonists could improve cognitive processes and be beneficial against
epilepsy and depression. However, further studies are needed to validate 
these effects, and again severe side effects seem difficult to avoid due to the
absence of receptor subtypes.

Positive Allosteric Modulators of GABAB Receptors Ca2+ allosterically
modulates the potency of GABA (1) but not baclofen (78), causing a poten-
tiation of GABA (1) responses [216–218]. The EC50 for Ca2+ potentiation is 37
mM, and it is thus likely that the Ca2+ site on the GABAB receptors is satu-
rated under normal physiological conditions [217]. However, it is possible that
Ca2+ modulation plays a role in pathophysiological situations characterized 
by a significant drop in extracellular Ca2+. A series of substituted phenols 
with positive allosteric modulator effect has been described [219]. These com-
pounds, CGP7930 (86) and CGP13501 (87) (Fig. 18.17), are small organic 
molecules and thus attractive from a drug development perspective. Like Ca2+,
these compounds do not activate the receptor directly but increase the potency
and affinity of classical GABAB agonists including GABA (1) [219]. The com-
pounds do not displace binding of radiolabeled orthosteric ligands and there-
fore do not bind to the GABA binding site. So far the allosteric binding site
has not been localized and characterized, but certain positive allosteric 
modulators at mGluR1 and calcium-sensing receptors have been shown to
bind within the 7TM domain [220, 221]. This suggests that CGP7930 (86) and
CGP13501 (87) also bind to the 7TM domain of GABAB(1) and/or GABAB(2),
but other binding sites have not been ruled out [222]. Due to their dependence
on GABA (1) for activity, the novel allosteric modulators are expected to show
an improved side effect profile compared to GABAB agonists, which act indis-
criminately on GABAB receptors. Unlike agonists, these drugs should not
induce tolerance because they do not cause prolonged receptor activation
leading to desensitization and internalization. If allosteric modulators exhibit
the therapeutic potential of baclofen (78), while being devoid of major side
effects and muscle relaxant properties, they will considerably broaden the
spectrum of therapeutic applications of GABAB ligands.
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GABAC Receptor Agonists and Antagonists

Shortly after the identification of the GABAB receptor, a third class of GABA
receptors, the GABAC receptors, was discovered [223]. These receptors are not
blocked by bicuculline (22) nor modulated by benzodiazepines or barbitu-
rates, which typically affect GABAA receptors [223, 224]. By contrast with
GABAB receptors, GABAC receptors are not activated by baclofen (78) or
inhibited by phaclofen (80) [223].

GABAC receptors are the most incompletely characterized of the GABA
receptors, but in the past decade major progress toward understanding the
molecular nature of GABAC receptors has been made [225, 226]. To date three
different subtypes of GABAC receptors have been identified in humans (r1–3)
[227–229], where the r1 subunit is predominantly located in the retina, the r2

subunit is found in most brain regions [230], and the r3 subunit is found in the
hippocampus [231]. The membrane topology is assumed to be very similar to
that of GABAA receptors, but GABAC receptors are believed to consist of
only r subunits (r1–3). The three isoforms of the r subunits can assemble into
homomeric or pseudoheteromeric chloride channels showing a pharmacology
different from the GABAA receptors [68, 232].

CACA (88) has been the key compound in identifying the GABAC recep-
tors [223, 233] (Fig. 18.18). This compound is a moderately potent partial
GABAC agonist and is inactive at GABAA receptors. The trans-isomer TACA
(89) shows no preference for neither of the two receptor classes [233]. CAMP
(90) is a selective GABAC agonist that is inactive at GABAA receptors [234].
TPMPA (91) was the first selective antagonist for GABAC receptors to be
developed and is at least 100 times more potent as an antagonist at GABAC

receptors than at GABAA receptors [235, 236]. Recently, the isosterically
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derived seleninic acid analog of isonipecotic acid, compound 92, has been
reported to be more potent than TPMPA (91) at GABAC r1 receptors and to
display a higher selectivity than TPMPA (86) for GABAC receptors relative
to GABAA receptors [237].

Interestingly, the GABAC receptors share several ligands with the 
GABAA and GABAB receptors. Most GABAA agonists seem to have some
agonist/antagonist action at GABAC receptors, exemplified by THIP (19) and
P4S (28), which are partial agonists at GABAA receptors and competitive
antagonists at GABAC receptors [238]. Muscimol (2), isoguvacine (21), and
IAA (29) act as partial GABAC receptor agonists [238, 239]. Several phos-
phinic acid analogs of GABA, such as CGP36742 (93), have been identified
as GABAC antagonists [240]. This group of compounds was originally devel-
oped as GABAB receptor antagonists [210, 214].

Certain ligands have been shown to act selectively or preferentially at spe-
cific r subunits. As an example, TPMPA (91) is eight times more potent at r1

than at r2 GABAC receptors expressed in Xenopus oocytes [241] and half as
potent at recombinant r3 GABAC receptors than at r1 [242]. 2-Methyl-TACA
(94) is a competitive antagonist at human r1 GABAC receptors, a partial
agonist at human r2 GABAC receptors, but without effect at rat r3 GABAC

receptors [241], whereas (±)-TAMP (95) is a potent antagonist at rat r3

GABAC receptors and a partial agonist at r1 and r2 GABAC receptors
[242–244].

Based on studies in the retina, where GABAC receptors predominate, it has
been established that this class of receptors plays a unique functional role 
in retinal signal processing [245, 246]. To clarify the functional relevance of 
the different GABAC receptor subtypes, the emerging pharmacological 
differences between recombinant r1, r2, and r3 are of significant importance.

18.3 GLUTAMATE: EXCITATORY NEUROTRANSMITTER

Classification of Glutamic Acid Receptors

Glu operates, as described in Section 18.1, via two main receptor classes,
iGluRs and mGluRs, each consisting of three groups of receptor subtypes [1,
2]. The three heterogeneous groups of iGluRs are named after selective ago-
nists, N-methyl-d-aspartic acid (NMDA), 2-amino-3-(3-hydroxy-5-methyl-4-
isoxazolyl)propionic acid (AMPA), and kainic acid (KA) receptors. Native
iGluRs assemble as homo- or heterotetramers, from subunits within each
receptor type: NMDA receptors from NR1, NR2A-D, and NR3A,B; AMPA
receptors from GluR1-4; and KA receptors from GluR5-7 and KA1,2 (Fig.
18.19) [247, 248]. At many central synapses, Glu activates a mixed population
of NMDA and AMPA/KA receptors. Fast excitatory transmission is mainly
mediated by AMPA/KA receptors, since the NMDA receptor ion channel is
blocked by Mg2+ at normal resting potential (see next section).
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The mGluRs lead to slower and longer lasting neuronal effects and modu-
late the activity of iGluRs. mGluRs are divided into groups I, II, and III based
on pharmacology, signal transduction mechanisms, and sequence homology [2,
248]. Group I mGluRs stimulate phospholipase C and include the cloned sub-
types mGluR1,5. Groups II and III mGluRs both inhibit cAMP formation and
consist of the subtypes mGluR2,3 and mGluR4,6-8, respectively (Fig. 18.19).
mGluRs assemble as dimeric structures and probably as homomers [249]. It
is now generally agreed that both iGluRs and mGluRs play important roles
in the healthy as well as the diseased CNS and that all subtypes of these recep-
tors are potential targets for therapeutic intervention in a number of diseases
(see Section 18.1).

NMDA Receptor Ligands

The NMDA receptors include a number of different binding sites and thus
several potential targets for therapeutic attack. NMDA receptors are cation
channels that flux Na+, K+, and Ca2+, of which the latter is implicated in the
neurotoxicity observed after excessive receptor stimulation. NMDA receptors
are unique among ligand-gated ion channels in that they require two differ-
ent agonists for activation, Glu (96) (Fig. 18.20) and glycine (127) (Fig. 18.23),
and at the same time membrane depolarization in order to relieve a blockade
by Mg2+ [247, 248]. Polyamines such as spermine and spermidine modulate the
activity of NMDA receptors in a biphasic manner [2, 249]. At micromolar 
concentrations polyamines enhance the activity of the ion channel, whereas 
at higher, probably nonphysiological, concentrations the ion channels 
are blocked in a voltage-dependent manner. Furthermore, zinc, redox modu-
lators, and NO have been shown to inhibit the NMDA receptors via allosteric
sites [250].

In the normal brain, NMDA receptors are fundamental to development and
function because of their involvement in synaptic plasticity and neuronal sig-
naling processes, including mechanisms of learning and memory. Furthermore,
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NMDA receptor-induced neurotoxicity is intimately involved in a number of
neuronal disorders as previously described (see Section 18.1).

Functional NMDA receptors are heteromers, typically consisting of NR1
and NR2 subunits [251, 252] and probably possessing a tetrameric structure
[247], although this has not been thoroughly investigated as in the case of
AMPA receptors (see below). The Glu binding site is located on NR2 sub-
units and the glycine binding site on NR1 subunits [251]. A combination of
NR1 and NR3 subunits expressed in Xenopus oocytes form receptors that are
activated by glycine alone [251], although the existence or physiological sig-
nificance of such receptors in the CNS is not known.

Recently, it has been shown that NMDA receptors have a direct
protein–protein interaction with the G-protein-coupled dopamine receptor
subtype D1 [253]. The study of NMDA receptor signaling mechanisms and the
search for therapeutic agents are still areas of active research. In the follow-
ing sections ligands for the major sites located at the NMDA receptor complex
will be described.

NMDA Receptor Agonists NMDA receptors are unusual among Glu recog-
nition sites in as much as the majority of the more potent ligands, both ago-
nists and antagonists, posses an R-configuration about the a-amino acid center.
NMDA (97) itself represents the only known agonist in which N-methylation
does not lead to reduced affinity [254]. Other potent NMDA agonists have
been developed, particularly by replacement of the distal acidic group and/or
by conformational restriction of the three essential functional groups, namely
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the a-amino group, the a-carboxyl group, and the w-acidic moiety. Among the
potent NMDA agonists with a different distal acidic group are tetrazolyl-
glycine [255] (98) and (R)-AMAA [256] (99), exemplifying two widely used
carboxyl group bioisosteric groups, the tetrazole and the 3-isoxazolol,
respectively. (R)-AMAA (99) and other Glu ligands have been developed
using the naturally occurring neurotoxin ibotenic acid (100) as a lead [257].
Ibotenic acid (100) is, apart from being a potent NMDA agonist, a potent
agonist of some mGluR subtypes and a somewhat weaker agonist at other Glu
receptor types.

Conformational restriction of the Glu backbone leading to Glu analogs
with a folded conformation has led to a number of potent and selective 
NMDA agonists [258, 259]. (1R,3R)-ACPD (101) [260], (2S,3R,4S)-CCG (102)
[261], and trans-ACBD (103) [262] are examples of such carbocyclic acidic
amino acids, exemplifying that the higher activity does not always reside with
the R form.

Competitive NMDA Receptor Antagonists A large number of potent and
selective competitive NMDA antagonists (Fig. 18.21) have been developed
over the past two decades, and the availability of these compounds has greatly
facilitated studies of the physiological and pathophysiological roles of NMDA
receptors [2]. The distance between the two acidic groups in NMDA antago-
nists is typically one or three C–C bonds longer than in Glu. Many potent
ligands have successfully been developed using w-phosphonic acid analogs
such as (R)-APV (104) as lead structures [263]. Combination of an w-
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phosphonate group, a long carbon backbone, and conformational restriction
has led to different series of potent antagonists.

Conformational restriction has been achieved by use of double bonds (CGP
39653 (105) [264]) and ring systems (CGS19755 (106) [265] and (R)-CPP (107)
[266]), or bicyclic structures (LY235959 (108) [267]). These antagonists have
shown very effective neuroprotective properties in various in vitro models.
However, many of these compounds suffer from poor BBB penetration. The
esterified analog CGP 39551 (109) [264], which is a prodrug, shows good oral
bioavailability and anticonvulsant activity. LY233053 (110) [268] represents
another class of antagonist with a tetrazole ring as the terminal acidic group.
Substitution of the tetrazole for a phosphono group has limited effect on in
vitro activity and shows improved bioavailability.

The carbocyclic analog NPC 17742 (111) [269] is active after systemic
administration. The quinoxalin-alanine analog 112 [270] shows high antago-
nist potency with concomitant affinity for the glycine site. Related to the latter
two analogs is a series of phenylalanine-based antagonists, represented 
by SDZ-220-581 (113) [271], and the ability of 113 to penetrate the BBB may
be explained by increased lipophilicity, though active transport has been 
suggested [272, 273].

Uncompetitive and Noncompetitive NMDA Receptor Antagonists The dis-
sociative anesthetics PCP (114) and ketamine (115) block the NMDA recep-
tor channel in a use-dependent manner [274] (Fig. 18.22). Thus, initial agonist
activation of the channel is a prerequisite in order for such uncompetive antag-
onists to gain access to the binding site, which is situated within the ion
channel. The antagonists eventually become trapped within the ion channel,
and this may result in very slow kinetics. MK-801 [275] (116) has been devel-
oped as a very effective uncompetitive NMDA antagonist and has been exten-
sively investigated to probe the therapeutic utility of such compounds, notably
for the treatment of ischemic insults such as stroke [276]. MK-801 (116) 
and related high-affinity ligands have, however, shown severe side effects,
including psychotomimetic effects, neuronal vacuolization, and impairment of 
learning and memory [277, 278]. Ligands with lower affinity, such as meman-
tine (117) [279], dextromethorphan (118) [280], and remacemide (119) [281]
have shown improved therapeutic indexes. Memantine (117) is being used for
the treatment of AD and Parkinson’s disease [279, 282] and may also have
potential in the treatment of AIDS dementia [283]. The fast kinetics and low
affinity of memantine (117) compared to MK-801 (116) may explain the
absence of severe side effects. Remacemide (119) also shows a favorable side
effect profile as compared to other uncompetitive antagonists and may have
potential in the treatment of Huntington’s chorea and Parkinson’s disease
[281, 284].

Two substituted aminoamides with low-affinity uncompetitive NMDA
antagonist activities have been described, namely the ethynyl-substituted
analog 120 [285] of the clinical antidepressant agent, milnacipran, and
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CHF3381 [286] (121). Compound 120 also is a potent serotonin uptake
inhibitor, and like the parent compound milnacipran, which shows no serious
side effects and good BBB penetration, these analogs may represent a new
class of antidepressants [285]. CHF3381 (121) has been studied in animal
models and shows potential as a neuroprotective agent with antiepileptic and
antinociceptive activity [286–288].

Several compounds with noncompetitive activity at NMDA receptors have
been described, and these compounds most likely do not bind to the same site
as the uncompetitive ligands. Ifenprodil (122) and CP-101,606 (123) represent
an important series of noncompetitive NMDA receptor antagonists. These
compounds are active in ischemia models and as anticonvulsants and antinoci-
ceptive agents [289, 290]. Early clinical trials with these analogs have been dis-
appointing due to unwanted effects. The side effect profiles do, however,
seem to be significantly improved as compared to, for example, competitive
NMDA antagonists [291]. Co 101676 (124) represents a series of structurally
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simplified ifenprodil analogs [292]. The sterol hemisuccinate (125) has been
shown to be a noncompetitive NMDA antagonist and to be protective against
NMDA-induced seizures in mice [293]. The cannabinoid dexanabinol [294]
(126) shows noncompetitive NMDA antagonism and significant neuroprotec-
tive effects.

Glycine Co-agonist Site The excitatory co-agonist site for glycine (127) (Fig.
18.23) at the NMDA receptor is named the glycineB receptor. This receptor
site is different from the inhibitory glycine receptors found primarily in the
spinal cord of the mammalian CNS, where glycine activates strychnine-
sensitive ionotropic receptors named glycineA receptors [295]. GlycineB
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receptors seem to modulate the level of activity at NMDA receptors. A certain
concentration level of glycine is always present in the synapse. Thus, Glu is
activating the NMDA receptors, whereas the level of glycine can modulate 
this activity and possibly control receptor desensitization [296]. (R)-Serine
(128) is a potential endogeneous agonist at glycineB receptors [297, 298], and
other small a-amino acids such as (R)-alanine (129) and (S)-fluoroalanine
(130) enantioselectively bind to and activate glycineB receptors [299].

Limited success of competitive NMDA receptor antagonists as therapeutic
agents has focused attention on the glycineB site. (R)-Cycloserine (131) and
(R)-HA-966 (132) are partial glycine agonists, capable of penetrating the 
BBB after systemic administration. These pyrrolidine analogs have become
useful tools for studying the in vivo role of the glycineB site [300, 301]. (R)-
Cycloserine (131) has shown promising effects in the treatment of schizo-
phrenia and AD [251, 302]. The methylated analog L-687,414 (133) is more
potent as an antagonist than the parent compound, (R)-HA-966 (132) [303].
L-687,414 (133) has neuroprotective properties in animal models, and it does
not prevent hippocampal LTP, which is often seen after administration of full
antagonists. This indicates that partial agonists may have therapeutic advan-
tages as compared to full antagonists in terms of fewer side effects [304]. A
number of glycineB antagonists have also been developed. L-689,560 (134)
[305] displays high potency and is derived from the endogenous compound
kynurenic acid, the first glycineB antagonist reported. Further development of
such structures has led to GV196771A [306] (135). The potent pyridophta-
lazindione MRZ 2/576 (136) represents another class of glycineB receptor
antagonist that exhibits neuroprotective and antinociceptive properties in
animal models [307, 308]. Quinoxalinediones such as ACEA-1021 [309] (137)
and PNQX [310] (138) show selective antagonist activity at the glycineB site
(see below). Other quinoxalinediones as LU 73068 (139) have shown mixed
glycineB site and AMPA/KA receptor affinities and produce potent anticon-
vulsive effects [311].

Subtype-Selective NMDA Ligands and Their Therapeutic Potential A
number of competitive, uncompetitive, noncompetitive NMDA antagonists
and glycineB site antagonists have shown promise in various animal models.
However, when these compounds have been administered to humans, severe
side effects have limited or prevented their therapeutic use. A better under-
standing of the heterogeneity of NMDA receptors may, however, provide new
therapeutic possibilities. Subtype-selective agents could potentially lack such
side effects.

Noncompetitive antagonists such as ifenprodil (122), CP-101,606 (123), and
Co 101676 (124) have received much attention because of their subtype selec-
tivity and their mode of action, specifically their activity-dependent blockade
of NR2B-containing NMDA receptors [291, 312]. Ifenprodil (122) inhibits
NR1/NR2B receptors at least 150-fold more than NR1/NR2C or NR1/NR2D
receptors [313].
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NMDA receptor blocking agents, such as (R)-CPP (107), ketamine (115),
and dextromethorphan (118) have shown antinociceptive activity in chronic
neurogenic pain models as well as in humans [280, 314, 315]. Unfortunately,
the effects of the compounds are often seen at doses causing the typical side
effects described earlier for NMDA receptor antagonists. The future devel-
opment of analgesic agents may depend on the identification of subtype-
selective agents, and much interest is focused on NR2B selective NMDA
antagonists [291, 316]. NMDA blocking agents also show anxiolytic proper-
ties. However, it should be emphasized that even modest cognitive side effects
are unlikely to be acceptable for this clinical application.

The affinity of glycineB receptor ligands is dependent on the presence of
the NR2 subtype, although the glycine binding site is located on the NR1
subunit [317]. GV196771A (135) shows some selectivity for heteromers con-
taining NR2A/2B subunits in combination with NR1, and has shown activity
in animal models of neuropathic pain [306].

Certain uncompetitive antagonists such as MK-801 (116) (slower kinetics),
dextromethorphan (118), and memantine (117) have shown some NR2C
subtype selectivity, although there is some controversy about the selectivity of
memantine (117) as an NMDA receptor ligand [279, 318].

AMPA Receptor Ligands

AMPA Receptor Agonists A large number of selective and potent AMPA
receptor agonists have been developed by substitution of a heterocyclic
bioisosteric group for the distal carboxylate group of Glu. For example, the
heterocycles 1,2,4-oxadiazole-3,5-dione, 3-isoxazolol, and uracil, as repre-
sented by quisqualic acid (140),AMPA (144), and (S)-willardiine (141), respec-
tively, have been incorporated into numerous AMPA receptor agonists (Fig.
18.24). The natural product quisqualic acid (140) was the first agonist in use for
pharmacological characterization of AMPA receptors, but due to nonselective
action it was later replaced by AMPA (144). Analogs of AMPA containing
aliphatic, aromatic, or heteroaromatic substituents at the 5-position of the isox-
azole ring have been synthesized and pharmacologically characterized
[319–321]. Replacement of the 5-methyl group of AMPA by small alkyl groups,
such as ethyl or trifluoromethyl, resulted in compounds with potencies in the
same range as that of AMPA and that show similar intrinsic activity [322, 323].
Substitution of the methyl group of AMPA for hydrogen resulted in demethyl-
AMPA (145), which has 300 times lower agonist potency in the rat cortical
wedge assay system, but only 10 times lower affinity [321]. This apparent loss
of agonist activity of demethyl-AMPA in the rat cortical wedge may be
explained by an observed affinity for the cloned Glu transporters EAAT1 and
EAAT2, though not for EAAT3 [324]. Thus, demethyl-AMPA may be a sub-
strate for the former two transporters and may be removed from the synaptic
cleft. Increasing the size of the 5-alkyl substituent of AMPA to three or more
carbon atoms markedly reduces agonist potency [321, 325].
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Whereas all alkyl-substituted AMPA analogs synthesized so far have shown
either full agonism or inactivity at AMPA receptors, the 5-phenyl-substituted
analog of AMPA, APPA (146), shows the characteristics of a weak partial
AMPA receptor agonist, with an efficacy of approximately 60 percent relative
to that of AMPA [326]. Quite surprisingly, (S)-APPA turned out to be a full
AMPA receptor agonist, while (R)-APPA proved to be a weak competitive
AMPA receptor antagonist [327]. In order to elucidate the SAR of these 5-
substituted AMPA-analogs further, a number of 5-membered heteroaromatic
substituents have been introduced, including an unsubstituted 5-tetrazolyl
(Tet-AMPA), 1-methyl-5-tetrazolyl (1-Me-Tet-AMPA), and 2-methyl-5-
tetrazolyl (2-Me-Tet-AMPA) (147) [319]. Whereas Tet-AMPA and 1-Me-Tet-
AMPA are devoid of agonist activity at AMPA receptors, 2-Me-Tet-AMPA
(147) proved to be the most potent AMPA receptor agonist synthesized so far,
at least 10 times more potent than AMPA [319]. This suggests that steric as
well as electronic properties play important roles for the binding of ligands to
the receptor.

Electrophysiological studies of the enantiomers of 2-Me-Tet-AMPA (147)
have shown that the excitatory properties reside exclusively with the S-
enantiomer [328]. Compared to AMPA (144), which does not distinguish
between the individual cloned AMPA receptors [328, 329], (S)-2-Me-
Tet-AMPA shows some selectivity for homomers of GluR3 and GluR4 over
receptors constructed from GluR1 or GluR1/GluR2, in electrophysiological
studies in Xenopus oocytes.

Uracil and 6-azauracil are both effective bioisosteres of the distal carboxy-
late group of Glu. The natural product (S)-willardiine (141), in which the pKa

of the uracil moiety is considerably higher than that of the distal carboxylate
group of Glu [330], showed low, but measurable, affinity for both AMPA and
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KA receptors and induces a rapidly desensitizing response in hippocampal
neurons [331]. Introduction of electron-withdrawing substituents in the 5-
position of the uracil moiety, increasing the acidity of the heterocycle
markedly, improves the receptor affinity and has provided some of the most
potent and subtype-selective AMPA and KA receptor agonists yet identified
[332]. SAR studies on 5-halogen-substituted willardiines have shown that
AMPA receptor affinity and potency in hippocampal neurons were dependent
on the size and the electron-withdrawing effect of the substituent [331–335].
(S)-5-F-Willardiine (142) (Fig. 18.24) is the most potent agonist in this series,
whereas willardiine analogs with sterically larger substituents apparently were
not so well accommodated by AMPA receptors [332]. 5-Halogen-substituted
6-azawillardiines showed an SAR somewhat similar to that of the 5-
substituted willardiines with (S)-5-Cl-6-azawillardiine (143) (Fig. 18.24) 
possessing highest AMPA receptor affinity [332]. Furthermore, (S)-5-F-
willardiine (142) and (S)-willardiine (141) induce strongly desensitizing
agonist responses at AMPA receptors, whereas willardiine analogs containing
larger substituents, such as (S)-5-I-willardiine (176) (Fig. 18.29), produce much
weaker desensitization comparable to that of KA [331]. At cloned AMPA
receptors, the willardiine series of compounds show remarkable subtype selec-
tivity, having 10 to 20 times higher affinity for GluR1 or GluR2 than GluR4
[332]. By contrast, the 6-azawillardiine analogs, like AMPA, did not distinguish
significantly between the individual AMPA receptor subtypes [332].

The isoxazole-based Glu homolog (S)-Br-HIBO (148) also shows AMPA
receptor subtype selectivity, preferring GluR1 over GluR3 in receptor binding
and functional assays [336] (Fig. 18.25). The structural basis for this selec-
tivity was first modeled and confirmed by mutation studies [337], followed by
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an X-ray crystallographic characterization [338]. As for the willardiines,
the selectivity of (S)-Br-HIBO (148) is intimately related to preferential
hydrogen bonding of the distal anion of (S)-Br-HIBO (148) through a water 
molecule to a nonconserved tyrosine residue of GluR2 [335, 337, 338]. A
bromo-chloro replacement gave the racemic compound Cl-HIBO (149),
which was recently reported to be a strongly desensitizing full agonist at
GluR1, showing increased receptor selectivity ratios in electrophysiology
experiments, ranging from 275 to 1600 for GluR1/2 over GluR3/4 [339].
Replacing the 3-isoxazolol group of AMPA by a 3-carboxyisoxazole unit gives
the Glu homolog ACPA (150), which is a selective AMPA receptor agonist
that is more potent than AMPA on cortical neurons as well as in Xenopus
oocytes expressing cloned AMPA receptors [340, 341]. The potent excitatory
AMPA receptor activity of ACPA (150) has been shown to reside with the S-
enantiomer [342].

Although the 3-isoxazolol and the uracil ring systems have been the most
widely used bioisosteres for the distal carboxyl group of Glu in the design of
AMPA receptor agonists, other acidic heterocyclic units have proven useful as
well. As mentioned in the beginning of this section, AMPA receptors were
originally identified pharmacologically by using the naturally occurring Glu
analog quisqualic acid (140) [343, 344] (Fig. 18.24). This 1,2,4-oxadiazole-3,5-
dione analog of Glu was later shown to possess other Glu receptor activities,
in particular potent mGluR agonist effects. As a consequence, quisqualic acid
(140) has been replaced by the highly selective compounds AMPA (144) [345,
346] and (S)-F-willardiine (142) [347], as standard agonist at AMPA receptors.
Conformational restriction of the skeleton of Glu has played an important role
in the design of selective GluR ligands. However, only few structurally rigid
AMPA receptor-selective Glu analogs have been reported. One such example
is the cyclized analog of AMPA, 5-HPCA (151) [76] (Fig. 18.25), which recently
has been resolved [348].

Interestingly, the pharmacological effects of 5-HPCA (151) reside exclu-
sively with the R-enantiomer, in striking contrast to the usual stereoselectiv-
ity trend among AMPA receptor agonists. To examine the structural basis of
the observed enantiopharmacology, (R)- and (S)-5-HPCA have been docked
into the GluR2 ligand binding site. These studies showed that due to the rigid
nature of the compound (R)-5-HPCA, but not (S)-5-HPCA, can present
almost all of the required pharmacophore elements to the receptor [348].
Whereas (R)-5-HPCA selectively displaces [3H]AMPA binding, the 3-
carboxyisoxazolineproline, CIP-A, a bicyclic Glu analog, displays affinity for
both AMPA and KA receptors [349]. This dual affinity resides exclusively 
with the 5S-isomer, (5S)-CIP-A (152) (Fig. 18.25) [350].

Competitive and Noncompetitive AMPA Receptor Antagonists Early
pharmacological studies on AMPA and KA receptors were hampered by the
lack of selective and potent antagonists. The discovery of the quinoxaline-2,3-
diones CNQX (153) and DNQX (154) was a breakthrough since these com-
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pounds are quite potent antagonists, although nonselective [351] (Fig. 18.26).
Subsequently, the more potent analog NBQX (155) was shown to be neuro-
protective in cerebral ischemia and to have improved AMPA receptor selec-
tivity compared to CNQX (153) [352]. However, NBQX (155) failed in clinical
trials because of nephrotoxicity due to a limited aqueous solubility but
nonetheless has become a valuable tool for research. DNQX (154) has played
a key role in elucidating the binding mode of competitive antagonists, as it was
the first antagonist co-crystallized with the GluR2 ligand-binding domain [353]
(see Structure of Ionotropic Glutamate Receptors). Attempts to improve the
aqueous solubility of such antagonists without losing activity at AMPA recep-
tors, by introducing appropriate polar substituents onto the quinoxaline-2,3-
dione ring system, have been highly successful and have resulted in very potent
AMPA receptor antagonists, as exemplified by ZK200775 (156) [354] and com-
pound 157 [355].

Another series of potent and selective competitive AMPA receptor antag-
onists based on the isantin oxime skeleton includes NS 1209 (158), which
shows long-lasting neuroprotection in animal models of ischemia and an
increased aqueous solubility compared to NBQX (155) [356] (Fig. 18.26). In
recent years, several series of imidazo[1,2-a]indeno[1,2-e]pyrazin-based com-
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petitive antagonists have been identified [357–360]. The initial compounds 
displayed high, although nonselective, affinity for AMPA and NMDA recep-
tors, but through extensive SAR studies, highly potent and selective 
compounds such as RPR 119990 (159) and RPR 117824 (160) have been 
identified. However, a drawback of this series of compounds is their lack of
oral activity [361]. At least two classes of amino-acid-containing compounds,
based on decahydroisoquinoline-3-carboxylic acid [362] and AMPA [363],
have been found to be competitive AMPA receptor antagonists. LY293558
(161), a member of the former class, is systemically active, although it shows 
significant antagonist effects at KA receptors in addition to its potent AMPA
receptor blocking effects [329, 364, 365]. The AMPA receptor antagonist (S)-
ATPO (162), which was designed using AMPA as a lead structure, has a carbon
backbone longer than that which normally confers AMPA receptor agonism
[366].

The 2,3-benzodiazepines, such as GYKI 52466 (163) and Talampanel (164),
represent a class of noncompetitive AMPA receptor antagonists that have
enabled effective pharmacological separation of AMPA and KA receptor-
mediated events [367] (Fig. 18.27). These compounds appear to bind to sites
distinct from the agonist recognition site, and are thus negative allosteric mod-
ulators [368, 369]. Talampanel (164), currently under clinical development as
a treatment for multiple sclerosis, epilepsy, and Parkinson’s disease [367], may
inhibit AMPA receptor function even in the presence of high levels of Glu
[367, 370]. A number of structurally similar potent noncompetitive AMPA
receptor antagonists with anticonvulsant activity, typified by CP-465,022 (165)
and YM928 (166), have been identified [371, 372]. CP-465,022 (165), the (+)-
atropisomer of CP-392,110, interacts stereoselectively with a binding site 
identical to that of the 2,3-benzodiazepines [371, 373].

Modulatory Agents at AMPA Receptors The agonist-induced desensitiza-
tion of AMPA receptors can be markedly inhibited by a number of structurally
dissimilar AMPA receptor potentiators known as AMPA-kines (Fig. 18.28),
including aniracetam (167), cyclothiazide (168), and in particular CX-516
(169), which has been shown to improve memory function in aged rats [374].
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These AMPA-kines positively modulate ion flux via stabilization of receptor
subunit interface contacts and subsequent reduction in the degree of desensi-
tization [375]. A series of more potent arylpropylsulfonamide-based AMPA-
kines has been identified, including LY395153 (170) [376]. [3H]LY395153 labels
a modulatory site on AMPA receptors with nanomolar affinity but remains
unclear whether all of the structurally diverse AMPA-kines share the same
binding site [377]. Incorporation of the sulfonamidopropyl moiety of the aryl-
propylsulfonamide potentiators into a 2-substituted 1-sulfonamidocyclopen-
tane ring has provided compound 171, the most effective AMPA-kine yet
described [378].

KA Receptor Agonists and Antagonists

The pharmacology and pathophysiology of KA receptors are far less well
understood than for AMPA receptors. However, identification of selective
agonists and competitive antagonists has developed the field of KA receptor
research, especially over the last 5 years, and has provided insight into roles
of these receptors in the CNS. For a number of years, KA (172) and domoic
acid (173) have been used as standard KA receptor agonists despite their
activities at AMPA receptors, characterized by nondesensitizing responses at
these receptors (Fig. 18.29). More selective KA receptor agonist activities have
been described for (S)-ATPA (174) [329, 379], (S)-thio-ATPA (175) [380], and
(S)-5-I-willardiine (176) [332, 381]. These compounds exhibit some selectivity
among low-affinity KA receptor subtypes, namely a preferance for GluR5 over
GluR6 [332, 379, 380]. Studies on isolated dorsal roots showed that ATPA and
(S)-5-I-willardiine (176) are, respectively, 10- and 100-fold more potent than
KA [381]. Whereas (S)-ATPA (174) and KA (172) induce strongly desensi-
tizing responses in Xenopus oocytes expressing homomeric KA receptors of
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the GluR5 subtype, (S)-thio-ATPA (175) produce only partially desensitizing
responses [380]. (S)-ATPA (174), (S)-thio-ATPA (175), and (S)-5-I-willardiine
(176) are structurally related to potent AMPA agonists discussed in earlier
sections, illustrating that the structural characteristics required for activation
of GluR1-4 and GluR5 receptors are very similar. However, the presence of
the relatively bulky and lipophilic tert-butyl- or iodo-substituents of these com-
pounds is apparently the major determinant of the observed receptor selec-
tivity. The ligand-binding domain of GluR2 has recently been crystallized in
complex with (S)-ATPA (174) [382] (see next section).

Among the four possible stereoisomers of the 4-methyl-substituted analog
of Glu, only the 2S,4R-isomer (177) shows selectivity for KA receptors, with
a binding affinity comparable to that of KA. Replacement of the 4-methyl
group of (2S,4R)-Me-Glu (177), a ligand that shows limited selectivity between
GluR5 and GluR6, by a range of bulky, unsaturated substitutents containing
alkyl, aryl, or heteroaryl groups [383–386] has yielded a number of interesting
GluR5 receptor-selective compounds including LY339434 (178). LY339434
shows approximately a 100-fold selectivity for GluR5 over GluR6 and no affin-
ity for GluR1, 2, or 4 receptors [383].

The conformationally restricted 3-isoxazolol-containing Glu homolog, 4-
AHCP (179), was initially demonstrated to be a very potent AMPA agonist at
rat spinal neurons [387]. In more recent studies, the excitatory effect of 4-
AHCP (179) has been shown to reside with the S-enantiomer, which is equipo-
tent with (S)-ATPA (174) and 35 to 115 times more potent at GluR5 than at
cloned AMPA receptors or at GluR6/KA2 [388].

844 GABA AND GLUTAMATE RECEPTOR LIGANDS 

HN

O

OH

O

HO

O
N

OH

H2N

O

HOHN

O

OH

O

HO

HO

O

NH2N

O

HO

NH

O

O
I

O

OH

H2N

O

HO
O

OH

H2N

O

HO

O
N

OH

HO
O

H2N

S
N

OH

H2N

O

HO

KA (172) (S)-ATPA (174)Domoic Acid (173) 

(S)-5-I-Willardiine (176) (2S,4R)-Me-Glu (177) LY339434 (178) 4-AHCP 
(179)

(S)-Thio-ATPA (175)

Figure 18.29 Structures of KA (172) and some KA receptor agonists.



Whereas a large number of selective competitive AMPA receptor an-
tagonists have been identified, particularly over the last decade, only a few
selective KA receptor antagonists have been reported. Most of these KA
receptor-preferring antagonists are structurally related to AMPA receptor
antagonists and show at least some affinity toward AMPA receptors further
to that KA receptor affinity, reflecting that similar structural features are
required for activation and blockade of AMPA and some KA receptors, in
particular GluR5.

One of the first reported KA receptor-preferring antagonists was the isantin
oxime, NS 102 (180), which shows some selectivity toward low-affinity [3H]KA
sites [389] as well as antagonist effect at homomeric GluR6 [390] (Fig. 18.30).
However, low aqueous solubility has limited the use of NS 102 (180) as a phar-
macological tool. A number of decahydroisoquinoline-based acidic amino
acids, including LY382884 (181), has been characterized as competitive GluR5-
selective antagonists that exhibit antinociceptive effects [391]. In the course
of SAR studies using this decahydroisoquinoline skeleton, excellent receptor
selectivity been observed for compound 182, which shows approximately 1000-
fold higher affinity for GluR5 than for GluR1–4, GluR6, or GluR7. In addi-
tion, a group of quinoxalinedione-derived antagonists structurally related to
the AMPA receptor antagonist 157 (Fig. 18.26), and with high affinity for
GluR5, have been reported [392]. One example is BSF 91594 (183), which
shows more than 50-fold selectivity for GluR5 over other KA receptor sub-
types or AMPA receptors.

Most recently, a series of arylureidobenzoic acids have been reported as the
first compounds with noncompetitive antagonist activity at GluR5 [393]. The
most potent ligands, exemplified by compound 184, exhibit more than 50-fold
selectivity for GluR5 over GluR6 or the AMPA receptor subtypes. This com-
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pound may prove valuable to further pharmacological research and as a lead
in the search of therapeutic glutamatergic agents.

Structure of Ionotropic Glutamate Receptors

iGluR subunits may be considered as modular constructions of three distinct
domains (Fig. 18.31): (1) a transmembrane segment consisting of three trans-
membrane helices and a reentrant loop, distantly related to K+ channels such
as KcsA, forming the walls of the pore; (2) an extracellular ligand binding
domain (S1S2) composed of two lobes connected by a hinge (“venus flytrap”),
distantly related to glutamine binding protein (QBP); and (3) an N-terminal
domain structurally related to periplasmic binding proteins such as
leucine–isoleucine–valine binding protein (LIVBP), and which appears to play
a role in oligomerization [394]. It is currently believed that iGluRs assemble
as dimers-of-dimers, although the evidence is weaker for NMDA receptors
than for non-NMDA receptors [251]. Numerous studies, including electro-
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physiology [395, 396], electron microscopy [397], and X-ray crystallography
[335] now support a tetrameric structure for the AMPA receptor that resem-
bles some K+ channels (Fig. 18.31).

Our understanding of the competitive binding site of iGluRs has been
greatly enhanced by the development of a soluble construct of S1S2 that pos-
sesses many of the properties of the intact receptor [398]. Experimentation
with linkers of various lengths connecting the two half-domains led to the crys-
tallization of GluR2-S1S2, first with the partial agonist KA (172) [399], then
with a wide variety of ligands as well as various point mutations. A bacterial
homolog known as GluR0 has also been crystallized, and recently, a construct
of the glycine-binding NMDA subunit, NR1. The currently available crystal
structures are listed in Table 18.1.

As can be seen from Table 18.1, different competitive ligands (agonists,
partial agonists, antagonists) induce different conformational changes in
GluR2-S1S2. Parallel structural studies on NMDA receptors, long the subject
of pharmacophore modeling [291], have now commenced. Structure-based
design, docking, and homology modeling can be performed, using the struc-
tural repertoire presented by these crystallographic snapshots to take account
of receptor flexibility [339, 388, 406, 407]. While the molecular dynamics of the
GluR2 ligand binding core have been probed, as well as that of the related
GlnBP, simulations have as yet not been able to reproduce the process of
domain closure or opening, possibly because of the relatively long simulation
times required [408, 409]. At GluR2, and presumably at other receptors in this
class with highly conserved binding sites, Glu binds with a partially folded con-
formation [353]. The binding mode of Glu at Glu-sensitive NMDA receptors
has not yet been demonstrated, although on the basis of pharmacophore mod-
eling, it is at least as folded as at AMPA receptors. The amino acid moieties
of agonists at GluR2 appear to be zwitterionized and are involved in ion-pair
interactions—the ligand a-carboxylate with R485 in domain 1 and the ammo-
nium with E705 in domain 2. By contrast, the terminal acidic moieties of Glu
and AMPA agonists, while apparently ionized at the receptor, are not involved
in ion pairing but rather accept a number of hydrogen bonds from receptor
hydroxy and amide groups, as well as participating in a water-mediated hydro-
gen bond network. The receptor shows substantial flexibility in the distal
region, with peptide side chains and water molecules rearranging to accomo-
date the ligand. For example, the 3-isoxazolol moiety of AMPA (144) does not
bind in a similar position to Glu’s w-carboxylate, whereas that of 2-Me-Tet-
AMPA (147) does (Fig. 18.32) [338, 353].

The structural details of the binding modes of two distinct classes of AMPA
receptor antagonists are known: the unionized planar quinoxalinedione
DNQX [353] and the tri-ionized AMPA analog (S)-ATPO (162) [338]. Neither
of these ligands fully exploit the domain-open antagonized binding site, and
neither come into close contact with nonconserved residues (Fig. 18.33). There
is therefore substantial scope for the development of subtype-specific non-
NMDA receptor antagonists.
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Figure 18.32 Full agonists AMPA (144) and 2-Me-Tet-AMPA (147) co-crystallized
with GluR2-S1S2. Note the difference in the positioning of the isoxazole rings and the
differences in accompanying water molecules and hydrogen bond network. (This figure
is available in full color at ftp://ftp.wiley.com/public/sci_tech_med/drug_discovery/.)

Figure 18.33 Competitive antagonists DNQX (154) and ATPO (162) co-crystallized
with GluR2-S1S2, showing different binding modes of the two classes of antagonists.
Regions III–VI show some variations between AMPA and KA receptors, while only
region V varies among AMPA receptor subtypes. (This figure is available in full color
at ftp://ftp.wiley.com/public/sci_tech_med/drug_discovery/.)
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The high homology among closely related iGluR subunits (see Table 18.2),
for example, GluR1-7, allows models to be built from the X-ray structures of
GluR2 with confidence [337, 339, 388, 406, 410]. While the competitive binding
sites of GluR1,2 are essentially identical, as are GluR3,4, the single noncon-
served residue between these two subclasses of AMPA receptors, Y/F702, has
been open to exploitation, even though it only interacts with ligands via a
water molecule. Thus, a series of selective GluR1,2 ligands has been designed
and synthesized, and the basis of selectivity is well understood [339, 388].
The deliniation between GluR5 [which weakly binds both AMPA (144) 
and KA (172)] and the AMPA-preferring GluR1-4 is sharper; L/V650 and 
M/S708 make direct steric contact with the ligand. GluR5-selective ligands
such as (S)-4-AHCP (179) and (S)-thio-ATPA (175) exploit the altered shape
of the binding cavity [388]. The development of specific agonists and antago-
nists for other subtypes is ongoing, a task made easier by such detailed struc-
tural information.

As with many ion channels, iGluRs exhibit desensitization, that is, that fol-
lowing rapid activation and opening of the channel, the receptor undergoes a
conformational change on a millisecond timescale, characterized by low con-
ductance even in the continued presence of agonist [247]. In general, full ago-
nists cause rapid and almost complete desensitization, whereas partial agonists
are weakly desensitizing. Much is now known about the transmission of free
energy of binding of agonists and partial agonists to domain closure, channel
opening, and subsequent desensitization, even though we lack atomic resolu-
tion structural detail of the full-length receptor [334]. Compounds modulat-
ing desensitization are of particular interest as therapeutic agents, and great
inroads have been made toward unravelling the structural mechanism of
desensitization [375]. While the S1S2 construct used in crystallization experi-
ments has generally been of the flop splice variant of GluR2, some of the prop-
erties of the flip isoform have been investigated by introducing the key
mutation N754S, known to confer sensitivity to the desensitization blocker
cyclothiazide (168) [411].

This crystal structure (Fig. 18.34) reveals that cyclothiazide (168), and pre-
sumably other allosteric modulators of AMPA receptors, affect desensitization
by binding to and stabilizing the interface between two subunit monomers
[375]. It is likely that other AMPA receptor modulators, both positive and neg-
ative, act via this interface—a promising target for structure-based drug
design.

Metabotropic Glutamate Receptor Ligands

The cloning of the mGluRs and the evidence that has subsequently emerged
on their potential utility as drug targets in a variety of neurological disorders
has encouraged medicinal chemists to design ligands targeted at the mGluRs.
Over the first decade since mGluRs were cloned, our knowledge of the SAR
of these receptors has increased dramatically and led to the discovery of new
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potent and selective ligands [412]. The vast majority of these ligands are Glu
analogs incorporating a glycine moiety and a distal acidic function, but posi-
tive and negative allosteric modulators with no structural similarity to Glu
have also been discovered. In the following sections we will describe some of
the principles of drug design that have been employed by medicinal chemists
in order to design ligands with increased receptor selectivity and potency.

Metabotropic Glutamate Receptor Agonists

Conformationally Constraint Analogs The first agonist to show selectivity for
mGluRs over to iGluRs was (1S,3R)-ACPD (185) [413]. When tested on the
eight cloned mGluRs it acts rather nonselectively [414–420], but it has been
used extensively as a template for design of new mGluR ligands, some of which
are shown in Figure 18.35. Within these series of compounds it is interesting
to note the profound changes in receptor selectivity, potency, and efficacy
caused by relatively small structural changes. Introduction of a nitrogen atom
in the C4 position of 185 gives (2R,4R)-APDC (186), which displays an
increased potency for group II receptors compared to the parent compound
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Figure 18.34 Cyclothiazide (168) bound to the (N754S)GluR2-S1S2 dimer interface.
Interfacial residues colored black or cyan according to monomer of origin. (This figure
is available in full color at ftp://ftp.wiley.com/public/sci_tech_med/drug_discovery/.)



while losing affinity for group I and III receptors [421–423]. N1-substitutions
of 186 have been reported to cause significantly reduced potency at group II
receptors [423–425]. Interestingly, however, 1-amino-APDC (187) acts as a
partial group II agonist [425], and 1-benzyl-APDC (188) shifts selectivity from
mGluR2 and mGluR3 toward mGluR6 [423]. Similarly, addition of a car-
boxylic acid moiety at the corresponding C4-position of 185 to give (3S,4S)-
ACPT-III (189) provides agonist potency at mGluR4 comparable to Glu, as
well as weak antagonist effects at mGluR1 and mGluR2 [426].

In 1997 we reported that (1S,3R)-homo-ACPD (190), the homolog of 185,
possesses increased selectivity for mGluR2 as compared to mGluR1 and
mGluR4, albeit with lower potency and efficacy than the parent compound
[427]. At the same time, a dramatic 10,000-fold increase in potency at group
II receptors was reported by further restraining the conformation of 190 by
introducing a single bond between the side chain and the 5-position in the
cyclopropane ring to give LY354740 (191) [421, 428, 429]. Compound 191
displays low-nanomolar agonist potency at mGluR2 and mGluR3, low-
micromolar agonist potency at mGluR6 and mGluR8, while showing no 
activity at the remaining mGlu receptors.

The synthesis and pharmacology of ABHxD-I (192) has been reported
[430]. Interestingly, this compound displays agonist potency comparable to
Glu at mGluR1 to mGluR6; thus the compound is less selective than the
parent compound 185. The observation has been of key importance in devel-
oping early models of the mGluR binding site. Compound 192 is quite a rigid

854 GABA AND GLUTAMATE RECEPTOR LIGANDS 

HYDIA (195)

NH2
HOOC

COOH

HOOC
COOH

NH2

HOOC
COOH

NH2

NH2
HOOC

COOH

COOH

NH2

COOH

HOOC
COOH

NH2

HOOC

N
COOH

NH2

HOOC

R

HOOC
COOH

NH2

OH

R

COOH

NH2

HOOC

(1S,3R)-Homo-ACPD (190) LY354740 (191) ABHxD-I (192)

(193)

(3S,4S)-ACPT-III (189)(1S,3R)-ACPD (185)
         

 (2R,4R)-APDC (186)
(187)

 (188)

ABHD-II (194)

 
H
NH2

CH2(C6H5)

Figure 18.35 Structures of some mGluR agonists.



molecule, which adopts a conformation corresponding to the extended
anti–anti conformation of Glu. The observation that the compound is a potent
agonist on all three mGluR groups led the authors to suggest that Glu adopts
the same extended conformation at all three receptor groups, and that group
selectivity is thus not a consequence of different conformations but rather a
consequence of other factors such as steric hindrance [430]. This hypothesis
has later been confirmed by several more extensive pharmacophore models
[431–433]. One notable example of these sharp steric requirements can be
seen by comparing highly selective group II agonist 191 with the nonselective
agonist 192. Both compounds prefer conformations corresponding to the
extended anti–anti conformation of Glu [423, 430]. However, overlaying
the compounds with Glu (all in the anti–anti conformation) shows that 191

does occupy extra volume compared to 192 [430]. Accordingly, it has been 
suggested that group II receptors can accept this extra volume, whereas 
group I and III receptors cannot [430]. The unique pharmacological profile of
191 is further highlighted by other close analogs such as compound 193 and
ABHD-II (194), which are inactive and weak group I/II agonists, respectively
[434, 435].

The 2-(carboxycyclopropyl)glycines are also conformationally restricted
analogs of Glu, albeit with more flexibility than the bicyclic compounds
described above. In agreement with the pharmacophore models, it is also the
isomers [in particular (2S,3R,4S)-CCG, 102] (Fig. 18.20) with the extended
conformation that are agonists at mGluRs [436]. Also in agreement with the
findings from pharmacophore modeling showing that it is the fully extended
conformation of Glu that recognizes mGluR1, mGluR2, and mGluR4,
(2S,3R,4S)-CCG (102) has been shown to display potent agonist activity at
members of all three mGluR groups, albeit with some preference for the group
II receptors [436, 437]. The high potency and group II selectivity of 191 has
inspired the synthesis of analogs, a few of which are shown in Figure 18.35.
The 3-hydroxy analog of 191, HYDIA (195), has been reported [438]. It is
interesting to note that such a modest change in the parent compound con-
verts the compound from an agonist into a potent group II antagonist.

Extension of Backbone Chain Length Based on the observation that (S)-2-
aminoadipic acid (196) [439–442], the homolog of Glu, displays increased
mGluR selectivity compared to Glu, we have further studied the effects of
backbone extension (Fig. 18.36). (S)-2-Aminoadipic acid (196) selectively acti-
vates mGluR2 and mGluR6, whereas it has no effect on mGluR1, mGluR4,
or mGluR5. Working along these lines led to the discovery that (S)-homo-
AMPA (197) is a specific agonist at mGluR6 with no activity at mGluR1-5 or
mGluR7 [440, 441]. Since mGluR4, mGluR6, and mGluR7 all belong to group
III, it was surprising to find that (S)-2-aminoadipic acid (196) and (S)-homo-
AMPA (197) only activate mGluR6 within this group. It is also interesting to
note the dramatic pharmacological difference between AMPA (144) and its
homolog 197 at AMPA receptors. As described previously, the former is a
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highly selective agonist, whereas the latter is completely inactive at AMPA
receptors [441]. In addition to their previously described effects as AMPA
receptor agonists, ibotenic acid (100) and quisqualic acid (140) were shown in
the mid-1980s to stimulate IP accumulation indicative of metabotropic effects
[443]. The cloning of mGluRs confirmed these results by showing that both
compounds activate group I receptors [417, 444, 445]. Whereas quisqualic 
acid (140) is more potent than Glu at group I mGluRs, ibotenic acid (100) is
less potent.

Furthermore, the latter compound also shows activity at group II receptors
[442]. The pharmacological effects of the homologs of ibotenic acid (100) and
quisqualic acid (140) has been reported [442]. Interestingly, (S)-Br-HIBO
(148) (Fig. 18.25) is a selective (albeit weak) antagonist at mGluR1 and
mGluR5. Introducing more lipophilic/bulky side chains in the 4-position
increases the activity of the compounds as group I antagonists. HIBO analogs
with small side chains also activate AMPA receptors, but in contrast to the
mGluR1,5 antagonism, this activity diminishes with increasing size of the side
chain. This trend peaks at six carbons providing (S)-hexyl-HIBO (198), which
is a fairly potent group I antagonist devoid of activity at AMPA receptors
[446]. (S)-Homoquisqualic acid (199) also produces effects quite different
from the parent compound 140. On mGluR5 (S)-homoquisqualic acid (199)
is also an agonist albeit with 500-fold lower activity than quisqualic acid (140),
whereas the homolog displays surprising antagonism at mGluR1 [447]. Fur-
thermore, (S)-homoquisqualic acid (199) is an agonist at mGluR2 in contrast
to the parent compound [447].

(S)-AP4 (200) is also a classical mGluR agonist that in the early 1980s was
shown to reduce evoked release of Glu via a presynaptic mechanism [448].
Cloning of group III receptors has shown that (S)-AP4 (200) is an agonist at
these receptors, some 10-fold more potent than Glu, and that many of the
effects of this ligand in the CNS can be ascribed to activation of group III
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receptors [416, 418, 419, 449]. Again, the homolog, (S)-AP5 (201), shows a
rather different pharmacological profile from the parent compound. (S)-AP5
(201) also activates group III receptors, but with a markedly lower potency
[447, 450]. However, it also antagonizes mGluR2, unlike the parent compound
200 [447, 451].

Taken together, the results from the homologs clearly demonstrate that the
distance between the glycine moiety and the distal acidic group is of vital
importance for the pharmacological activity. As pointed out, the selectivity
profile of the homologs are often quite different from the parent compounds.
Furthermore, in several cases, agonists have been converted into antagonists
when the backbone chain length is increased. While the effects are not pre-
dictable at a glance, the results show that chain length is a parameter that is
worth taking into consideration when analogs of newly identified mGluR
“hits” are being designed.

Bioisosteres We have already described a number of compounds in which the
distal carboxylic acid of Glu has been replaced by an acidic bioisostere (see Fig.
18.36). Compounds such as quisqualic acid (140) (bioisosteric group: 1,2,4-oxa-
diazol-3,5-dione), ibotenic acid (100), and (S)-homo-AMPA (197) (bioisosteric
group: 3-isoxazolol) and (S)-AP4 (200) (bioisosteric group: phosphonic acid)
show that all three groups of mGluRs are capable of accepting bioisosteres to
replace the distal carboxyl group. The increased receptor selectivity shown by
these compounds compared to Glu also demonstrates that the region of the
receptor, in which the distal carboxylic acid binds, differs among the receptor
subtypes. Thus, further research into new bioisosteres may be a fruitful path to
new subtype-selective mGluR ligands. This argument is further substantiated
by group I selective agonists employing phenol as the distal acidic group (see
Fig. 18.37). For example, (S)-3,5-DHPG (202) is a selective agonist at mGluR1
and mGluR5 [452–454], equipotent with Glu on both group I subtypes.

Competitive Metabotropic Glutamate Receptor Antagonists

Phenylglycines One of the first potent mGluR antagonists to be reported was
(S)-4CPG (203), which antagonizes (1S,3R)-ACPD-induced (185) IP forma-
tion in cerebral cortical slices [455]. Likewise, (S)-4CPG (203) has been shown
to antagonize IP formation by mGluR1, and furthermore, the compound
seems to be an agonist [453] or antagonist [454] at mGluR2 with no effect on
mGluR4. (S)-4CPG (203) has been used extensively as a template for design-
ing further potent and selective antagonists at mGluR1. Whereas it has been
debated whether (S)-4CPG (203) is an agonist or antagonist at mGluR2 [453,
454], it is generally agreed that (S)-4C3HPG (204) is an mGluR1 antago-
nist/mGluR2 agonist and that the a-methylated analog, (S)-M4CPG (207), is
an antagonist at both subtypes [453, 454]. It has been shown that the antago-
nist potency is increased by methylation at the 2-position of the phenyl ring.
Thus (+)-4C2MPG (205) and 4C3H2MPG (206) are both approximately five-
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fold more potent than the nonmethylated parent compounds [456]. AIDA
(208), a compound that can be viewed as a cyclized analog of either 207
or 205, has also been shown to possess mGluR1 antagonist activity,
albeit with lower potency than the noncyclic compounds [457, 458]. The 4-
carboxyphenylglycines discussed above show mGluR1 antagonist potencies in
the 5- to 200-mM range. Interestingly, the potencies are somewhat affected by
the agonist used to determine the functional potency [459]. Furthermore, it is
notable that the 4-carboxyphenylglycines show selectivity for the mGluR1
subtype with nil or weak activities at the closely related mGluR5 subtype 
[442, 458–460]. One exception to this rule is the a-thioxanthylmethyl analog
LY393675 (223), which has been shown to be equipotent at mGluR1 and
mGluR5, with low-micromolar potency [461]. Likewise, (S)-hexyl-HIBO (198)
is equipotent as an antagonist at mGluR1 and mGluR5 [446].

Based on modeling studies, it has been suggested that the antagonist action
of the 4-carboxyphenylglycines is not caused by the phenyl ring in this 
series of compounds, but rather by the coplanar arrangement of the glycine
moiety and the distal acidic group caused by the flat nonflexible phenyl ring
[462]. In order to test this hypothesis, (S)-CBPG (209) and (S)-ACUDA (210)
were synthesized [463, 464]. Both of these compounds retain the coplanar
arrangement of the glycine moiety and the distal acidic group, and in agree-
ment with their hypothesis, both compounds proved to be moderately potent
mGluR1 antagonists with nil or weak activity at mGluR2, mGluR4, and
mGluR5 [463, 464].
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The phosphonic acid bioisostere of 203, (PPG, 211), is a potent group 
III agonist [465]. Based on the results from the 4-carboxyphenylglycines,
the phosphonic acid bioisostere of 207, MPPG (212) [466], and that of 208,
APICA (213) [467] have been designed. By analogy with results showing that
a-methylation of 203 converts the compound from being an agonist into an
antagonist at mGluR2 [267], 212 is an antagonist at group III mGluRs
[467–469]. Compound 212 is slightly more potent as an antagonist at mGluR2,
which is rather surprising given that neither (S)-AP4 (200) nor PPG (211) have
any appreciable effect on this receptor subtype [467–469]. APICA (213) shows
a pharmacological profile quite similar to that of MPPG (212), being slightly
less potent as an mGluR2 antagonist than the parent compound [467].

a-Substitutions. As eluded to above, a-methylation has been widely used to
derive antagonists from agonists. Some of these analogs are shown in Figure
18.38. Maintaining the selectivity profiles as of their antagonistic parent com-
pounds, MAP4 (214) and MCCGI (215) antagonize mGluR2 and mGluR4,
respectively, albeit with significantly reduced antagonist potency compared to
the parent agonist [469, 470]. As mentioned above, a-methylation of the potent
and selective group III agonist PPG (211), results in the mixed group II/III
antagonist MPPG (212) [467–469]. Another example of swhich in group 
selectivity and loss of potency obtained by a-methylation is (S)-MetQUIS
(216), which is a moderately potent antagonist at mGluR2 and a very weak
antagonist at mGluR1 and mGluR5 [471]. Although some important com-
pounds have been obtained, when the results of a-methylation are viewed as
a whole, this does not seem to be a generally viable strategy for designing
antagonists.
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Substituting agonists with bulky, lipophilic side chains has been a much
more successful approach to the design of potent antagonists. Two of the pio-
neering compounds in this class are 4-substituted analogs of Glu such as 219
and 220. Both compounds are specific antagonists for mGluR2 and mGluR3
with potencies in the low-micromolar range [472, 473]. Interestingly, com-
pounds with small substituents in the same position, such as (2S,4S)-Me-Glu
(218) or (S)-4-methylene-Glu (217), are more potent agonists at mGluR2 than
Glu, with some activity at mGluR1 but without appreciable activity at
mGluR4 [474]. Thus by increasing the bulk and lipophilicity at the 4-position
of these fly-swatter substituents, the selectivity for group II is retained, and
even increased, but the compounds are converted from agonists to antagonists.
More importantly, by contrast with a-methylation, the potency of the antago-
nists is retained compared to the parent agonist compounds.

These results have inspired the design of a number of new potent antago-
nists with fly-swatter side chains. MCCGI (215), the methylated analog of 102
(Fig. 18.25), was first substituted with fly-swatters in the 2-position. It was
found that the most potent compound was obtained with a xanthylmethyl sub-
sitituent conferring LY341495 (221), which displays antagonist activity at
group II receptors in the low-nanomolar range [475, 476]. However, like the
parent compound (2S,3R,4S)-CCG (102), LY341495 (221) also shows affinity
for other subtypes, especially mGluR8 [477]. The synthesis and pharmacology
of analogs with fly-swatter substituents at the 3¢-position were recently
reported. In this series, the compound with the xanthylethyl substituent, XE-
CCG-I (222) was found to be the most potent antagonist, with potencies at
mGluR2 and mGluR3 comparable to 221 [478]. Finally, the fly-swatter princi-
ple has been successfully applied to 3-carboxycyclobutylglycine, for example,
LY393675 (223) [479] and to 4CPG (203), for example, LY367366 (224) [461].
Compounds 223 and 224, respectively, show submicromolar and low-
micromolar potency at both group I subtypes, which for the latter is quite
remarkable given that most other phenylglycine analogs prefer the mGluR1
subtype [442, 458–461].

It can be concluded that in their antagonized state receptors from all three
mGluR groups can accommodate quite large and lipophilic side chains in a
variety of positions. Furthermore, compared with small a substituents such as
methyl groups, which most often confer antagonists with reduced potency, the
large fly-swatter substitutents in most cases confer antagonism and with
increased potency. Thus the fly-swatter principle seems to be an attractive
strategy for obtaining potent subtype-selective antagonists.

Allosteric Modulators of Metabotropic Glutamate Receptors

Noncompetitive Antagonists In 1996, CPCCOEt (225), a non-amino-acid
compound with no structural similarity with Glu, was reported as a group I
selective antagonist [480]. Since then, it has been shown that the compound is
a selective mGluR1 noncompetitive antagonist with no mGluR5 activity,
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acting at the 7TM region rather than the agonist-binding ATD [481–483]. A
number of other non-amino-acid mGluR antagonists have been discovered
(see Fig. 18.39). BAY36-7620 (226) and EM-TBPC (227) are also mGluR1-
specific antagonists acting at the 7TM domain with nanomolar potencies [484,
485]. The enol ether Ro 64-5229 (228) shows submicromolar noncompetitive
antagonist potency at mGluR2 with no activity at mGluR1, mGluR3, mGluR4,
mGluR5, NMDA, or AMPA receptors [486, 487].

SIB-1893 (229) and MPEP (230) have been reported [488, 489] to be selec-
tive, noncompetitive antagonists with nanomolar potencies at mGluR5, MPEP
(230) being the most potent [488, 489]. Like CPCCOEt (225), MPEP (230) has
been shown to act at the 7TM region rather than the agonist-binding ATD
[490]. Recently, it was reported that SIB-1893 (229) and MPEP (230) also act
as positive allosteric modulators of mGluR4, albeit with somewhat lower
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potency than the antagonism at mGluR5 [491]. Furthermore, MPEP (230)
antagonizes NMDA receptors with low-micromolar potency [492], which 
has led to the design of the analog MTEP (231), which is slightly more 
potent than 230 as an antagonist at mGluR5 and shows no NMDA antagonist
activity [492].

Positive Allosteric Modulators As already mentioned in the previous section,
SIB-1893 (229) and MPEP (230) act as positive allosteric modulators at
mGluR4. The allosteric effect is dependent upon Glu activation, and the com-
pounds are thus unable to activate the mGluR4 receptor directly. Instead, the
compounds enhance the response mediated by Glu, causing a left-ward shift
of concentration–response curves and an increase in the maximum response
[491]. Other compounds with similar pharmacological profiles at other mGluR
subtypes have also been reported, including the mGluR1-specific positive
allosteric modulator Ro 67-4853 (232) [220], the mGluR2-specific compound
LY487379 (233) [493], and the mGluR5-specific compound DFB (234) [494].
Interestingly, DMeOB (235), which is a close analog of DFB, acts as a non-
competitive antagonist at mGluR5 [494], which together with the dual effects
of SIB-1893 (229) and MPEP (230) at mGluR4 and mGluR5, illustrates the
delicate balance of the activation mechanism of this class of G-protein-
coupled receptors.

The allosteric modulators described in the preceding paragraphs have been
discovered by high-throughput screening of compound libraries. It is interest-
ing to note the diverse structures that have come out of these screens and that
the compounds are highly selective even within the mGluR groups I, II, and
III. As has been demonstrated for several of the compounds, most if not all of
the noncompetitive antagonists act outside the agonist-binding pocket located
in the ATD, which could very well be the explanation for the high degree of
subtype selectivity. Given that the binding of the endogenous agonist Glu is
of immense importance for proper receptor function, it is not surprising that
this domain has been more highly conserved during evolution than the rest of
the receptor. Likewise, it is not surprising that ligands acting outside the
agonist-binding pocket show a higher degree of receptor selectivity than
ligands that are structurally similar with Glu and act within the pocket. With
this in mind, high-throughput screening is a useful step in the discovery of new
subtype-specific ligands.

Metabotropic Glutamate Receptors as Putative Drug Targets As previously
described, group I mGluRs stimulate phopholipase C and thus lead to cell
excitation, whereas group II and III mGluRs inhibit adenylate cyclase, and
thus cause cell inhibition. It has also been described that Glu is involved in
many neurodegenerative, psychiatric, and cognitive disorders characterized by
either hyper- or hypofunction of the glutamatergic system. Together, these
observations have led to the pursuit of group I antagonists and group II/III
agonists as potential therapeutics for disorders characterized by glutamater-
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gic hyperfunction and likewise group I agonists and group II/III antagonists
for disorders characterized by glutamatergic hyperfunction. Testing these
ideas was initially hampered by a lack of selective, potent ligands, but the
recent development of such compounds [e.g., LY354740 (191) and the
allosteric modulators described in the previous section] has greatly enhanced
our repertoire and confirmed that the mGluRs do indeed hold promise as
novel therapeutic targets. It is beyond the scope of this chapter to describe
these results in detail, and the reader is thus referred to several recent articles
that review the preclinical results of mGluR ligands as drug candidates
[495–498].

Structure of Metabotropic Glutamate Receptors

The current state of knowledge regarding the structural detail of mGluRs
resembles that of iGluRs. Through recent breakthroughs in X-ray 
crystallography, we have obtained a series of snapshots of the extracellular
binding domain of one of the subtypes at atomic resolution, mGluR1 [499,
500]. mGluRs belong to family C of the 7TM GPCRs, and at present,
insight into the membrane-spanning region is limited to comparison with
crystal structures such as that of rhodopsin, a family A GPCR [222]. There is
strong evidence that mGluRs operate as homodimers, covalently bound 
via a disulfide bridge [501]. mGluRs are distinguished by the presence of a
large extracellular N-terminal superdomain, which is homologous to a 
class of periplasmic binding proteins, such as l-arabinose binding protein
[502]. Note the two large globular domains (I and II) connected by a hinge
region and separated from the 7TM domain by a conserved cysteine-rich loop
(Fig. 18.40).

While crystallization of the full-length receptor is unlikely in the near
future, the first successful crystallization of an extracellular domain was
reported in 2000, specifically mGluR1 in the presence and absence of the
endogenous ligand Glu [398]. Of particular interest is the fact that according
to these structures, the monomers can undergo a conformational change, or
70° “twist” with respect to one another. Furthermore, Glu induces domain
closure of only one of the superdomains of the dimer, even though the ligand
is bound to both (“closed–open”, Fig. 18.41). Thus this crystal structure gives
ligand design hints for both competitive agonists and antagonists and also 
suggests a role for the dimer interface. More recently [500], mGluR1 was co-
crystallized with an antagonist, (S)-M4CPG (207), which confirms that com-
petitive mGluR antagonists stabilize the “open–open” untwisted state. In
addition, mGluR1 was co-crystallized in the presence of the positive modula-
tor Gd3+ and Glu, revealing a “closed–closed” twisted state. Gd3+ appears to
stabilize the twisted state via coordination to residues in the dimer interface,
known previously to accommodate an engineered negatively modulatory Zn2+

site [503]. This leads to the following picture of mGluR activation (Fig. 18.41),
where the free energy of ligand binding induces domain closure and twisting,
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which is then mechanically transferred via the 7TM domain to the G-protein
by as yet unknown transformations.

Although the binding site sequence homology between mGluR1 and the
other mGluRs is lower than that seen among iGluRs (Table 18.3), a number
of attempts have been made to model other members of the family with a view
to structure-based design and explanations of subtype selectivity. Such models
have been particularly useful in conjunction with site-directed mutagenesis
and subsequent pharmacological assays [504–507]. Whereas the distal but not
the a-carboxylate of Glu forms an ion pair with the domain-closed iGluRs,
the situation at mGluR is reversed: The distal carboxylate binds to a positively
charged hydrophilic receptor region. As with iGluRs, binding is mediated by
water molecules involved in hydrogen bond networks, which may be disrupted
or displaced by other ligands.

While Glu binds to mGluRs in an extended conformation, there may be
minor differences in the binding mode between subgroups, especially in the
positioning and orientation of the distal carboxylate [508]. Note that while the
residues that bind the a-amino acid are highly conserved, there is very little
conservation about the distal carboxylate (Fig. 18.42). The binding site differ-
ences between the three groups of mGluRs may be exploited relatively easily
for the design of subtype-specific ligands. Within members of a given group,

GLUTAMATE: EXCITATORY NEUROTRANSMITTER 865

Figure 18.41 Illustration of the induced twisting and domain closure of the 
extracellular portion of mGluR1, presumably coupled to signal transduction via the
7TM domain. The changes in the dimer interface are highlighted above (illustration
from [222]). (This figure is available in full color at ftp://ftp.wiley.com/public/sci_tech_
med/drug_discovery/.)



Figure 18.42 Domain-closed binding sites of mGluR1, mGluR2, and mGluR4 as rep-
resentatives of groups I, II, and III mGluRs. mGluR2 and mGluR4 have been modeled
from mGluR1 ([504, 508] and M. B. Hermit and J. R. Greenwood, unpublished data).
(This figure is available in full color at ftp://ftp.wiley.com/public/sci_tech_med/
drug_discovery/.)
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binding site conservation renders large selectivity differences difficult to
obtain for competitive ligands.
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19.1 INTRODUCTION

Sudden cardiac death (defined as unexpected death from cardiac causes that
occurs within 1h of the onset of symptoms [1]) remains the leading cause of
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death in industrialized countries, accounting for between 300,000 and 500,000
deaths each year in the United States [2–5]. Holter monitoring studies reveal
that these sudden deaths most frequently (up to 93 percent) resulted from ven-
tricular tachyarrhythmias [6–8]. Despite the enormity of this problem, the
development of safe and effective antiarrhythmic agents remains elusive. In
fact, several initially promising antiarrhythmic drugs have actually been shown
to increase, rather than to decrease, the risk for arrhythmic death in patients
recovering from myocardial infarction. For example, the now infamous
Cardiac Arrhythmia Suppression Trial (CAST study [9]) demonstrated that,
although class I antiarrhythmic drugs (i.e., drugs that block sodium channels)
effectively suppressed premature ventricular contractions, some of these com-
pounds (flecainide and encainide) increased the risk for arrhythmic cardiac
death. In a similar manner, many class III antiarrhythmic drugs (drugs that
prolong refractory period, most likely via modulation of potassium channels)
have been shown to prolong QT interval, to promote the life-threatening tach-
yarrhythmia torsade de pointes (i.e., polymorphic ventricular tachycardia in
which the QRS waves seem to “twist” around the baseline), and to increase
cardiac mortality in some patient populations [10, 11]. Unfortunately, only a
few drugs have been clinically proven to reduce cardiac mortality in high-risk
patients, such as patients recovering from myocardial infarction. To date, only
b-adrenergic receptor antagonists and amiodarone, a class III antiarrhythmic
drug that also blocks b-adrenergic receptors, have been shown to reduce
sudden cardiac death [4, 12–15]. Even the best currently available therapies
have not been completely successful in the suppression of malignant arrhyth-
mias, and they also frequently exhibit untoward side effects. For example, mor-
tality following myocardial infarction remains high among patients with
substantial ventricular dysfunction, even with b-adrenergic receptor antago-
nist therapy. The 1-year mortality is 10 percent or higher, with sudden death
accounting for approximately one-third of the deaths in these high-risk
patients [16]. In a similar manner, the long-term use of amiodarone is limited
due to adverse side effects, including pulmonary fibrous and thyroid toxicity
[124]. Clearly, the “ideal” antiarrhythmic drug has yet to be discovered.

The discouraging clinical experience with most antiarrhythmic drugs indi-
cates that these agents may attack the wrong therapeutic target. Although
these drugs were effective against some types of arrhythmias, they clearly
failed to prevent those arrhythmias that culminate in death. In order to
develop agents that will reduce sudden death, one must first identify those
factors that trigger the malignant arrhythmias. As previously noted, ventricu-
lar tachyarrhythmias are responsible for sudden cardiac death. Only a minor-
ity of these patients had a known history of heart disease prior to the collapse,
yet up to 90 percent of all sudden death patients were subsequently shown to
have underlying coronary artery disease [2]. Thus, it is likely that myocardial
ischemia plays a crucial role in the induction of the lethal arrhythmias in these
patients. If this hypothesis is correct, then it is crucial to identify the factor or
factors that render the ischemic myocardium vulnerable to arrhythmia for-
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mation. Once identified, it should then be possible to develop therapeutic
interventions that correct these ischemically induced changes in cardiac elec-
trical stability and, thereby, prevent sudden death. The most effective antiar-
rhythmic agents would be those that target the ischemic myocardium with
little or no action on the normal (i.e., nonischemic) cardiac tissue. As a con-
sequence of this selectivity, one would expect that these drugs should also have
a low propensity for proarrhythmic events.

It is well established that myocardial ischemia provokes abnormalities in
the biochemical homeostasis of individual cardiac cells. These intracellular
changes culminate in the disruption of cellular electrophysiologic properties,
and as a result life-threatening alterations in cardiac rhythm, such as ventric-
ular fibrillation, frequently occur. A number of different chemical substances
have been proposed as possible causative factors in the genesis of ventricular
fibrillation during myocardial ischemia, including catecholamines, amphiphilic
products of lipid metabolism, various peptides, cytosolic calcium accumula-
tion, and increases in extracellular potassium [17–19]. An accumulating body
of evidence suggests that the activation of specific potassium channels, the
adenosine triphosphate (ATP)-sensitive potassium channels, leads to potas-
sium efflux from the ischemic cells, thereby inducing the electrophysiologic
changes that are ultimately responsible for the formation of lethal cardiac
arrhythmias [20–22]. As such, drugs that selectively inhibit these channels
should prove to be particularly effective in the prevention of sudden cardiac
death. Therefore, this chapter will first discuss the relationship between
ischemically induced alterations in extracellular potassium and arrhythmia
formation and then evaluate the antiarrhythmic potential of ATP-sensitive
potassium channel antagonists, drugs that may act selectively on the ischemic
myocardium.

19.2 EFFECTS OF MYOCARDIAL ISCHEMIA ON
EXTRACELLULAR POTASSIUM

Myocardial ischemia provokes both rapid increases in extracellular potassium
and reductions in action potential duration. Harris and co-workers [23, 24]
were the first to show that extracellular potassium rises dramatically after
coronary artery ligation, correlating with the onset of ventricular arrhythmias.
They further demonstrated that intracoronary injections of potassium chlo-
ride provoked electrocardiographic (ECG) changes and triggered ventricular
arrhythmias similar to those induced by myocardial ischemia [23, 24]. They
proposed that changes in extracellular potassium represented a major factor
in the development of malignant arrhythmias during ischemia. Subsequent
studies that used ion-selective electrodes to measure potassium activity
directly have confirmed these earlier observations [25–27]. Extracellular
potassium increased within the first 15s and reached a plateau within 5 to 
10min after the interruption of coronary perfusion [25–28]. Furthermore,

EFFECTS OF MYOCARDIAL ISCHEMIA ON EXTRACELLULAR POTASSIUM 911



regional differences or inhomogeneities of potassium accumulation were
recorded, accompanied by corresponding differences in ventricular electrical
activity [25, 26, 28]. This extracellular potassium accumulation resulted pri-
marily from increases in potassium efflux rather than from decreased potas-
sium influx due to inhibition of the Na+/K+-ATPase [30–32].

A growing body of evidence demonstrates that the ischemically induced
potassium accumulation and the corresponding reductions in action potential
duration result, primarily, from the opening of ATP-sensitive potassium chan-
nels [33]. Using the patch clamp technique, Trube and Hescheler [34] were the
first to record single ATP-sensitive potassium channel activity. Noma [35] and
Trube and Hescheler [34] further demonstrated that reductions in cellular ATP
induced by cyanide exposure evoked an outward potassium current. They pro-
posed that the activation of an ATP-sensitive potassium channel might be
responsible for the reductions in action potential duration induced by hypoxia.
Several studies further implicated the activation of this current in the changes
in cardiac action potential and extracellular potassium accumulation during
myocardial ischemia [36–46]. The ATP-sensitive potassium channel inhibitor,
glibenclamide, for example, has been shown either to attenuate or to abolish
reductions in action potential duration in hypoxic myocytes [37, 38], isolated
cardiac tissue [41–43, 45, 46], and regionally or globally ischemic hearts [36,
40, 47]. This sulfonylurea drug also reduced extracellular potassium accumu-
lation induced by ischemia [39, 43–45]. Conversely, ATP-sensitive potassium
channel agonists (pinacidil, cromakalim) exacerbated ischemically induced
reductions in action potential duration, as well as promoted extracellular
potassium accumulation [36–38, 40–43, 47–50].

However, it must be emphasized that the ATP-sensitive potassium channel
is activated only at low ATP concentrations with half-maximum suppression
of channel opening at 20 to 100 mM [34, 35, 51, 52], yet intracellular concen-
trations are normally much higher (5 to 10mM). Furthermore, cytosolic ATP
levels remain in the millimolar range for the first 10min of hypoxia, well after
potassium accumulation begins [32, 53] Therefore, the role that this channel
plays in the response to myocardial ischemia can be questioned [33]. A
number of studies provide an explanation for this apparent paradox. Cardiac
tissue contains a very high density of ATP-sensitive potassium channels. As a
consequence, only a small increase in the open-state probability (<1% of
maximum) was required to shorten action potential duration during ischemia
[54–56]. Indeed, Faivre and Findlay [54] found, in guinea pig myocytes, that
the opening of only 30 channels (less than 1 percent of the population) pro-
voked a 50 percent reduction in action potential duration. They concluded that
“physiologically relevant activity of the KATP channel in cardiac membrane is
confined to a very small percentage of the possible cell KATP current, and thus
intracellular ATP would not have to fall very far before the opening of KATP

channels would influence cardiac excitability” [54]. In a similar manner,
Deutsch et al. [57] correlated potassium current during hypoxia in an intact
rabbit papillary muscle. They showed that during hypoxia, a significant short-
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ening of action potential duration (blocked by glibenclamide) occurred when
tissue ATP levels fell by approximately 25 percent. They also concluded that
only modest changes in cellular ATP were required to induce major changes
in cardiac electrical properties.

The activation of the ATP-sensitive potassium channel may also contribute
significantly to the S-T segment changes associated with myocardial ischemia.
In anesthetized open-chest dogs [58] the intracoronary injection of the ATP-
sensitive potassium channel opener, pinacidil, elicited elevations in the S-T
segment very similar to those induced by myocardial ischemia. Abnormal elec-
trocardiographic (T wave) changes suggestive of alterations of repolarization
have also been reported in up to 30 percent of patients taking pinacidil as an
antihypertensive medication [59]. Conversely, glibenclamide attenuated the S-
T segment elevations induced by the occlusion of the left anterior descending
coronary artery [60]. Similar results were obtained in conscious dogs. Billman
et al. [61] demonstrated that either glibenclamide or the cardioselective 
ATP-sensitive potassium channel antagonist HMR 1098 attenuated ischemi-
cally induced S-T segment changes. They further reported that these drugs 
prevented ischemically induced increases in the descending portion of the T
wave (an index of the transmural dispersion of repolarization [62]). Finally,
myocardial ischemia failed to alter the ECG of mice in which the Kir 6.2
gene (the gene responsible for the pore forming subunit of the cardiac ATP-
sensitive potassium channel [63]) had been removed [64]. The large changes
in the ECG that were induced by ligation of the left coronary artery in the
wild-type control mice could be suppressed by prior treatment with the car-
dioselective ATP-sensitive potassium channel antagonist HMR 1098 [64]. It
therefore seems likely that the activation of the ATP-sensitive potassium
channel contributes significantly to alterations in cardiac electrical stability
induced by myocardial ischemia, leading to the formation of malignant
arrhythmias.

19.3 EFFECT OF EXTRACELLULAR POTASSIUM ON
VENTRICULAR RHYTHM

Cardiac arrhythmias can result from either abnormalities in impulse genera-
tion or impulse conduction [65]. The extracellular accumulation of potassium
induced by myocardial ischemia can provoke these perturbations in cardiac
electrical activity. Elevations in extracellular potassium promote the depolar-
ization of the tissue surrounding the ischemic regions, as noted above. The flow
of this injury current (electrotonic current flow between ischemic and normal
cells) has been implicated as a potential cause for the initiation of premature
ventricular beats. Under normal conditions ventricular cells do not display a
spontaneous rhythm. However, an automatic rhythm can be produced when
the cells are partially depolarized [65]. Coronel et al. [29], in fact, demon-
strated an increased excitability of normal tissue near the border of the
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ischemia, a region of the heart in which extracellular potassium concentrations
were also increased.

Changes in action potential duration induced by alterations in potassium
efflux can also provoke abnormalities of impulse conduction. As noted above,
increased potassium efflux from ischemic tissue triggers a reduction in action
potential duration. A major factor contributing to ventricular fibrillation, par-
ticularly during myocardial ischemia, is a dispersion or inhomogeneity of the
refractory period that is related to regional differences in action potential
duration [65]. This allows for the fragmentation of impulse conduction during
ensuing beats. As previously noted, the activation of the ATP-sensitive potas-
sium channel produced large reductions in action potential duration [36–43,
45–47], which are inhibited by glibenclamide [36–38, 40–42, 47] but exacer-
bated by ATP-sensitive potassium channel agonists [43, 48, 66–68]. A differ-
ential ATP sensitivity of the ATP-dependent potassium channel has also been
reported between endocardial and epicardial cells during ischemia such that
smaller reductions in ATP were necessary to activate potassium channels
located in epicardial tissue [69]. As a result, an inhomogeneity in extracellu-
lar potassium and refractory period, as well as a gradient in action potential
duration, was recorded between the epicardial and endocardial tissue [69–71].
Nonuniformities in refractory period could set the stage for the formation of
irregular reentrant pathways and ventricular arrhythmias. In a similar manner,
the ATP-sensitive potassium channel antagonist glibenclamide was shown to
attenuate ischemically induced reductions in the refractory period [61, 72]. In
contrast, activation of the ATP-sensitive potassium current with pinacidil
elicited a marked dispersion of repolarization and refractory period between
the epicardium and endocardium, leading to the development of extrasystoles
[73]. These effects could be abolished by glibenclamide [73]. More recently,
Coromilas et al. [74] demonstrated that the pinacidil restored excitability in
the tissue adjacent to the ischemic region (i.e., the epicardial border zone).
This reactivation of formerly inexcitable tissue led to the formation of reen-
trant circuits and the induction of ventricular tachycardia. Thus, the activation
of the ATP-sensitive potassium channel could contribute significantly to 
the induction of malignant arrhythmias by changing impulse generation
(depolarization-induced changes in automaticity), conduction (refractory
period dispersion), or a combination of both.

19.4 EFFECT OF ATP-SENSITIVE POTASSIUM CHANNEL
ANTAGONISTS ON VENTRICULAR ARRHYTHMIAS

As noted above, it is now generally accepted that the activation of the ATP-
sensitive potassium channel during myocardial ischemia provokes a potassium
efflux and reductions in action potential duration that lead to dispersion of
repolarization. Since heterogeneity of repolarization plays a crucial role in the
induction of ventricular fibrillation, drugs that prevent ATP-sensitive potas-
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sium channel activation should be particularly effective in the suppression of
malignant arrhythmias induced by ischemia.

Nonselective ATP-Sensitive Potassium Channel Antagonists

The sulfonylurea drug glibenclamide (Fig. 19.1) prevented hypoxia-induced
reductions in action potential duration in single cells, isolated hearts, and intact
animals [36, 37, 40–43, 45–47, 75–79]. This drug also attenuated the ischemi-
cally induced changes in the S-T segment in intact anesthetized or unanes-
thetized animals [60, 61]. Therefore, one would predict that glibenclamide
should also prevent arrhythmias that arise as a consequence of these 
ischemically induced changes in cardiac electrical properties.

Glibenclamide prevented arrhythmias induced by ischemia in a variety 
of experimental models (Table 19.1). For example, this drug abolished ven-
tricular arrhythmias induced by ischemia in isolated hearts [40, 80–83]. Fur-
thermore, both glibenclamide and glimepride reduced blood glucose and
decreased the incidence of irreversible ventricular fibrillation induced by
reperfusion (after a 6-min coronary occlusion) in anesthetized rats [84, 140].
Glibenclamide also reduced the incidence of life-threatening arrhythmias
induced by coronary artery ligation in the conscious rat [85] and anesthetized
rabbit [86], as well as improved survival in anesthetized rats during ischemia
and reperfusion [87]. This drug also inhibited arrhythmias associated with the
intracellular calcium overload induced by ouabain [140, 144]. Billman et al.
[61, 88] further demonstrated that glibenclamide prevented ventricular fibril-
lation induced by the combination of acute ischemia during submaximal exer-
cise in animals previously shown to be susceptible to sudden death. It should
be noted, however, that in these animals glibenclamide significantly reduced
the exercise, and reactive hyperemia induced increases in coronary blood flow,
as well as depressed ventricular function (large reductions in left ventricular
dP/dt maximum) [61, 88]. In the isolated working rabbit heart, glibenclamide
provoked an immediate decrease in coronary blood flow reducing forward
flow to zero [68]. Thus, glibenclamide has potent vasoconstrictor effects due
to the inhibiton of ATP-sensitive potassium channels located on the coronary
vascular smooth muscle.
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There are a few clinical studies that illustrate the antiarrhythmic potential
of ATP-sensitive potassium channels (Table 19.2, 89–92]. Cacciapuoti et al.
[89] found that glibenclamide significantly reduced the frequency and sever-
ity of ventricular arrhythmias recorded during transient ischemia in non-
insulin-dependent diabetic patients with coronary artery disease. This drug,
however, did not affect nonischemic arrhythmias nor did it change the number
or the length of the ischemic episodes. Glibenclamide significantly reduced the
incidence of ventricular fibrillation in non-insulin-dependent patients with
acute myocardial infarction [92]. Recently, the effects of sulfonylurea drugs on
the incidence of ventricular arrhtyhmias (24-h Holter monitoring) were eval-
uated in nondiabetic and diabetic patients with decompensated congestive
heart failure [93]. These authors found that diabetic patients receiving sul-
fonylurea agents (glibenclamide or glipizide) exhibited a significantly lower
incidence of both repetitive ventricular beats and runs of nonsustained ven-
tricular tachycardia as compared to either nondiabetic patients or diabetic
patients who did not receive sulfonlyurea drugs. It is interesting to note that
glibenclamide also reduced the S-T segment elevation and prevented ventric-
ular fibrillation induced by chest impact (a baseball delivered at 30mph to the
chest of anesthetized swine [94]). The authors concluded that “selective KATP

channel activation may be a pivotal mechanism in sudden death resulting from
low-energy chest wall trauma” (i.e., Commotio Cordis) “in young people
during sporting activities” [94].
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TABLE 19.1 Effect of Nonselective ATP-Sensitive Potassium Channel Antagonist
on Ischemic Cardiac Arrhythmias—Preclinical Studiesa

Model Result Reference

Rabbit heart Ø VF Pogasta et al. [81]
Rat heart Ø VF Wolleben et al. [83]
Rat heart Ø VF Kantor et al. [40]
Dog and rabbit hearts No Effect Smallwood et al. [47]
Guinea pig heart Ø VF Duration Gwilt et al. [80]
Anesthetized rat Ø VF Zhang et al. [140]
Rat heart Ø VF Duration Bril et al. [141]
Guinea pig tissue Ø Re-entrant PVCs Pasnani and Ferrier [142]
Conscious dog Ø VF Billman et al. [88]
Rat heart Ø VF Tosaki et al. [82]
Rat heart No Effect Rees and Curtis [143]
Conscious rat Ø VF Lepran et al. [85]
Anesthetized rat Ø VF Baczko et al. [87]
Anesthetized rabbit Ø VF Barrett and Walker [86]
Conscious dog Ø VF Billman et al. [61]
Anesthetized rat Ø VF El Reyani et al. [84]

a VF, ventricular fibrillation; PVCs, premature ventricular contractions (activations).



It is important to emphasis that glibenclamide is not selective for cardiac
tissue. As noted above, this drug can profoundly reduce coronary blood flow
via actions on vascular smooth muscle and can also promote insulin release,
thereby provoking hypoglycemia [61]. These noncardiac actions would limit
the antiarrhythmic potential of glibenclamide in the clinic. Cardioselective
compounds should have fewer side effects and would therefore provide a
better therapeutic option than the nonselective ATP-sensitive potassium
channel antagonist glibenclamide.

Selective ATP-Sensitive Potassium Channel Antagonists

Several different ATP-sensitive potassium channel subtypes have been iden-
tified (Table 19.3). The ATP-sensitive potassium channel consists of a pore-
forming subunit coupled to a sulfonylurea receptor [95–99, 139]. The
functional channel forms as a hetero-octomer composed of a tetramer of the
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TABLE 19.2 Effect of Nonselective ATP-Sensitive Potassium Channel Antagonists
on Cardiac Arrhythmias—Clinical Studiesa

Patient Population Result Reference

Non-insulin-dependent diabetics Significant reduction in the Cacciapuoti et al.
treated with glibenclamide frequency of PVCs and [89]
(n = 19) nonsustained VT

Non-insulin-dependent diabetics Incidence of VF or sustained Lomuscio et al.
(n = 232, 106  treated with VT reduced in the [92] 
glibenclamide, 126 with other glibencalimide-treated Lomuscio and 
hypoglycemic drugs) and patients. Cardiovascular Fiorentini [91]
nondiabetic patients all with mortality highest in
acute myocardial infarction nonglibenclamide-treated 

diabetic patients
Retrospective analysis of acute VF rates similar in Davis et al. [90]

myocardial infarction patients nondiabetic (11.0%) and 
(n = 5, 715, 745 diabetic diabetic patients taking 
patients) glibenclamide (11.8%) but

much higher in diabetic 
patients taking gliclazide 
(18%) or insulin (22.8%)

Diabetic patients with Significant reduction in Aronson et al.
decompensated heart failure incidence of repetitive [93]
(n = 207) ventricular beats and

nonsustained VT in 
patients treated with 
either gilbenclamide or 
glipizide

a VF, ventricular fibrillation;VT, ventricular tachycardia; PVCs, premature ventricular contractions
(activations).
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pore and four sulfonyl receptor subunits. At present, two different pore-
forming subunits have been identified, both of which produce an inward rec-
tifier potassium current (Kir 6.1 and Kir 6.2) [64, 100]. Three different
sulfonylurea receptor subtypes have been isolated; SUR1 (on pancreatic islet
cells), SUR2A (on cardiac tissue), and SUR2B (on vascular smooth muscle)
[96, 99, 101, 102]. Thus, six different potassium channel pore and sulfonylurea
receptor combinations are possible (Table 19.3). Suzuki et al. [63] and
Manning-Fox et al. [98] recently demonstrated that Kir 6.2 and Kir 6.1 were
required for cardiac and vascular smooth muscle ATP-sensitive potassium
channel activity, respectively. They concluded that Kir 6.2/SUR2A most likely
forms the cardiac cell membrane ATP-sensitive potassium channel, while Kir
6.1/SUR2B is located on vascular smooth muscle. In a similar manner,
Lui et al. [100] reported that the actitivy to mitochondrial ATP-sensitive potas-
sium channels was most closely mimicked by the Kir 6.1/SUR1 subtype, an
conclusion that has not yet been confirmed. Given this apparent tissue speci-
ficity and the limited number of possible channel–receptor pairings, it should
be possible to develop compounds that selectively inhibit (or activate) a par-
ticular ATP-sensitive potassium channel subtype. In particular, a drug that
selectively blocks the Kir 6.2/SUR2A subtype should prevent ischemically
induced changes in cardiac electrical properties (e.g., reductions in action
potential duration) and thereby prevent arrhythmias without the untoward
side effects noted for the nonselective ATP-sensitive channel antagonist
glibenclamide.

HMR 1883, a Cardioselective ATP-Potassium Channel Antagonists
The sulfonylthiourea drug (1-[5-[2–5-chloro-o-ansamide)ethyl]2-
methoxyphenyl]sulfonyl]-3-methylthiourea) HMR 1883 (Fig. 19.2) and its
sodium salt HMR 1098 were recently developed to block the cardiac ATP-
sensitive potassium channel [103]. HMR 1883 inhibited the sarcolemmal
cardiac ATP-sensitive potassium channel activated by the channel opener ril-
makalin at a much lower concentration (guinea pig myocytes IC50 = 0.6 -
2.2 mM) than was required to promote insulin release (9- to 50-fold higher con-
centration was required to block rat pancreatic insulinoma, RIN m5F, cells)
[104]. In a similar manner, HMR 1098 reversed the action potential shorten-
ing induced by rilmakalim in human cardiomycytes (IC50 = 0.42 ± 0.008mM)
and proved to be more potent in acidic condtions (IC50 = 0.24 ± 0.009mM) as
would occur during myocardial ischemia [105]. Indeed, this drug attenuated
hypoxia-induced shortening of cardiac action potential in rat and guinea pig
tissue [104]. In contrast to glibenclamide, HMR 1883 did not alter hypoxia-
induced increases in coronary blood flow in Langendorff perfused guinea pig
hearts [104, 106]. HMR 1098 also inhibited Rb+ efflux through Kir 6.2/SUR2A
channels expressed in HEK293 cells (IC50 = 181nM), demonstrating that this
system may be used to screen for compounds with a high affinity for the
cardiac sarcolemmal channel [106]. Significantly, HMR 1883 did not alter
flavoprotein autofluorescence, an index of mitochondrial redox state [107]. In
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contrast, 5-hydroxydecanoic acid, a selective blocker of mitochondrial chan-
nels, completely inhibited the flavoprotein fluorescence [108]. In agreement
with these in vitro findings, HMR 1883 did not prevent the cardioprotective
effects induced by ischemic preconditioning in either rat [109] or rabbit [110].
Accumulating evidence suggests that the activation of mitochondrial ATP-
sensitive potassium channels plays a crucial role in the mechanical protection
that results from ischemic preconditioning [111–113]. Recently, Liu et al. [100]
demonstrated the mitochondrial ATP-sensitive potassium channel most
closely resembles the Kir 6.1/SUR1 subtype. Thus, HMR 1883 can inhibit
cardiac membrane ATP-sensitive potassium channels with miminal effects on
mitochondrial channels.

HMR 1883 also prevented ischemically induced changes in the S-T segment
in anesthetized mice [64], anesthetized swine [114], or conscious dogs 
[115]. A similar response was also noted for glibenclamide but not for 5-
hydroxydecanoic acid [116]. In the conscious dogs with healed myocardial
infarctions both HMR 1883 and glibenclamide prevented ischemically induced
reductions in effective refractory period [61]. Furthermore, HMR 1883 signif-
icantly reduced monophasic action potential shortening induced by coronary
artery occlusion in anesthetized pigs [117] and prevented an ischemically
induced dispersion of ventricular repolarization in isolated Langendorff per-
fused rabbit hearts [118].

As would be predicted based upon these electrophysiological actions, HMR
1883/1098 prevented ischemically induced arrhtyhmias in a number of models
(Table 19.4). For example, HMR 1883 reduced cardiac mortality in anes-
thetized pigs [113, 119] and prevented ventricular fibrillation induced by
myocardial ischemia and reperfusion in rats [120]. HMR 1098 also significantly
reduced arrhythmias induced by programmed electrical stimulation in dogs
with healed myocardial infarctions without altering blood glucose levels [121].
In a similar manner, both glibenclamide and HMR 1883 [61], but not 5-
hydoxydecanoic acid [116], significantly reduced the incidence of ventricular
fibrillation induced by myocardial ischemia in conscious dogs with healed
anterior wall myocardial infarctions. HMR 1098, but not 5-hydoxydecanoic
acid, also prevented ventricular fibrillation induced by the ATP-sensitive
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potassium channel agonist pinacidil in isolated rabbit hearts subjected to
hypoxic perfusion [122]. These data strongly suggest that the selective opening
of sarcolemmal ATP-sensitive potassium channels during ischemia provokes
ventricular fibrillation while activation of the mitochodrial channels does not.
Since, as noted above, ischemic preconditioning may result at least in part from
the activation of mitochondrial channels, it may be possible to develop drugs
that selectively activate these channels. However, nonspecific ATP-sensitive
potassium channels should be avoided due the enhanced risk for malignant
arrhythmias that would result from the activation of the sarcolemmal 
channels.

In contrast to glibenclamide, HMR 1883 did not alter plasma insulin or
blood glucose levels in these animals [61]. Furthermore, glibenclamide but not
HMR 1883 significantly reduced exercise-induced increase in mean cornary
blood flow and provoked large reductions in left ventricular dP/dt maximum
(both at rest and during exercise) [61]. Thus, HMR 1883 appears to act selec-
tively on the cardiac cell membrane ATP-sensitive potassium channel and
thereby prevents ischemically induced arrhythmias with minimal effects on
either pancreatic or smooth muscle channels.

HMR 1402, a Cardioselective ATP-Sensitive Potassium Antagonists As
noted above, at least six different KATP channels are possible. Recent evidence
suggests that the Kir 6.2/SUR2A combination is restricted to cardiac muscle
[63, 98]. Thus, substances that preferentially inhibit this channel should display
selectivity for cardiac tissue. Recently, a second cardioselective ATP-sensitive
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TABLE 19.4 Effect of Cardioselective ATP-Sensitive Potassium Channel
Antagonists on Ischemic Cardiac Arrhythmiasa

Model Result Reference

Anesthetized pig HMR 1883, Ø VF Bohn et al. [119]
Conscious dog HMR 1883, Ø VF Billman et al. [61]
Anesthetized pig HMR 1883, Ø VF Wirth et al. [114]
Anesthetized rat HMR 1883, Ø VF Wirth et al. [120]
Anesthetized dog HMR 1098, Ø arrhythmias Zhu et al. [121]

induced by programmed
electrical stimulation dogs
with healed myocardial
infarctions

Rabbit heart HMR 1098 Ø VF by Behrens et al. [118]
programmed electrical
stimulation

Rabbit heart HMR 1098, Ø VF induced by Fischbach et al. [122]
pinadicil

Conscious dog HMR 1402, Ø VF Billman et al. [123]

a VF, ventricular fibrillation.



potassium channel antagonist, HMR 1402 (Fig. 19.3), 1-[[5-[2(5-chloro-o-
anisamido)ethyl]-b-methoxyethoxyphenyl]sulfonyl]-3-methylthioura has been
developed [99]. This compound is structural similar to HMR 1883/1098.
As was noted for HMR 1883/1098, HMR 1402 had no significant effects on
action potential duration (APD90), the resting potential, the amplitude of the
phase 1 of the action potential, or on the upstroke velocity [123]. These data
suggest that HMR 1402 did not affect potassium channels (i.e., IK1, IK, and IKs)
or sodium channel at rest. This conclusion was directly confirmed by patch-
clamp experiments performed in either rat or guinea pig ventricular myocytes
[123]. In contrast, HMR 1402 potently blocked the rilmakalim-activated KATP

channels in both guinea pig papillary muscles and rat ventricular myocytes
[123]. At an external pH of 6.0, this inhibition was approximately 6.1 times
more potent than that reported for HMR 1883 (IC50 for HMR 1402: 98nM
[123] versus IC50 for HMR 1883: 0.6 mM [104]). Similarly, hypoxia consistently
elicited a marked reduction in APD90 that was potently antagonized by HMR
1402 [106, 123]. This inhibition of the hypoxia-induced shortening of the action
potential duration was more potent for HMR 1402 than has been previously
reported for HMR 1883 [104]. For example, 0.5 mM of HMR 1883 had no sig-
nificant effect [104], while 0.3 mM of HMR 1402 produced a significant inhibi-
tion of reductions in APD90 induced by hypoxia [123]. Thus, one may conclude
that HMR 1402 is more potent in blocking rilmakalim-activated and hypoxia-
activated KATP channels than HMR 1883.

In contrast, HMR 1402 exhibited slightly more potent inhibition of vascu-
lar smooth and pancreatic b-cells than had been previously reported for HMR
1883/1098. For example, HMR 1402, in contrast to HMR 1883/1098, reduced
hypoxia-induced increases in coronary flow at low concentrations [104, 123].
However, the same dose of glibenclamide (10 mM) provoked much larger
reductions in coronary flow under normoxic conditions as well as hypoxic con-
ditions [104]. As such, in isolated guinea pig hearts, HMR 1402 was more
potent in inhibiting hypoxia-induced vasodilation than HMR 1883 but was still
much less potent than glibenclamide. In a similar manner, HMR 1402 only
partially inhibited the effect of diazoxide on the pancreatic b-cell membrane
potential (IC50 = 3.9mM [123]). This inhibition was somewhat more potent than
that of HMR 1883 (IC50 approximately 20 mM) [98, 104] but considerably less
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than that of glibenclamide (IC50 = 9.3nM) [104]. HMR 1402, like HMR
1883/1098, did not alter either plasma insulin or blood glucose levels in con-
scious dogs [123]. This was in marked contrast to the pronounced hypo-
glycemia and the increase in plasma insulin provoked by glibenclamide [61,
123] These in vitro and in vivo data strongly suggest that HMR 1402 acts pref-
erentially on cardiac KATP channels but with slightly less selectively than HMR
1883/1098.

As one might predict, HMR 1402 was found to reduce the incidence of ven-
tricular fibrillation induced by myocardial ischemia, protecting seven of eight
animals tested [123]. This protection was very similar to that noted for both
HMR 1883 and glibenclamide [61, 88]. However, it is important to emphasize
that, in contrast to the actions of either HMR 1402 or HMR 1883, gliben-
clamide significantly reduced both exercise and reactive hyperemia-induced
increases in coronary blood flow, as well as depressed ventricular function
(large reductions in left ventricular dP/dt maximum) in animals [61, 88]. There-
fore, nonselective KATP channel antagonist may protect against ischemic
arrhythmias but not without potentially significant adverse side effects.

Proarrhythmic Effects of ATP-Sensitive Potassium Channel Agonists

In contrast to ATP-sensitive potassium channel antagonists, channel agonists
induced arrhythmias during ischemia in both isolated hearts and intact animals
[83, 125, 127]. The ATP-sensitive potassium channel agonist pinacidil facili-
tated ventricular fibrillation during myocardial ischemia in isolated rat [83],
guinea pig [127] or rabbit [125] hearts with reduced potassium levels. Di Diego
and Antzelevitch [73] found that the activation of the ATP-sensitive potassium
channel with pinacidil caused marked inhomogeneities of refractory 
period, which provoked extrasystoles. These extrasystoles were blocked by 
glibenclamide in strips of isolated canine myocardium. They concluded that
this dispersion of repolarization and refractory period formed a substrate for
reentry. Indeed, the ATP-sensitive potassium channel opener chromakalim
reduced effective refractory period and increased vulnerability for reentrant
arrhythmias [67]. Furthermore, this drug also increased interventricular 
dispersion of refractory period and induced ventricular fibrillation in 5 of 12
isolated rabbit hearts under normoxic conditions [68]. Chi et al. [126] 
further demonstrated that pinacidil increased the frequency of ventricular fib-
rillation during myocardial ischemia in unanesthetized dogs. This drug had no
effect on arrhythmias induced by electrical stimulation in normally perfused
tissue [126]. More recently, Coromilas et al. [74] demonstrated that the
pinacidil restored excitability in the tissue adjacent to the ischemic region 
(i.e., the epicardial border zone). This reactivation of formerly inexcitable
tissue led to the formation of reentrant circuits and the induction of ventric-
ular tachycardia.

Although proarrhythmic events have not been associated with ATP-
sensitive potassium channel agonists in the clinical setting [128, 129], these
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drugs can alter ECG parameters that have been linked to arrhythmia forma-
tion. Indeed, abnormal T-wave changes suggestive of alteration in cardiac
repolarization were reported in 30 percent of the hypertensive patients taking
pinacidil [59]. In the presence of ischemia, these cardiac electrophysiological
actions of nonselective ATP-sensitive potassium channel agonists could
become more pronounced, increasing the propensity for life-threatening
arrhythmias. However, nicorandil reduced the number of episodes of nonsus-
tained ventricular tachycardia in patients with unstable angina [130]. This drug
also reduced the episodes of transient ischemia. Thus, it is likely that the 
antiarrhythmic effects of this drug probably resulted secondarily from reduc-
tions in ischemia rather than a direct action on the ventricular myocardium.
Remme and Wilde [131] concluded that since clinical studies of ATP-sensitive
potassium channel agonists have not reported any major adverse effects 
on cardiac rhythm, the proarrhythmic potential of these agents may be 
“overestimated.”

In contrast to these nonselective agonists, mitochondrial antagonists may
lack proarrhythmic effects. For example, the novel mitochondrial agonist,
BMS-191095 [132], reduced myocardial infarction size and preserved mechan-
ical function during ischemia/reperfusion without adversely affecting cardiac
electrophysiological parameters or the induction of arrhythmias [133].

When considered together, these reports indicate that the activation of sar-
colemmal ATP-sensitive potassium channels promote arrhythmias, particu-
larly in the setting of acute myocardial ischemia. In contrast, the selective
activation of mitochondrial ATP-sensitive potassium channels contribute to
ischemic preconditioning and thereby reduce the mechanical dysfunction
induced by ischemia without affecting cardiac electrical stability. Therefore,
the “ideal” modulator of ATP-sensitive potassium channels would both inhibit
sarcolemmal channels and increase the activation (open) of mitochondrial
channels in cardiac tissue.

19.5 SUMMARY

The activation of cardiac cell membrane ATP-sensitive potassium channels
during myocardial ischemia promotes potassium efflux, reductions in action
potential duration, and inhomogeneities in repolarization, thereby creating a
substrate for reentrant arrhythmias. Drugs that block this channel should be
particularly effective antiarrhythmic agents. Indeed, it is interesting to note
that many currently available antiarrhythmic drugs, including verapamil,
mibefradil, quinidine, lidocaine, and amiodarone, have also been reported 
to inhibit ATP-sensitive potassium channels at therapeutic concentrations
[134–137]. Of particular note, amiodarone selectively inhibited sarcolemmal
ATP-sensitive potassium channels without affecting mitochondrial channels
[138]. Therefore, the inhibition of the ATP-sensitive potassium channel may
be required for antiarrhythmic actions during myocardial ischemia. HMR
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1883 (or its sodium salt HMR 1098) or HMR 1402 selectively blocks cardiac
sarcolemmal ATP-sensitive potassium channels. As such, these drugs attenu-
ate ischemically induced changes in cardiac electrical properties, thereby pre-
venting malignant arrhythmias without the untoward effects of other drugs.
Since, as noted above, the ATP-sensitive potassium channel only becomes
active as ATP levels fall, these drugs have the added advantage that they would
have effects only on ischemic tissue with little or no effect noted on normal
tissue. Thus, selective antagonists of the cardiac cell surface ATP-sensitive
potassium channel may represent the first truly ischemia-selective antiar-
rhythmic medications and should be free of the proarrhythmic actions that
have plagued many of the currently available antiarrhythmic drugs.
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20.1 INTRODUCTION

Sepsis is a major cause of mortality for hospitalized patients worldwide with
a mortality rate estimated to be between 30 and 60 percent [1, 2]. During
sepsis, cardiovascular dysfunction is produced by bacterial infection with the
release of bacterial toxins and the production of harmful host mediators.
Septic shock is characterized by a hyperdynamic state including increased
cardiac output, decreased systemic vascular resistance, and compromised
tissue perfusion secondary to hypotension from loss of vascular integrity and
maldistribution of blood flow within the microcirculation. Treatment goals
have conventionally included maintenance of blood pressure and identifica-
tion and eradication of the source of infection. An additional goal of treat-
ment, which is still in evolution, is to interrupt maladaptive responses by the
host that contribute to the pathogenesis of this lethal syndrome.

A large amount of evidence now supports the concept that septic shock
relates in part to excessive activation of host inflammation and inappropriate
activation of coagulation [3–7]. During severe infection, local host defenses,
are overcome with the release of microbes and microbial toxins into the
intravascular space with rapid activation of systemic host defenses, including
the complement, coagulation, and kallikrein-kinin systems and several differ-
ent types of inflammatory cells. This activation leads to the release of other
proinflammatory mediators, including cytokines and oxygen radicals, with
further amplification of the immune response. Platelet activation and the for-
mation of microvascular thrombi lead to localized tissue ischemia and other
inflammatory stimuli. The host produces endogenous anti-inflammatory and
anticoagulant responses to counter this inflammatory activation. However, in
some patients, these counterregulatory responses are insufficient, and inflam-
mation and coagulation continue with vasodilatation and tissue injury 
progressing to shock, organ damage, and death. Interruption of these patho-
physiologic events causing septic shock has been the focus of much drug
research and development over the past 30 years.

Early attempts to limit excessive inflammation during sepsis with high-dose
glucocorticoids were unsuccessful. Because this failure was attributed in part
to the nonspecific anti-inflammatory effects of steroids, agents were developed
to selectively inhibit specific host inflammatory mediators believed to be the
most harmful during sepsis. More recently, based on growing evidence that
sepsis may be associated with a state of relative adrenal insufficiency, doses of
glucocorticoids much lower than those originally tested have been studied.
Finally, to counter activation of the coagulation system during sepsis, anti-
coagulant agents have been developed and are now under study. To date only
low-dose steroids and activated protein C, an anticoagulant, have shown
encouraging results in subgroups of patients. However, growing experience in
this field now demonstrates that there are important factors capable of influ-
encing the efficacy of each of these different therapies. Accounting for these
factors may greatly improve this therapeutic approach. This chapter will
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outline the rationale for targeting inflammatory and coagulant pathways
during sepsis, review the clinical experience with mediator-specific anti-inflam-
matory agents, steroids, and anticoagulants, and highlight factors that growing
evidence suggests may influence their efficacy.

20.2 MEDIATOR-SPECIFIC ANTI-INFLAMMATORY THERAPIES
IN SEPSIS

Role of Inflammatory Mediators in the Pathophysiology of Sepsis

Evidence of several types supports the role of individual inflammatory media-
tors in the pathogenesis of septic shock. Many of the manifestations of sepsis
can be produced in normal animals and humans by administering purified host
inflammatory mediators. Intravenous infusion of either recombinant tumor
necrosis factor (TNF)-a or interleukin (IL)-1 to normal animals or humans pro-
duces septic physiology characterized by fever, tachycardia, vasodilatation,
hypotension, myocardial dysfunction, hemoconcentration, and metabolic aci-
dosis [3, 8–13]. Furthermore, when administered in high doses, these agents are
lethal in animal models [14]. The role of the host inflammatory response in the
development of septic shock is further supported by the demonstration of
increased circulating levels of inflammatory mediators in both animal models
of sepsis and septic patients. During meningococcemia, a very lethal form of
sepsis,high levels of TNF or other inflammatory mediators were associated with
death [15]. Finally, the involvement of the inflammatory response in the devel-
opment of septic shock is supported by evidence from animal models of sepsis
in which treatment with selective anti-inflammatory mediators prevents the
physiologic changes associated with sepsis and improves survival [16–31].

Mediator-Specific Anti-inflammatory Agent Trials

Several different types of mediator-specific anti-inflammatory agents have
now been tested in preclinical and clinical trials. Each of these agents was
developed to inhibit the effects of a specific proinflammatory media-
tor thought to play a role in the development of septic shock [3, 5, 32–34].
Agents that have been tested include IL-1 receptor antagonists, antibradykinin 
agents, anti-TNF antibodies, soluble TNF receptors, platelet activating factor
receptor antagonists, platelet activating factor acetylhydrolases, and
antiprostaglandin agents. Despite being highly beneficial in preclinical trials,
none of these agents demonstrated a significant benefit in their individual 
clinical trials [35–61] (Table 20.1). However, a small but significant treatment
effect of the mediator-specific anti-inflammatory agents was demonstrated in
a recent meta-analysis that combined all of these clinical trials (n = 27) as a
group [62] (Fig. 20.1). The treatment mortality rate was 35.5 percent compared
to a control mortality rate of 37.5 percent. The odds ratio of survival with the
mediator-specific anti-inflammatory agents was 1.09 (95 percent confidence
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interval (CI) 1.01 to 1.18, p = .03). Hence, these agents resulted in an absolute
risk reduction of 2 percent and a relative risk reduction of 7 percent. The
improvement in the odds ratio of survival in this meta-analysis supports the
involvement of the systemic inflammatory response in the development of the
sepsis syndrome. However, it can be seen in this meta-analysis that the larger
individual clinical trials (>250 patients) more accurately captured the treat-
ment effect of these agents compared to the smaller individual clinical trials
(<250 patients) (Fig. 20.1). Based on this analysis, an individual trial of any
one of these mediator-specific agents would require approximately 6000
patients to demonstrate a statistically significant treatment effect.

Factors Influencing the Efficacy of Anti-inflammatory Agents in Sepsis

Clinical trials of the mediator-specific anti-inflammatory agents in septic
patients did not demonstrate the significant treatment effects that were shown
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TABLE 20.1 Clinical Trials of Mediator-Specific Anti-inflammatory Agentsa

Odds Ratio of 
Mechanism of Number of Survival [62, 111] (95%

Class of Agent Action Clinical Trials Confidence Interval)

Anti-TNF mAb Antibody-specific 9 1.10 (0.97–1.25)
inactivation of
circulating 
TNF

Soluble TNF Receptor-specific 3 0.95 (0.78–1.16)
receptors inactivation of

circulating 
TNF

IL-1 receptor Receptor-specific 3 1.18 (0.97–1.44)
antagonists inactivation of 

IL-1
Prostaglandin Cyclooxygenase 3 1.22 (0.78–1.58)

antagonists inhibition of
prostaglandin
production

Bradykinin Inhibition of the 2 0.91 (0.65–1.27)
antagonists kallikrein/kinin

cascade
PAF Receptor-specific 7 1.10 (0.93–1.30)

antagonists inactivation or
enzyme 
degradation
of PAF

a Legend: TNF-mAb, tumor necrosis factor monoclonal antibody; PAF, platelet activating factor;
IL-1: Interleukin-1.



in the preclinical trials that tested them. Potential reasons discussed to 
explain these disparate results have included differences in the type or route
of infection. It has also been suggested that the underlying risk of death asso-
ciated with sepsis may influence the treatment effect of anti-inflammatory
agents [63].

A related series of studies recently assessed the influence of several of these
factors on the efficacy of the anti-inflammatory agents in sepsis [64]. These
studies included an analysis of past published preclinical and clinical trials as
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Figure 20.1 Odds ratio of survival for clinical trials of mediator-specific anti-inflam-
matory agents: The odds ratio of survival for each clinical trial of an anti-inflammatory
agent is shown as the inverted triangle with the solid line representing its 95% confi-
dence interval [35–61]. The trials are arranged by the number of patients in each trial.
The treatment effect becomes more consistent as the size of the trial increases. Overall,
there is a significant improvement in survival with treatment (p = .03). Legend: TNF-
mAb, tumor necrosis factor monoclonal antibody; sTNFr, soluble tumor necrosis factor
receptor; IL-1ra, interleukin-1 receptor antagonist; PAFra, platelet activating factor
receptor antagonist; PAF-AH, platelet activating factor acetylhydrolase; Ibup, ibupro-
fen; Anti-bdk, anti bradykinin agent.



well as prospective experiments. Using metaregression analysis, the investiga-
tors examined the effect of these agents in relationship to changes in the type,
severity, or site of infection. Of these factors, severity of infection and its asso-
ciated risk of death, as measured by control group mortality rate, was found
to profoundly influence the treatment effect of several different mediator-spe-
cific anti-inflammatory agents. Although very beneficial when the risk of death
was great, these agents became less beneficial and were potentially harmful as
this risk decreased (Fig. 20.2). This relationship is important because published
preclinical trials of mediator-specific anti-inflammatory agents were 
performed with a very high risk of death (median control mortality rate 88
percent) as compared to the clinical trials that were performed at a 
significantly lower risk of death (median control mortality rate 41 percent)
(Fig. 20.2). Hence, the preclinical trials of these agents were carried out at a
risk of death level where these agents are very beneficial compared to the clin-
ical trials, which had a level of risk at which these agents would have little
benefit.

Furthermore, predicted levels of efficacy of these agents in clinical trials
based on the demonstrated relationship between severity of illness and treat-
ment effect in the preclinical trials would have been similar to the actual
effects that were reported in the clinical trials of these agents. This suggests
that the small treatment effects of these agents detected in their clinical trials
could have been predicted if the relationship between treatment effect and
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Figure 20.2 Relationship between treatment effect of mediator-specific anti-inflam-
matory agents and severity of illness. A weighted regression line representing the rela-
tionship between control odds of dying and the odds ratio of survival with treatment
for published and prospective animal studies (closed circles) [64] and in the clinical
trials (open circles) of mediator-specific anti-inflammatory agents [35–61]. There is a
significant relationship (p = .0001) between the treatment effect of these agents and
the control odds of dying. These agents are beneficial at a high risk of death and have
no effect or are harmful at a low risk.



risk of death had been taken into account. To be beneficial clinically, these
agents may have to be directed to those patients with a high risk of death.

20.3 GLUCOCORTICOIDS IN SEPSIS

Glucocorticoid Trials

Glucocorticoids were the first type of anti-inflammatory agent tested in the
treatment of sepsis. Steroids have been shown to have anti-inflammatory prop-
erties and to improve vascular reactivity [65]. As with other anti-inflammatory
agents, administration of glucocorticoids in animal models of sepsis led to
improved outcome [28, 66–71]. However, early clinical trials using short
courses of very high doses of glucocorticoids to block excessive inflammation
demonstrated varying efficacy [72–79]. Three meta-analyses of the prospective
randomized trials of high-dose glucocorticoids were performed [5, 80, 81]. Two
of these analyses demonstrated no beneficial effects of steroid therapy[80, 81],
and the third meta-analysis demonstrated harmful effects of steroid therapy
after exclusion of a single outlying study (odds ratio of survival of 0.70, 95
percent confidence interval 0.556 to 0.91, p = .008) [5] (Fig. 20.3). The harmful
effects of steroids in these trials may have been due to an increased incidence
and severity of secondary infections caused by the immunosuppressive effects
of high-dose steroid therapy [74, 78, 79].

More recent studies have demonstrated that relative adrenal suppression
and adrenal hyporesponsiveness occur in septic patients and correlate with
increased mortality [82–84]. The results of these studies led to renewed inter-
est in the potential benefits of steroid therapy in the treatment of septic shock.
Five recent studies were performed using lower glucocorticoid doses, termed
either stress or physiologic doses, in septic patients who required persistent
vasopressor support [85–89]. Each of these trials demonstrated beneficial
effects of steroids on survival and/or shock reversal. A meta-analysis combin-
ing the results of these trials demonstrated a consistent and significant bene-
ficial effect of steroids on survival (odds ratio, 95 percent confidence interval,
p value) (1.52, 1.03 to 2.27, p = .036) and shock reversal (4.79, 2.07 to 11.11,
p = .001). [90] (Fig. 20.3). Furthermore, analysis of the three trials that used
an ACTH stimulation test to classify patients as either “responders” (normal
adrenal function) or “nonresponders” (relative adrenal insufficiency), revealed
similar beneficial effects of steroids on survival and shock reversal in both
groups [90].

Factors Influencing the Effects of Glucocorticoids

Analysis of all of the randomized controlled clinical sepsis trials of steroids
demonstrated that their effects were dose dependent with high doses being
harmful and low doses being beneficial (p = .004) [90]. In addition, compared
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to the earlier trials of high-dose steroid therapy, the more recent trials of low-
dose steroids were performed in sicker patients with higher control mortality
rates (mean, p value) (57 vs. 34 percent, p = .06) and who were more likely to
be on vasopressors (100 vs. 65 percent, p = .03). Furthermore treatment in the
more recent trials was begun later in the course of the illness (median, p value)
(23 vs. <2h, p = .02) and continued for a longer period of time (6 vs. 1 day,
p = .004) [90]. Therefore, in contrast to high-dose steroids, which decreased
survival rates during sepsis, physiologic dose steroids reversed shock and
increased survival in patients with established vasopressor-dependent septic
shock. However, other factors that differed between earlier and later trials
may have also altered the effects of these agents.

Comparison of Glucocorticoid Versus Mediator-Specific 
Anti-inflammatory Agents

Several reasons may explain why physiologic dose steroids appeared more
beneficial than mediator-specific anti-inflammatory agents in the treatment of
sepsis. First, steroids may not only limit inflammatory injury but also reverse
a state of relative adrenal insufficiency [88]. Second, although a significant
linear relationship between treatment effect and control mortality was not
demonstrated among the clinical steroid trials, it is worth noting that the
average control mortality rate in the beneficial low-dose glucocorticoid trials
was >55 percent. This control mortality rate with steroids was higher than 
in clinical trials testing mediator-specific anti-inflammatory agents, possibly
because patients were only enrolled if they had persistent vasopressor require-
ment in the former but not the latter. The need for vasopressors in patients
receiving steroids may have been a marker for an increased risk of death. As
a result, the beneficial glucocorticoid trials were performed in patients with
risks of death consistent with those where mediator-specific agents would also
have been beneficial [64]. Therefore, the differing effects of these agents may
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Figure 20.3 Odds ratio of survival for clinical trials of glucocorticoids. The odds ratio
of survival (open triangles) and 95% confidence intervals (horizontal lines) with glu-
cocorticoid therapy in sepsis trials. In the four recently published sepsis trials of (a)
low-dose steroids, the effects of steroids were similar, and (c) when combined in a meta-
analysis, there was a significant improvement in the odds ratio of survival (p = .036)
[85–88]. The effects of steroids on the odds ratio of survival in the 9 sepsis trials of
high-dose steroids published before 1989 were variable; however, with exclusion of one
trial [73], which was a significant outlier, the effects of steroids in the other (b) eight
trials on the odds ratio of survival were consistent [65, 72, 74, 76–79, 112]. When these
eight trials were combined in a meta-analysis, there was a significant decrease in the
odds ratio of survival with steroid therapy during sepsis (p = .008). Thus, (c) the effects
of steroids on survival rates in the recent low-dose sepsis trials are significantly differ-
ent than those in the older trials of high-dose steroids.
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be explained by differences in the severity of illness of the patients studied
and their underlying risks of death.

20.4 ANTI-COAGULANTS IN SEPSIS

Role of the Coagulation Pathways in Sepsis

Activation of the coagulation system during sepsis is supported by the fre-
quent occurrence of disseminated intravascular coagulation and the presence
of intravascular thrombi at autopsy in septic patients [6, 7]. During sepsis,
increased levels of activated coagulation factors, tissue factor and tissue factor
pathway inhibitor, and decreased fibrinogen levels have been documented [6].
The intrinsic and extrinsic coagulation pathways are activated by lipopolysac-
charides in the bacterial cell wall, which can stimulate tissue factor produc-
tion. The subsequent formation of thrombin can further activate both
procoagulant and anticoagulant pathways. In addition, coagulation system
activation potentiates the host inflammatory response through endothelial cell
activation with increased cytokine production and leukocyte adhesion [6,
91–93]. These coagulation abnormalities correlate with the development of
organ dysfunction and are associated with increased mortality [94, 95]. Based
on these interactions and associations, anticoagulants, including antithrombin-
III, tissue factor pathway inhibitor, and activated protein C, have been devel-
oped and studied as treatments for severe sepsis and septic shock.

Clinical Experience with the Anticoagulant Agents

Based on successful preclinical trials, there have been 12 randomized con-
trolled clinical trials of anticoagulant agents in septic patients, 8 of antithrom-
bin-III (AT-III), 2 of tissue factor pathway inhibitor (TFPI), and 2 of activated
protein C (APC) [96–107]. The overall odds ratio of survival with treatment
in the 2 APC trials was 1.31 (95 percent CI 1.07 to 1.61, p = .009), in the 2 TFPI
trials was 1.01 (95 percent CI 0.84 to 1.23, p = .86), and in the 8 AT-III trials
was 1.03 (95 percent CI 0.88 to 1.20, p = .72). The treatment effects in all of
these trials agents were consistent, and there was an overall trend toward a
small improvement in survival with anticoagulant therapies (odds ratio of sur-
vival 1.09, 95 percent CI 0.98 to 1.21, p = .098) (Fig. 20.4). Furthermore, each
of these agents was associated with significant increases in risk of bleeding [94,
96, 106].

Factors Influencing the Efficacy of Anti-Coagulant Agents

As with both mediator-specific and glucocorticoid anti-inflammatory agents,
severity of infection and its associated risk of death may also alter the effects
of anticoagulants. Of all the anti-inflammatory and anticoagulant agents now
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tested in sepsis, only APC was shown to have a significant beneficial effect on
survival in a single phase III trial [96]. In a trial of 1690 patients, APC, which
has both anti-inflammatory and antithrombotic properties, significantly (p =
.005) reduced mortality rates from 30.8 percent in controls to 24.7 percent in
treated patients [96]. In this trial, however, APC demonstrated a relationship
between treatment effect and risk of death that was similar to the one previ-
ously noted in preclinical and clinical trials testing mediator-specific anti-
inflammatory agents [64]. It was most beneficial in patients with a high risk of
death and less beneficial and on the side of harm in patients with a low risk
of death (Table 20.2). Because of this relationship, the use of APC was limited
by the Food and Drug Administration (FDA) to patients with severe sepsis
(sepsis associated with acute organ dysfunction) and a high risk of death. Fur-
thermore, the FDA requested that the manufacturer of APC perform phase
IV trials and clarify the agent’s effects in patients with a low risk of death.
That trial has reportedly been terminated after enrollment of only 2000 of the
11,000 anticipated subjects for futility.

The significant relationship between treatment effect and severity of illness
in the phase III trial of APC suggests that this factor could alter the efficacy
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Figure 20.4 Odds ratio of survival for clinical trials of the anticoagulant agents. The
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of the other anticoagulant agents. In fact an earlier meta-analysis of 10 of these
prospective trials and 1 retrospective suggested that such a relationship might
exist [94]. However, with addition of the most recent phase III trial testing
TFPI and one other prospective trial and the exclusion of the retrospective
trial, this relationship was no longer significant. Furthermore, analysis of sub-
groups within the phase III trials testing TFPI and antithrombin III failed to
show a relationship between risk of death and the efficacy of these. Additional
analysis of the large phase III trials testing APC, AT-III, and TFPI suggests
that another factor, concurrent treatment with heparin, may have confounded
the results of these trials and, in the case of the latter two, potentially masked
the influence of severity of sepsis [96, 97, 106]. In each of these trials, the exper-
imental study agents were less beneficial in patients who received concurrent
heparin therapy than in those that did not [108] (Fig. 20.5). This relationship
was consistent across all three trials but was strongest in the APC trial.
Although there are several potential reasons for these results, one is that
potential beneficial anticoagulant effects of heparin may have negated those
of the study drugs [108, 109]. Consistent with this possibility, the patients in
the placebo groups of these trials that received heparin therapy had a better
outcome than patients in the placebo groups not receiving heparin (Fig. 20.6).
Furthermore, in a phase III trial examining the effect of prophylactic low-
molecular-weight heparin in critically ill patients, many of whom were likely
septic, heparin therapy was reported to significantly improve clinical outcome
[110]. Therefore, heparin, which could have its own beneficial effects on 
survival in critically ill patients, may have decreased the ability of the antico-
agulant agents to improve survival.

20.5 CONCLUSIONS

Newer treatment agents for sepsis directed at the host’s response during infec-
tion have had differing survival effects that appear dependent, at least in part,
on several different factors. Mediator-specific anti-inflammatory agents have
been shown overall to have a small beneficial effect on survival. However, the
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TABLE 20.2 Results of Phase III Trial of Activated Protein C [96] Stratified by
Severity of Illnessa

APACHE II Control Odds Ratio
Score Mortality (%) of Survival

3–19 15 0.77
20–24 26 1.19
25–29 36 1.82
30–52 49 1.56

a Legend: APACHE, acute physiology, age, and chronic health evaluation.



treatment effects of these agents are likely related to the patients’ risk of
death. In patients at a higher risk of death, these agents may be more benefi-
cial, and in those at lower risk they appear ineffective or potentially harmful.
The disparate treatment effects of these agents in clinical and preclinical trials
can be explained by this relationship.

The effects of glucocorticoids in sepsis are dose dependent with high doses
having a harmful effect and low doses being beneficial. Analysis of the gluco-
corticoid trials suggests that control mortality rates were higher in the bene-
ficial trials and lower in the harmful ones. While these are consistent with the
relationship between severity of illness and treatment effect noted for medi-
ator-specific anti-inflammatory, a significant relationship was not found in the
steroid trials. This may be secondary to an overwhelming influence of drug
dose on treatment effect.

As a class anticoagulant agents did not have a beneficial effect on survival
and did not demonstrate a relationship between risk of death and treatment
effect. However, activated protein C did demonstrate a beneficial effect on
survival with a relationship between treatment effect and severity of illness
that was very similar to the mediator-specific anti-inflammatory agents. Fur-
thermore, the treatment effect of the anticoagulant agents may have been con-
founded by concurrent heparin therapy. This potential interaction will require
further study.
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Figure 20.5 Effect of concurrent heparin therapy on the odds ratio of survival in the
anticoagulant trials. The odds ratio of survival (triangle) and 95 percent confidence
intervals (horizontal lines) for the large phase III trials of the three different antico-
agulant agents (APC, AT-III, TFPI) in patients who either were or were not receiving
concurrent heparin [96, 97, 106]. The treatment effect of each study agent was less ben-
eficial or harmful in patients receiving heparin compared to patients not receiving
heparin.



Our evolving clinical experience with novel therapies for sepsis, including
mediator-specific anti-inflammatory agents, glucocorticoids, and anticoagulant
agents, suggests that several factors may alter their effects. Based on this
knowledge, these agents may only be beneficial in particular subgroups of
patients and therefore require further testing in targeted populations. Devel-
opment of future agents for sepsis should include careful preclinical and 
clinical testing that account for factors such as the severity of illness, the dose-
dependent effects of the therapies under study, and the influence of concur-
rent therapies with competing effects.
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21.1 INTRODUCTION TO COMBINATORIAL CHEMISTRY

Introduction

The global pharmaceutical industry stands as a testament to the power of fun-
damental research in chemistry and biology and the impact such efforts can
have on human health and human history. Many of the medicines we now take
for granted—from penicillin (1) and quinine (2) to more modern drugs such
as Taxol (3) and vancomycin (4) are the products of drug discovery efforts
rooted in “traditional” medicinal chemistry. As discussed in detail throughout
this text, such efforts arose initially based on a desire to understand and
improve the physiological activity of natural products: compounds isolated
from natural sources such as fungi, plants, and marine sponges. A highly sim-
plified (or perhaps simplistic) view of traditional medicinal chemistry is that
it is a linear endeavor: A compound is synthesized, or a natural product mod-
ified, based on an initial hypothesis of activity. After carrying out a bioassay
of the new compound, the hypothesis is modified, another new compound is
synthesized, and so on until a structure with the desired properties (receptor
affinity, binding selectivity, and pharmacokinetic properties) is finally
obtained. In many cases, this can be an exceptionally long process: The road
from initial isolation to approval of the Food and Drug Administration (FDA)
for Taxol was roughly 30 years [1]! Without exception, it is a remarkably
expensive and uncertain process. As has been noted by others: “For every
10,000 or more compounds synthesized each year in an average pharmaceu-
tical company, less than one makes it to the market. Any method that allows
the pharmaceutical chemist to increase the likelihood of synthesizing an active
analogue or to increase his ability to find, or even design, novel leads is of
enormous commercial interest” [2].
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Although this statement was written in an account describing research on
computer-aided drug design, it can easily be applied to combinatorial chem-
istry. Broken down into segments, the drug discovery process typically involves
target identification, target validation, lead identification, and lead optimiza-
tion [3]. In a little over a decade, combinatorial chemistry has evolved as an
attempt to significantly shorten the lead identification and lead optimization
portions of drug development. Although most precisely defined as the exhaus-
tive recombination of sets of reagents (following the mathematical definition
of combinatorial), combinatorial chemistry has become synonymous with any
process that allows for the synthesis of arbitrarily large sets of different com-
pounds, known as libraries, simultaneously.

Origins of Combinatorial Chemistry

Combinatorial chemistry largely arose out of two paradigm-altering ideas:
solid-supported synthesis and molecular biology. Molecular biology has been
critical both because of the significantly greater range of targets it has made
available and because of the recognition that much of nature is in essence a
“combinatorial chemistry experiment.” In addition to obvious parallels at the
genetic level, combinatorial strategies can even be seen in naturally occurring
small-molecule “libraries” of biologically active compounds. For example, the
pupa of the squash beetle Epilachna borealis secretes a combinatorial library
of macrocyclic polyamines as a defensive strategy (Scheme 21.1) [4]. Solid-
supported synthesis, developed initially as a tool primarily for biochemists and
molecular biologists, has become ubiquitous in the field. Because of this, we
will describe it in some detail. Several other parallel developments, including
high-throughput screening, automation (robotics), and computer-aided 
molecular design, have also significantly impacted the development of 
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combinatorial chemistry. We should note, however, that this review is by no
means intended to be comprehensive. The combinatorial chemistry literature
has grown explosively over the past few years, and we have undoubtedly
neglected many important contributions. We refer those readers interested in
more detailed coverage of the field to the many monographs now available
[5], as well as to the primary literature.

Solid-Phase Synthesis of Biopolymers

Solid-phase synthesis emerged from pioneering efforts by Merrifield and co-
workers in the 1960s targeted at simplifying the synthesis of longer peptides
(four or more amino acids at that time) [6]. Merrifield’s work was driven by
two primary assumptions. First, attachment of a peptide to a solid support
during synthesis was anticipated to significantly improve reaction yields, since
excess reagents could be used to drive reactions to completion. Second, unre-
acted materials remaining in solution at the end of each synthetic step could
be subsequently filtered away, simplifying isolation of the final product. In exe-
cution, an amino acid with a protected amino terminus was first covalently
attached to functionalized polystyrene resin via its carboxy terminus (Scheme
21.2). Next, the amino terminus was deprotected and reacted with the carboxy
terminus of a second amino acid, forming a peptide bond. After the last amino
acid was attached, treatment of the resin with a strong acid cleaved the peptide
from the polymer matrix. Merrifield showed that this process was highly repro-
ducible, and when the quantities of reactants were optimized, very high reac-
tion yields could be obtained.

Merrifield found that making this process effective requires first selecting
a resin made from a functionalized, inert chemical polymer. Although several
materials were initially tested, polystyrene cross-linked with divinylbenzene
proved to be the most advantageous. This was due to its insolubility in organic
and aqueous solvents, its ability to be functionalized via standard aromatic
chemistry, and its porous nature (5). Polystyrene resin beads are also able to
swell to different degrees in different organic solvents, allowing for some
control of reagent penetration into the bead depending on the specific solvent
employed [7].
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The resin most closely associated with Merrifield’s work is chloromethyl
polystyrene-co-divinylbenzene. Providing an initial proof of concept, Merri-
field and co-workers synthesized the tetrapeptide Leu-Ala-Gly-Val, using a
scheme analogous to that shown in Scheme 21.2. Following cleavage of the
peptide from resin, analysis proved that it was in fact the desired product.
Moreover, the purity of the crude material obtained following resin cleavage
was high enough to indicate that couplings were very nearly quantitative.
These initial results validated Merrifield’s hypotheses and set the stage for
more complex syntheses.

As effective and efficient as Merrifield’s new solid-phase synthesis was,
it was not completely without problems. The conditions required to cleave 
the carbobenzoxy (Cbz) protecting group, HBr-HOAc, were so acidic that
some of the peptide was simultaneously cleaved from the resin beads.
Initial attempts to circumvent this problem involved modification of the
chloromethyl resin by nitration or bromination to increase its acid stability.
When this still failed to completely prevent cleavage of material from the resin
during deprotection, subsequent syntheses substituted the significantly more
acid-labile t-butoxycarbonyl (t-BOC) group for Cbz. Use of the t-BOC pro-
tecting group allowed the Merrifield group to synthesize a nonapeptide, the
plasma kinin bradykinin (6), in just eight days and in an overall yield of 68
percent [8]. This synthesis represented an important advance in the field for
several reasons. First, it incorporated several modifications to the initial pro-
tocols, which both streamlined the synthetic process and made it more com-
patible with the synthesis of longer peptides. Second, the bradykinin synthesis
demonstrated that the solid-phase methodology was compatible with reactive
side chains (in this case, serine and arginine). However, what is perhaps most
significant about the synthesis of bradykinin was that it was the first small 
molecule synthesized on solid-phase resin using automation [9]. The ability to
automate solid-phase synthesis was one of the first goals that Merrifield set
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for his laboratory at the outset of their work, and it had been accomplished
here.

Another landmark synthesis from the Merrifield laboratory was that of 
valinomycin (7), a cyclic dodecadepsipeptide derived from d/l valine, d-a-
hydroxyisovaleric acid, and l-lactic acid. Representing a significant leap in
complexity over the tetrapeptide structure described just 5 years previously,
the synthesis of valinomycin featured solution-phase production of four build-
ing blocks via esterification reactions. These were subsequently incorporated
into the solid-phase synthesis as in Merrifield’s previous efforts.

It only took a few years after Merrifield’s first publication describing solid-
phase synthesis of peptides for others to apply the new methodology to their
fields of study. In 1965, Letsinger and Mahadevan (who had also described an
alternative strategy for solid-phase peptide synthesis shortly after Merrifield)
published a report describing the solid-phase synthesis of deoxycytidylyl-
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(3¢-5¢)-thymidine on polystyrene resin [10]. Much like peptide solid-phase 
synthesis, purification during synthesis was much easier than traditional 
solution-phase methods. However, unlike Merrifield’s peptide synthesis,
oligonucleotide synthesis was not very rapid due to more than one step in the
synthesis requiring over 2 days of reaction time. Subsequent advances by other
authors (vide infra) have enabled solid-phase oligonucleotide synthesis to
become the highly optimized, highly mechanized, and inexpensive process it
is today.

Several years later, in 1971, Frechet and Schuerch developed a protocol 
to modify Merrifield’s chloromethylated polystyrene resin (Scheme 21.3),
making the first solid-phase synthesis of an oligosaccharide possible [11].
Oligosaccharides present a significantly greater synthetic challenge than
oligonucleotide or polypeptide synthesis, in part due to the elaborate protect-
ing schemes that are required to direct reactions to the appropriate hydroxyl
group. First, the sugar monomers must have a “stable” protecting group on all
of the hydroxyl groups that will not be participating in forming the new gly-
cosidic bond. Second, the hydroxyl that is going to be participating in the new
glycosidic bond must have a comparatively labile protecting group, which can
be easily cleaved without cleaving the stable protecting group or cleaving the
saccharide from the resin itself. This last reason is why Frechet and Schuerch
[11] had to modifiy Merrifield’s chloromethylated resin to make it stable to
conditions that would remove both the “labile” and “stable” protecting groups.
Scheme 21.4 outlines the general procedure for the synthesis of oligosaccha-
rides on solid phase. Solid- and solution-phase oligosaccharide synthesis has
continued to be an area of significant interest. Notable advances include 
work from the Danishefsky [12], Wong [13], and Seeberger [14] groups. See-
berger in particular has been successful in adapting standard peptide synthe-
sis instrumentation to the production of complex oligosaccharides.
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On the shoulders of the pioneering work just described, researchers have
used solid-phase chemistry to advance research in fields spanning organic syn-
thesis and chemical biology. A particularly notable extension of Merrifield’s
peptide synthesis was reported by Kent and co-workers in their construction
of backbone engineered human immunodeficiency virus (HIV) protease on
solid support [15]. Protein engineering via site-directed mutagenesis is a stan-
dard, widely used technique. However, such modifications are necessarily
limited to the incorporation of genetically coded (natural) amino acids. Cel-
lular methods for the incorporation of nonnatural amino acids into proteins
exist but are generally highly labor intensive [16]. Conversely, solid-phase syn-
thesis provides a means to incorporate nonnatural amino acids, b-amino acids,
peptoids (oligomers of N-alkyl glycine), and fully nonpeptide segments into
the growing peptide chain.

In the Kent group’s approach, HIV-1 protease was prepared through the
ligation of synthetic peptide segments, corresponding to the two halves of 
the HIV-1 protease monomer [15]. The resulting active HIV-1 protease was
fused through a thioester replacement at the natural peptide bond Gly51–Gly52,
a region sensitive to mutational changes (Scheme 21.5). Furthermore, this
chemospecific ligation allowed fusion of the two peptides without the use of
side-chain protective groups.

Along similar lines, the development and advancement of solid supported
oligonucleotide synthesis has provided researchers a vehicle to synthesize and
perturb desired deoxyribonucleic acid (DNA) sequences in a facile manner.
In their landmark report, Khorana and co-workers cited the use of solid
support nucleotide synthesis to prepare a 77 base-pair gene, corresponding to
yeast alanine transfer ribonucleic acid (tRNA) [17]. The synthetic scheme
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called for solid support chemical synthesis of 15 oligonucleotide segments, con-
taining 3¢ and 5¢ hydroxyl groups terminating each end, respectively. Phos-
phorylation of the 5¢ hydroxyl group was then performed with the use of T4

polynucleotide kinase, followed by annealing and ligase-induced head-to-tail
joining of the appropriate segments, as a function of bihelical complexation.
Khorana’s group followed this work with the synthesis of a biologically func-
tional Escherichia coli tyrosine tRNA suppressor gene, consisting of 202 base
pairs [18]. Since these reports, numerous other groups have continued research
pertaining to the synthesis of biologically functional genes including human
insulin A and B chains [19] and the human leudocyte a1-interferon gene, con-
taining 514 base pairs [20].

In parallel with the development of solid-phase methods for biopolymer
synthesis, a small but dedicated cadre of researchers pursued the solid-phase
synthesis of more traditionally “organic” molecules. Because of space limita-
tions, we will not discuss these developments in detail. Reviews of this work
are recommended, however, since they set the stage for the explosion in solid-
phase organic synthetic methods that occurred later [21, 22].
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21.2 TYPES OF LIBRARY SYNTHESIS

Early Examples of Parallel Synthesis

Before the advent of combinatorial chemistry, there existed no means to
rapidly generate a wide variety of small molecules with the potential to bind
molecular targets. The bulk of druglike molecules were natural products or
synthetic analogs, which typically required laborious efforts to synthesize or
derive from undifferentiated mixtures. In the late 1970s, the advances in solid-
phase synthesis led to the idea that one might be able to make large numbers
of compounds simultaneously. If one could also then speed up the screening
process, this might provide a completely new paradigm for compound pro-
duction and analysis. One of the first examples of this new approach came in
the early 1980s, when Richard Houghten used his “tea bag” method to make
over 500 peptides in a matter of days [23]. Houghton’s mesh pouch, which
resembled a tea bag (Fig. 21.1), was dipped in solutions of amino acid and cou-
pling reagents. The pouches were transferred from one solution to the next
until the desired peptides were made. At roughly the same time, Ronald Frank
and his colleagues were working on developing a method to combinatorially
synthesize oligonucleotides on cellulose disks, by a technique that they called
the filter disk method [24]. After initial functionalization of the cellulose,
nucleotides were sequentially added by dipping the disks in reaction vials con-
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Figure 21.1 Houghten “tea bag”.



taining the desired nucleotide (Fig. 21.2). Both of these methods fall into the
category of parallel synthesis since mixing of reaction products was not pos-
sible. The solid support is also critical here: Although highly parallel solution-
phase reactions have emerged as an important area of combinatorial synthesis,
most early efforts (and a significant fraction of the current art) relied on such
solid-supported synthesis. Parallel synthesis of “druglike” small molecules was
then a logical extension of these efforts. One relatively early report, by Bunin
and Ellman, provided an indication of the potential power of this methodol-
ogy via the solid-phase synthesis of a series of 1,4-benzodiazepines (Scheme
21.6) [25].
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Split-Pool Synthesis

As one might imagine, the complexity and logistical overhead associated 
with parallel synthesis increases significantly as the size of the target library
increases. For the production of very large (up to several million compounds)
libraries, the split-pool approach (also known as “one bead, one compound”)
is frequently used. Split-pool synthesis, developed in parallel by the Furka and
Lam laboratories, relies (as its name implies) on the ability to iteratively split
resin into separate reaction vessels, perform a desired synthetic step, then mix
the beads together again following completion of the reaction [26]. Split-pool
is a “true combinatorial” technique in the mathematical sense of the word, in
that exhaustive recombination of components takes place. As shown schemat-
ically in Figure 21.3 for the production of a simple 27-compound library via
three synthetic steps, one starts with a solid support, usually polystyrene or
polystyrene-graft-polyethylene glycol (PEG) resin beads, and splits them into
a predetermined number of reaction vessels. The number of vessels corre-
sponds to the number of different ways that the library will be diversified at
the first synthetic step. After the first reaction, in which each vessel is treated
with a different reagent, the pools are brought back together. The beads are
then mixed as efficiently as possible, and split into equivalent groups of beads
(or reaction vessels) again. The number of pools again corresponds to the
number of different couplings to be done at that synthetic step. Each of these
pools gets a unique residue coupled to it, and they are mixed back together
into one large pool. This process is repeated until the synthesis of the library
is complete. Each “split” step in the synthesis is often described as a diversifi-
cation step.
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tive reaction with reagents A, B, and C.



Split-pool synthesis is a powerful and efficient tool for creating arbitrarily
large libraries quickly. Two important features of this synthetic strategy
deserve mention. First, an attractive aspect of the split-pool approach is that
each individual resin bead carries many copies of a single compound, and not
a mixture of different compounds (assuming all reactions go to completion
with no side products). This allows for on-bead screening to be used to deter-
mine if a ligand will bind to a given target, and circumvents the need for ana-
lyzing and purifying thousands (or millions) of compounds before screening.
Second, split-pool methodology, with rare exceptions (see description of radio
frequency tagging below), does not provide final compounds in a format that
allows for purification prior to screening. Furthermore, following a split-pool
scheme, each bead usually does not carry a readily discernible history with 
it, requiring a secondary method for identification of the compound it 
carries.

On-Bead Screening

Once one has synthesized a library on solid phase using either multiple par-
allel or split-mix methods, the next challenge is to identify the compound (or
compounds) in the library that have the desired receptor-binding or enzyme-
inhibiting activity. For libraries derived from multiple parallel synthesis, this
typically involves cleavage of the compound from the bead and screening
using one of several high-throughput techniques. For split-pool libraries, cleav-
age of individual compounds from millions of beads is generally not practical
(although there have been some efforts in that direction; vide infra). In these
cases, on-bead screening is generally employed. Shown schematically in Figure
21.4, on-bead screening involves treatment of the full library with a solution
of a labeled target receptor. After an incubation period followed by rinsing
away excess receptor, visualization according to the particular label used (e.g.,
fluorescence for a rhodamine-tagged receptor, or treatment with streptavidin-
alkaline phosphatase for a biotin-tagged receptor) allows for those beads
binding the target to be readily visualized. Of course, control experiments
(analogous to the “blocking” step of a Western blot) are essential to provide
confidence in the “hit”.

21.3 WHO WON? IDENTIFYING HITS FROM SCREENS OF SPLIT-
POOL LIBRARIES

Once a hit is identified from a split-pool library, how is the structure of the
compound determined? As we have already described, individual beads gen-
erally do not carry their synthetic history with them. For oligonucleotide and
polypeptide libraries, this is not a problem. Oligonucleotides can be identified
by subjecting individual resin beads to polymerase chain reaction (PCR)
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amplification, and often polypeptides can be identified by standard sequenc-
ing methods (i.e., Edman degradation) carried out on single beads [27] or via
ladder synthesis coupled with mass spectrometry [28]. In rare instances, direct
identification of “active” library members from single beads by mass spec-
trometry is possible, particularly if some reagents incorporate specific isotopes
designed to enhance their identification [29, 30]. However, most often it is nec-
essary to “deconvolute” large libraries via an iterative procedure or incorpo-
rate a readily identifiable surrogate “tag” for each reagent into every step of
the synthesis.

Recursive Deconvolution

One of the earliest methods for determining the identity of “active” com-
pounds from mixtures of synthetic library members, termed recursive decon-
volution, was first described by Sydney Brenner and co-workers in November
1994 [31]. Recursive deconvolution actually starts during library synthesis and
goes hand in hand with split-pool synthesis. After doing the first split and cou-
pling of the split-pool synthesis, an aliquot of each batch of resin is removed
and set aside for later deconvolution. The nonaliquotted beads are carried on
through the next diversification step of the split-pool synthesis. After the
second coupling, aliquots from each batch are again taken aside and saved.
This process is continued throughout the synthesis, up until the last varied
position (also known as a diversification step). At the last varied position the
resin is split into individual batches for coupling just as before. However, after
this coupling has taken place, the resin in not pooled back together. The 
rest of the synthesis is carried out in individual batches. On-bead screening 
is conducted on the individual batches of resin corresponding to the residue
at the last varied position, and the batch yielding the most hits is determined
to have the best residue at the last varied position. That “best” residue is 
then coupled to the resin that was aliquotted out after the coupling of 
the residue just prior to the last varied residue. The synthesis of the molecules
is completed in separate batches again. However, this time the batches 
correspond to the individual residues at the second to last varied position.
Screening is again done on-bead, and the batch that yields the most hits is
determined to be the one with the best residue at the second to last varied
residue. This process continues until all of the varied positions are deconvo-
luted.

Although recursive deconvolution requires a significant investment of time
and material, it still possesses several advantages over other identification
methods. For instance, no chemical entities are coupled to the solid-phase resin
other than those that make up the library members, eliminating the possibil-
ity for chemical tags to produce false positives or false negatives in screening.
Also, recursive deconvolution does not require library analysis by high-
performance liquid chromatography (HPLC), ultraviolet (UV), infrared (IR),
or mass spectrometry.
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Tagging Methods

If one does not wish to use a deconvolution strategy, an alternative is to add
an additional, readily detectable reagent at each step of the synthesis that tags
each reagent used [32]. Initial examples of this strategy included tagging
peptide libraries with oligonucleotides [33, 34]. After selection of a bead as
“active,” PCR amplification of the oligonucleotide on the bead provided the
code corresponding to the peptide. However, for a variety of reasons (includ-
ing reagent cost and compatibility), other tagging methods were sought.

Binary Encoding

One of the most innovative tagging protocols was first described by Still and
co-workers in 1993 [35, 36]. In their initial report, a series of photolabile, gas
chromatograph detectable, chemical tags was employed to deduce amino acid
sequences in a 117,649-member peptide-based library. Still’s method operates
on a binary basis where, for example, three tags can be used to specifically des-
ignate one of seven peptide building blocks. For instance, a binary library
readout of 101 would indicate tag 1 was present at position 1, tag 2 was not
present at position 2, and tag 3 was present at position 3. Three binary posi-
tions, therefore, can account for seven unique library members (001, 010, 011,
100, 101, 110, 111). In their initial report, Still and co-workers used 18 tags (3
¥ 6) to identify 117,649 individual library members [35, 36]. To do this, at each
step in the synthesis a series of three unique tags was coupled to less than 1
percent of the total attachment sites on each bead of resin. The residue
encoded by those three tags was then coupled to the additional 99+ percent
of the resin’s functionalized surface. This was repeated until the synthesis was
complete, at which point the library was screened on bead. Once a colorimetric
readout had been observed, the bead of interest was removed from the rest
of the beads. It was then subjected to ultraviolet light, which cleaved the tags
from the resin. The tags, each of which has a unique retention time on a gas
chromatograph, were then analyzed, and the sequence of the interacting
peptide deduced [36].

Figure 21.5 shows an example of encoding 31 reagents at a diversification
step with 6 tags. The chromatographic output of “011010” in this case would
indicate that reagent 24 had been incorporated into the compound undergo-
ing analysis on the selected bead. Importantly, this methodology is applicable
to libraries of essentially any type of compound, as long as the chemistry
employed does not modify the tags themselves. Subsequent publication of a
set of tags able to undergo carbenoid insertion into the resin bead itself obvi-
ated the need for resin beads (and subsequent synthetic steps) to carry amino
groups [37].

Several other tagging strategies have been described, including cleavable
HPLC-separable tags [38], tags that provide specific IR signatures [39], and
even simple tagging schemes based on one-dimensional ordering of beads on
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Monomer 1B 1C 1D 2B 2D 3B
1 0 0 0 0 0 1
2 0 0 0 0 1 0
3 0 0 0 0 1 1
4 0 0 0 1 0 0
5 0 0 0 1 0 1
6 0 0 0 1 1 0
7 0 0 0 1 1 1
8 0 0 1 0 0 0
9 0 0 1 0 0 1

10 0 0 1 0 1 0
11 0 0 1 0 1 1
12 0 0 1 1 0 0
13 0 0 1 1 0 1
14 0 0 1 1 1 0
15 0 1 0 0 0 0
16 0 1 0 0 0 1
17 0 1 0 0 1 0
18 0 1 0 0 1 1
19 0 1 0 1 0 0
20 0 1 0 1 0 1
21 0 1 0 1 1 0
22 0 1 1 0 0 0
23 0 1 1 0 0 1
24 0 1 1 0 1 0
25 0 1 1 1 0 0
26 1 0 0 0 0 0
27 1 0 0 0 0 1
28 1 0 0 0 1 0
29 1 0 0 0 1 1
30 1 0 0 1 0 0
31 1 0 1 0 0 0

0  1  1  0  1  0

Figure 21.5 Binary encoding.



a string [40, 41]. A particularly interesting recent variation of tagging has been
reported by the Lam group [42]. In this “biphasic” approach (Scheme 21.7),
amino terminated PEG–polystyrene graft polymer beads are first swelled in
water, then treated with a solution of 9-fluorenylmethoyloxycarbonyl-N-
hydroxysuccinimide (FmocOSu) and base in ether/dichloromethane. Because
the ether/dichloromethane mixture is unable to penetrate into the water-sat-
urated interior of the bead, Fmoc protection of only the outer layer of beads
occurs. Topological segregation of reactive groups on the bead subsequently
allows for selective tagging of the interior of the bead, while library members
are displayed on the external surface. In principle, this strategy has the advan-
tage of elminating interference (and potential “false positives”) by the tag in
on-bead screening.

Infrared Coded Resins

An exceptionally innovative strategy for library encoding is the use of the resin
bead itself as a means of increasing deconvolution efficiency [43, 44]. Fenniri
and co-workers [43, 44] have developed a method to slightly alter the copoly-
mer composition of the Merrifield resin to provide unique bands in the IR and
Raman spectrum. These chemically inert resin modifiers do not affect the reac-
tivity of the resin, nor do they have an appreciable affect on resin swelling
properties. Also, no library members need to be altered to incorporate tags
for deconvolution, as in other earlier methods. All of the resin’s surface is
therefore available for library synthesis, while providing a spectroscopic
readout of which type of resin bead on which the library has been built. This
readout, which Fenniri has termed a barcode (the similarity to the barcodes
on consumer goods is immediately apparent from Fig. 21.6), can be used to
effectively “tag” the first position in a library synthesis and has been specu-
lated to be able to be adapted for complete library deconvolution [43]. Con-
siderable effort has been invested by the Fenniri group in demonstrating that
the barcode resins have similar reactivity profiles to standard commercial
resins, and that the presence of the synthetic ligand on the bead does not inter-
fere with reading the barcode [44].

WHO WON? IDENTIFYING HITS FROM SCREENS OF SPLIT-POOL LIBRARIES 979

H2N

NH2

H2N

NH2

NH2

NH2

H2NNH2

H2N FmocHN

FmocHN

NHFmoc

NH2

H2N

NHFmoc

NHFmoc

NHFmoc

NHFmoc

(1) Swell in H2O

(2) FmocOSu,
DIEA,

CH2Cl2/Et2O

Scheme 21.7 Topological segregation of reaction functionality.



Radio-Frequency Tagging and the Irori Corporation

In 1995, the Armstrong and Nicolaou groups simultaneously published an
elegant solution to the problem of combinatorial library tagging [45, 46]. Much
like laboratory animals and consumer goods are now tracked, both groups
employed radio-frequency (RF) encoding to track the synthesis history of
groups of beads. Effectively, a solution-permeable container (typically an inert
material such as Teflon) of beads containing an RF chip (Fig. 21.7) is prepared.
At each step in the synthesis, the IR code of each container is recorded, allow-
ing for its entire synthetic history to be recovered following library screening.
Importantly, the process can be automated, and using highly miniaturized
systems even applied to the synthesis of moderately large split-pool libraries.

Further miniaturization (and greater library diversity) has been demon-
strated by the Irori Corporation, using optical scanning of resin containers
labeled with a black and white indexing grid. As a demonstration of this tech-
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Figure 21.6 IR absorption bands used to generate a resin “barcode” [43].



nology, designated the “NanoKan” system, Nicolaou and co-workers synthe-
sized a 10,000-member library of benzopyrans in NanoKans using split-pool
synthesis (Scheme 21.8) [47]. Given that NanoKans are large relative to the
size of individual resin beads, the synthesis of very large (>10,000-compound)
libraries is probably not practical using this system. However, the highly auto-
mated nature of the encoding process, ability to produce relatively large (mil-
ligram) quantities of compounds, and rapid decoding attributes make this an
attractive solution for those laboratories able to afford the material and equip-
ment costs.

21.4 OTHER COMBINATORIAL SYNTHETIC TECHNIQUES

Photolithographic Synthetic Methods

Like its evolution out of early efforts in the solid-phase synthesis of biopoly-
mers, combinatorial chemistry has likewise coevolved with high-throughput
screening. As previously mentioned, combinatorial libraries are often screened
as single compounds arrayed in 96-, 384-, or 1024-well plates, with even higher
densities on the horizon. The increasing miniaturization is in part driven by
the relatively small amount of compound available from a single resin bead,
but also out of a desire to limit the amount of the target biomolecule required
for any single assay. One area of research that has revolutionized genetic
analysis, and that is beginning to make its way into combinatorial chemistry,
is the idea of the microarray. In terms of the density of different spatially
addressable compounds that can be produced per unit area, the cham-
pion methodology here is undoubtedly the photolithographic process first
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Porous, Inert Container

Inert (glass-covered) RF Chip
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Figure 21.7 Radio-frequency encoding.
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described in 1991 by Fodor and co-workers [48]. Taking a page from the micro-
electronics industry, photolithographic synthesis of microarrays relies on the
availability of photodeprotectable reagents: protected monomers that will
become an array of oligomers (bio- or otherwise), or, potentially, protected
reagents that can form an array of small molecules. Beginning with a substrate
(glass or a thin gold film) derivatized with a photocleavable group, light is
shined through a photolithographic mask to selectively deprotect particular
regions of the substrate (Fig. 21.8). Following UV deprotection of an area of
the chip, a library building block is coupled to all of the available, deprotected,
sites. Changing the photolithographic mask subsequently allows for other
areas of the chip to undergo deprotection. The process is repeated until all of
the desired library members are generated. On chip screening of labeled
targets can then easily be performed, and no deconvolution of binders is nec-
essary because the patterns of the photolithographic masks used to create 
the immobilized library are recorded during synthesis. Initially developed 
primarily as a method for peptide synthesis, photolithographic synthesis of
oligonucleotides as pursued by the genomics company Affymetrix has become
a major industry. In principle, such a method could also be applied to the 
synthesis of druglike molecules; however, to our knowledge, this has yet to 
be demonstrated successfully. A recent report by Kodakek and co-workers
describing the photolithographic synthesis of arrays of peptoids further illus-
trates the potential power of this method [49].

High-Throughput Methods

An alternative to the photolithographic technique is the pin-based spotting
method developed by Khodursky and co-workers [50]. Although arrays 
produced using this method are not capable of yielding the spot density of
Affymetrix chips, they can be produced using equipment that is significantly
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Figure 21.8 Light-directed synthesis (left) via a photolithographic mask (right).



less complex and expensive. Still at the early stages of being applied to small-
molecule screening, spotted arrays have already shown considerable promise
in the rapid screening of libraries. The arrayer itself is effectively a three-axis
robot equipped with a print head bearing precisely machined, steel quill pens
(or “pins”) (Fig. 21.9). Computer control of the arrayer allows for precise
deposition of nanoliter-sized droplets on a glass slide, producing an array of
potentially many thousands of spots.

One early demonstration of the utility of spotted small-molecule arrays was
reported by Schreiber and Coworkers [51, 52]. Following synthesis of a split-
pool library on macrobeads (large resin beads capable of carrying greater
amounts of each individual library member), resin beads were individually
deposited into 384-well plates. In-plate cleavage of library members was
carried out, followed by evaporative removal of the solvent. The residue
remaining was taken up in dimethyl sulfoxide (DMSO), and spotted onto glass
slides using an arrayer analogous to that described by Yanofsky [50]. Sub-
sequent screening using a fluorescence-tagged protein provided ready identi-
fication of those compounds on the array with the desired binding ability.

The use of macrobeads in combination with microtiter plate cleavage allows
for the generation of stock solutions of the library members. Therefore,
libraries can be screened many times, against many different ligands. However,
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Figure 21.9 Commercial microarrayer. The print head, capable of holding 384 pins, is
just below the center of the photograph.



as with all other split-pool strategies, some form of tagging is necessary to
provide a positive identification of library hits. Use of small-molecule micro-
arrays is clearly a technique that is on the rise in academia. Recent reports
have included a description of small-molecule arrays targeting profiling
caspase activation [53], small-molecule ligands for human IgG [54], and arrays
of synthetic oligosaccharides [55].

21.5 TAG-FREE METHODOLOGY

Dynamic Combinatorial Chemistry and Allied Methods

In addition to the methods described above, combinatorial chemistry has
spawned several research efforts designed to mimic nature’s methods of deriv-
ing compounds with a desired property. In some cases, the goal is to mimic
evolution: selecting and amplifying high-affinity binders from dynamic pools
of chemical structures. In other cases the goal is to mimic biosynthesis: tem-
plating the construction of a molecule from a library of starting materials
allowed to interact with a binding pocket. For some of these new techniques,
receptor-templated synthesis and evolution are coupled.

Evolution is a central tenet of modern biology. The phenotype of an organ-
ism is, of course, a reflection of the constant process of mutation, selection, and
amplification operating on a vast scale at the molecular (genetic) level (Fig.
21.10). In the mid-1990s, several research groups, including ours, began report-
ing proof-of-principle studies of a conceptually new direction in combinator-
ial chemistry. This field of dynamic combinatorial chemistry (DCC) seeks to
mimic what nature so elegantly achieves. In a dynamic combinatorial library,
molecular building blocks react in a reversible fashion, affording a continuous
interconversion of all possible library members.

Dynamic combinatorial libraries (DCLs) are most often constructed using
covalently linked functional groups formed under reversible conditions, such
as esters, imines, hydrazones, borates, disulfides, and others [56]. Libraries con-
structed through hydrogen bonding networks, ionic bond formation, or co-
ordination to a metal center have also been reported [57]. In the dynamic
approach, an equilibrating system containing various numbers of reactive
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building blocks provides a broad pool of interconverting compounds. For
example, a mixture containing (c) aldehydes and (d) amines theoretically gen-
erates (c ¥ d) imines. When exposed to a target receptor, library members
undergo a selection based on binding affinity. Because formation of each
library member from its constituent components is reversible (i.e., allowing
“mutation” to occur), LeChatelier’s principle requires that the equilibrium
shift in favor of those compounds “sequestered” by binding to the target. In
principle, this means that the highest affinity binder will be subject to the great-
est amplification. Selected member(s) can then be monitored by enhancement
of mole fraction via HPLC and/or mass spectrometry (MS) or by other suit-
able methods (Fig. 21.11).

Several research groups have published proof-of-concept illustrations for
the selection and amplification of individual DCL species based on target
affinity [58]. Eliseev and co-workers describe the selection and amplification
of Z/Z di-carboxylate ligand upon addition of a guanidinium group, from a
photochemically induced Z/Z, E/E, and E/Z equilibrium [59]. Orientation of
the carboxylate moieties directly influences the ability to bind the target.
As shown in Scheme 21.9, only the Z/Z compound exhibits a conformation
that affords hydrogen bonding between both carboxylates to the arginine
center. After several cycles of photochemical equilibrarion and affinity-
chromatographic removal of the Z/Z isomer, HPLC analysis revealed a dra-
matic and selective enhancement in the mole fraction of the Z/Z isomer [59].

A fundamental concern when planning a DCL is ensuring the production
of a library exhibiting unbiased representation of all library members. With
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library selection under thermodynamic control, intrinsic properties of starting
materials and library products can affect the observed selection as well as
binding to the target. Significant differences in reactivity between individual
library components, or self-selection within those components, can result in a
DCL containing a limited number of members constituting the majority of the
molecular pool, while other theoretical library members are underrepresented
or entirely absent.

In several studies, this self-selection property has been explored explicitly.
Such an example has been published by Rowan et al. [60] in which a 
cinchonidine-derived hydroxyl ester (5) was reacted with potassium methox-
ide under thermodynamic conditions, which theoretically could generate
numerous cyclic and polymeric compounds. Instead, only the cyclic trimer was
obtained in quantitative yield (Scheme 21.10) [60]. From the perspective 
of lead discovery, this research demonstrates the importance of assuring a
diverse representation of library members when planning a DCL. In general,
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researchers have had success in constructing DCLs using a variety of reactions
that undergo rapid reversion, including transesterification.

In situ target-induced selection and amplification makes DCC an ideal tech-
nique for lead discovery of compounds that bind to biological macromolecules.
Because of the in situ amplification technique, reversible reactions chosen
must be amenable to physiological conditions, or a bi-phasic or compartmen-
tal approach must be used. For example, researchers have shown that thiols
undergo facile disulfide exchange under mild conditions in aqueous media
[61]; however, when using proteins as a target, component exchange with cys-
teine residues is a concern. In general, numerous other reversible reactions
including imination, hydrazone formation, and olefin metathesis have been
employed to prepare DCLs in aqueous media [56]. When using reactions not
amenable to a physiological environment, researchers have cited the use of
compartmentalization through a semipermeable membrane through which
library members formed in an organic phase can pass, and subsequently
encounter the chosen target in an aqueous phase [62].

Because of its potential for building up binding structures in a modular
fashion, as well as the intended parallel with genetic evolution, DCC would
seem to be an ideal method for the identification of new compounds target-
ing nucleic acids. We have described the selection and amplification of equili-
brating metal coordinated salicylaldimine and salicylamide complexes in the
development of DNA [63] and RNA [64] ligands, respectively. In part, these
efforts were an expansion of several other groups’ reports that nonlabile
organotransition metal complexes could bind DNA and RNA with interest-
ing results [65].

In our initial report, we described the first utilization of immobilized DNA
to drive the selection and amplification of ligand(s) from a dynamic library of
zinc(II) complexes. Six salicylaldimine “monomers” (7 to 12) were reacted
with excess zinc(II) chloride, providing a library of 36 unique bis(salicy-
laldiminato)zinc complexes (6) (Fig. 21.12). Given the ability of zinc(II) to
bind a broad range of functionality with variable coordination numbers and
geometries, it is likely the total library diversity was much greater. Two inde-
pendent libraries, one consisting of compounds 7 to 12 and the other contain-
ing compounds 7 to 12 and excess zinc(II) chloride were incubated in affinity
columns constructed of ds(T·A) cellulose. Following a 2-h incubation of the
libraries on resin, solutions were eluted and lyophilized. Analysis of the mix-
tures was performed by hydrolysis of the complexes with trifluoroacetic acid,
followed by derivatization of the amines with excess 2-naphthoyl chloride (to
allow for UV detection) and separation/structure elucidation by reverse-phase
HPLC. Comparing relative abundance of monomers present after elution pro-
vided information about which components bound dsDNA, that is, less
monomer present after elution represents binding of that monomer to the
immobilized dsDNA.

After multiple analyses and control experiments, monomer 8 proved to be
most strongly retained by the dsDNA affinity column in the presence of
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zinc(II). Subsequent UV titration experiments provided a dissociation con-
stant of 1.1mM, significantly stronger than other possible bis(salicylaldimi-
nato)zinc complexes tested.

Balasubramanian et al. recently reported using a dynamic combinatorial
strategy in an effort to discover ligands capable of selectively binding guanine
quadruplex DNA [66]. The tertiary structure of guanine quadruplex structure
has shown interesting activity involving the regulation of telomere length and
exhibits various motifs that differentiate it from B-DNA. For example, the 
terminal guanine tetrad provides potential for hydrophobic or p-p ligand 
association (Fig. 21.13). In previous work, this group demonstrated that the
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tetrapeptide sequence F-R-H-R exhibits selective binding to the quadruplex
motif [67].

Based on this study, Balasubramanian and co-workers [66] subsequently
used disulfide exchange to construct a dynamic library using a thiol-terminated
F-R-H-R tetrapeptide P and a thiol-containing acridone derivative A, pro-
posed to associate with the hydrophobic guanidine tetrol. Equilibrium was
established in the presence of glutathione to mediate disulfide exchange
between (A) and (P), as well as diversify the library. Upon equilibration, a
biotinylated sequence 5¢-biotin(GTTAGG)5 was incubated in the dynamic
library. After target-induced reequilibration, disulfide exchange was halted by
acidification of the medium, followed by removal of the ligand–target com-
plex through immobilization on streptavidin-coated beads. Subsequent heat-
induced denaturation allowed for the release and characterization of selected
ligands (Scheme 21.11). From the nine possible library members, introduction
of the guanine quadruplex increased the molar concentration of the hetero
complex A–P and the peptide dimer P–P 400 and 500 percent, respectively.
This dynamic approach yielded the first report of a short peptide sequence
that displayed selective binding to guanine quadruplex DNA.

Lehn and co-workers [68] have demonstrated that a DCL approach can be
used to probe the binding site of the plant lectin Conconavalin A (Con A).
Lehn et al. employed acylhydrazone formation through the intermolecular
condensation of various hydrazines and aldehydes, reversible in a pH range 
of 3 to 7. Six monosaccharide benzaldehydes and nine core component
hydrazines were used, offering one, two, or three hydrazine reactive sites,
thereby producing both monovalent and multivalent DCL members (Scheme
21.12).

Complete equilibration of the 15 library components afforded a dynamic
library containing 474 members. Initial screening was performed using an
enzyme-linked lectin assay (ELLA) [69]. In the ELLA assay, microtiter plates
were coated with yeast mannan (a known substrate of Con A). Peroxidase-
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labeled Con A was then introduced in the presence of the library. Binding of
Con A by library members was then monitored as a function inhibition activ-
ity of the enzyme. Initial results indicated more than one inhibitor of enzyme
activity, that is, various members displayed similar binding coefficients. Using
a dynamic deconvolution method, 15 sublibraries were made, each omitting
one component, thereby excluding any library members consisting of that
component [70]. As a result, sublibraries that showed a decrease in inhibitory
effect illustrate the importance of that missing component, and therefore any
library members containing them. After full analysis, Lehn and co-workers
[68] found that the mannose carbohydrate 18 was the most active saccharide,
and the two trivalent hydrazines 21 and 26 were the most active linkers. From
libraries containing only those constituents, the trimannose compound (18)3-
21 was found to be the best inhibitor. Comparison to methyl-a-d-mannoside
yielded an estimated IC50 value of 22mm, a 36-fold increase over the 
monosaccharide.

As evidenced by the above example, larger DCLs can produce various
library members that have similar receptor binding affinity, making it difficult
to quantify amplification of a single library member. Kazlauskus et al. have
reported the use of irreversible destruction of unbound or weakly bound
ligands, thereby making analysis of selected ligands in a large molecular pool
an easier task [71]. In their study, numerous aryl sulfonamides were prepared
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and screened against carbonic anhydrase. After subjection to the target, the
protease pronase was added, which enzymatically hydrolysized unbound or
weakly bound ligands, while maintaining the integrity of ligands with high
target affinity, allowing for subsequent analysis (Scheme 21.13).

Recent reports by Severin [72] and by Sanders and co-workers [73] place
the idea of target-mediated selection and amplification of high-affinity binders
from dynamic combinatorial libraries on firmer mathematical footing. In
essence, both researchers note that the library member amplified to the great-
est extent is not necessarily that with the highest affinity to the target, if the
DCL experiment is not designed properly. This potential difficulty decreases
proportionately as the size of the DCL increases.

While dynamic combinatorial chemistry has yet to produce a major success
(in terms of a clinical lead compound) in the same sense that other techniques
have, several groups have provided proof of concept experiments indicating
that substrate-induced selection can afford detectable amplification of “active”
molecules within a library. Recent reports by an industrial group led by Eliseev
targeting neuraminidase have demonstrated that DCC does have the poten-
tial to be more than just an academic endeavor [74]. We anticipate that the
dynamic combinatorial approach will prove to be a novel resource for lead
discovery and will continue to provide fundamental insight on aspects of 
molecular recognition.

Click Chemistry and in Situ Click Chemistry

As we have already described, the solid-phase approach to combinatorial syn-
thesis has survived and prospered because of two distinct features. First, solid-
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phase synthesis allows for the use of excess reagents, driving otherwise mod-
erate reactions toward completion. Second, solid-phase reactions allow for
product purification through filtration, bypassing more complex chromato-
graphic procedures. However, despite these attributes, solid-phase chemistry
can suffer severe limitations as a tool for the pharmaceutical industry. For
example, driving reactivity with the use of excess reagents in the mobile phase
becomes wasteful with respect to both reagents and solvent. Second, the use
of a traceless linker [75] is often required when preparing drug candidates on
solid support, complicating synthetic design. Third, the ability to gain diversity
relies on consistent reactivity in the presence of various functionality.
Finally, very large scale solid-phase synthesis is prohibitively cumbersone and 
expensive. Dynamic combinatorial chemistry is one response to these issues;
other researchers have recognized that solution-phase multiparallel synthesis
using near perfect reactions represents an attractive alternative. One version
of this idea has been explored in detail by Sharpless and co-workers, who use 
the term click chemistry to describe the design of libraries relying exclusively
on reactions that are exceptionally high yielding and functionality tolerant
[76]. Click reactions result from a high thermodynamic driving force 
(DG £ -20kcal/mol) and thereby afford selective reactivity in the presence of
various moieties.

In a typical click chemistry reaction sequence, building blocks are pieced
together using well-studied reactions on readily available starting materials.
For example, olefins can be extensively decorated through the use of cycload-
ditions such as 1,3-dipolar and the Diels–Alder reaction, nucleophilic opening
of strained rings, dihydroxylation, and aziridination, while carbonyl moieties
can be modified via hydrazone formation or other “irreversible” nucleophilic
addition. While an argument can be made that click chemistry is limited by its
definition (the use of only a few perfect reactions), it has been shown that great
diversity can be achieved when using only a few reaction types [77]. As an
example, the generation of spring-loaded cyclic electrophiles such as epoxides
or aziridines, and subsequent nucleophilic ring-opening reactions from olefinic
starting material offers a diverse library of molecules (Scheme 21.14). Other
possibilities, including olefin heterocyclization and subsequent nucleophilic
ring-opening reactions, are dependable, stereospecific, often highly regiose-
lective, can be performed either in water or in the absence of solvent, and
provide the product in nearly quantitative yield.

Because of these attractive aspects, click chemistry is increasingly being
used for drug discovery and biomedical research applications, in both acade-
mic and industrial laboratories [78]. For example, Fokin, Sharpless, and Wong
have reported the use of click chemistry in the formation of an inhibitor of a-
1,3-fucosyltransferase (Fuc-T), an enzyme that catalyzes the final glycosyla-
tion in the biosynthesis of many important saccharides [79]. The key step in
this transformation is a manganese(II)-catalyzed nucleophilic displacement of
l-fucose from guanosine diphosphate b-l-fucose (GDP-fucose) from a glyco-
conjugate acceptor (Fig. 21.14).
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The majority of the binding affinity for Fuc-T lies in the GDP moiety;
however, it has been demonstrated that interaction of aromatic or aliphatic
functionality in the neighboring hydrophobic pocket can increase affinity 70-
fold. Therefore, a library of aromatic and aliphatic GDP-triazole candidates
were prepared and screened for inhibition. The triazole formation is accom-
plished using Huisgen’s Cu(I)-catalyzed 1,3-dipolar cycloaddition between an
alkyne and azide [80]. This reaction was chosen because it proceeds in water,
produces near quantitative yield, and is effective in the presence of vast func-
tionality, granting a “click” seal of approval. Thus, 85 azide compounds were
synthesized utilizing various hydrophobic groups and tether lengths of 2 to 6
carbons (Scheme 21.15).

After completion of triazole formation, compounds were screened 
for inhibitory activity in situ with the use of a pyruvate kinase/lactate 
dehydrogenase-coupled enzyme assay. The library was screened against
human a-1,3-fucosyltransferase VI (Fuc-T VI), where compound 28 was found
to show the highest binding affinity. Steady-state kinetic studies show com-
pound 28 is a competitive inhibitor against GDP-fucose, with a Ki(comp) = 62
nM, making this compound the first nanomolar inhibitor of Fuc-Ts. Com-
pound 28 was then tested for inhibitory activity against other glycosytrans-
fersases and nucleotide binding enzymes. Fokin, Sharpless, and Wong [79]
concluded that compound 28 is highly selective toward Fuc-T VI, showing
weak inhibition of a-Fuc-T III and a-Fuc-T VI, and no inhibition of galacto-
syltransferases a-1,3-GalT and b-1,4-GalT. Weak inhibition was observed
against guanylate kinase, and no inhibition was detected against pyruvate
kinase. The above scenario is a prime example of the use of a click reaction
to create moderately sized libraries in near quantitative yield, from which
screens can be conducted without the need for purification of compounds.

The initial discovery by Mock and co-workers of a dramatic enhancement
in the reaction rate of the Huisgen 1,3-dipolar cycloaddition of azides and
alkynes, a relatively slow reaction under “normal” conditions, displayed for the
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first time the use of biomacromolecules as reaction vessels [81]. Rate acceler-
ation is presumably brought about through the binding of reaction compo-
nents to a biomacromolecule, thereby providing a unique microenvironment
(Scheme 21.16). This finding has prompted researchers to investigate an in situ
approach to ligand synthesis. Click reactions, benign to physiological condi-
tions, afford the ability to create small-molecule ligands in the presence of their
biological substrate, without the potential for side reactions with biomolecu-
lar functionality such as amino acid side chains.

Sharpless and co-workers [82] have reported the use of triazole formation,
a favored click reaction, as a method for irreversible bond formation in the
presence of a desired target. In their approach, Sharpless et al. targeted acetyl-
choline esterase (AChE), an essential component in neurotransmitter func-
tion in the central and peripheral nervous systems. The enzyme displays two
neighboring binding sites, located within a narrow gorge approximately 20Å
in depth [83]. Both binding sites have known ligands exhibiting tacrine and
phenanthridinium motifs [84]. Using these known ligand motifs of differing
linker lengths, decorated with alkynyl and azide functionality, triazole forma-
tion was allowed to proceed in the presence of AChE. Because the rate of tri-
azole formation at room temperature in the absence of enzyme is negligible,
any detected bi-dentate triazole formed is done so solely from enzyme-assisted
rate acceleration. After sufficient incubation in the presence of Electrophorus
AChE, the mixture was analyzed via desorption–ionization mass spectrome-
try (DIOS) [85]. Of the 98 potential bivalent ligands, including 34 regioiso-
meric pairs of syn and anti tacrine/phenanthridinium triazoles, and 15
regioisomeric pairs of tacrine/tacrine triazoles, an observable amount of only
one bidentate ligand was found, TZ2-PA6 (Scheme 21.17).

Preparation of the selected triazole in the absence of Electrophorus AChE
provided authentic material in high yield in approximateley 1 :1 syn :anti ratio.
Regioisomers were separated by HPLC and individually analysized. HPLC
comparison shows that the enzyme exclusively produces the syn triazole
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isomer. It was later found that the syn isomer has a Kd of 77 to 410fM, 140
times stronger than the anti isomer.

Click chemistry continues to provide researchers facile ways to create
diverse libraries from which biological systems can be perturbed and infor-
mation regarding molecular recognition can be gained. Conceptually, click
chemistry also provides motivation for the discovery of new high-yielding,
selective, and functionality-tolerant synthetic methodology.

Thiol-Based in Situ Assembly of Macromolecular Ligands

The above sections outlined studies in which biological macromolecules were
used as reaction vessels, inducing rate acceleration in the formation of high-
affinity ligands, or amplification of high-affinity ligands from dynamic libraries.
In a related effort, Sunesis Pharmaceuticals has recently described a “tether-
ing” technique that uses a native or engineered cysteine thiol present in close
proximity to a macromolecule’s active site(s) to covalently retain a relatively
low-affinity ligand, from which a multidentate high-affity ligand can be syn-
thesized in situ [86]. After subsequent thiol deprotection, a variety of disul-
fides are incubated in situ in the presence of a suitable reducing agent such as
2-mercaptoethanol. Like the dymanic combinatorial model, disulfides con-
taining chemical architecture compatible with neighboring binding sites pref-
erentially undergo disulfide exchange with a ligand’s covalently attached 
thiol, thereby capturing a multidentate lead compound that can be elucidated
through mass spectrometry (Fig. 21.15).

In their initial report, Sunesis researchers focused on the enzyme thymidy-
late synthase, (TM), an essential component in the biosynthetic pathway of
dTMP and dUMP, an interesting target for antifungal and anticancer studies
[87]. E. coli TM contains a cysteine residing in the active site, as well as four
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cysteine residues buried within the protein. Prior research suggested the
active-site cysteine residue (C146) to be most susceptible to modification. This
was confirmed by incubating both wild-type and mutant TM (C146S) in the
disulfide cystamine. It was observed that the wild-type enzyme selectively
formed disulfide likage at the active site cysteine [87]. Therefore, disulfide
libraries were constructed using solid support methodology to couple mono-
BOC-cystamine to readily available carboxylic acids, sulfonyl chlorides,
isocyanates, isothiocyanates, as well as oxime, and n-tosyl-d-proline-based
disulfide libraries. Upon cleavage and sufficient purification, disulfide library
members were dissolved in DMSO to a final concentration of 50 or 100nM.
Typical experimental protocol then calls for the addition of 1mL DMSO solu-
tion, containing 8 to 15 disulfide library members to be incubated in 49mL of
approximately 15mM protein suspended in 25mM potassium phosphate/1mM
2-mercaptoethanol buffer (pH 7.5). After sufficient incubation (30min) the
solution is analyzed via HPLC/MS, therefore providing structure elucidation
for attached ligands (with respect to their atomic mass of the ligand). Upon
screening 1200 library members, HPLC/MS analysis showed a preferential
capture of N-tosyl-d-proline analogs over other library members. Quantita-
tive structure–activity relationship (SAR) studies show a fair amount of flexi-
bility is afforded to the tosyl phenyl ring, as t-Butyl can readily replace methyl
moiety without great loss of affinity. Proline cyclic architecture appears to be
important in retaining affinity, replacing this moiety with phenylalanine,
phenylglycine, or pyrrole results in loss of affinity. Lastly, the phenyl-
sulfonamide scaffold appears essential, as methyl proline is observed as a high-
affinity ligand (Fig. 21.16). Recently, Sunesis has used the tether-based
approach to discovered lead compounds for various protein active sites and
small-molecule inhibitors of protein–protein interaction such as cytokine
interleukin-2 and the IL-2a receptor [88].

Structure–Activity Relationship by Nuclear Magnetic Resonance

Structural analysis of proteins by nuclear magnetic resonance (NMR) spec-
troscopy continues to be an extensive area of research [89]. More recently,
NMR has proven to be a valuable tool for ligand discovery as well.
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Structure–activity relationships by NMR, or simply SAR by NMR, developed
by Fesik and co-workers, makes use of the well-known ability to detect the
binding of ligands to various sites of a protein through 15N or 1H amide chem-
ical shift changes in two-dimensional 15N-heteronuclear single quantum cor-
relation (15N-HSQC) spectra [90].

Using 15N-labeled protein, spectra can be compiled in a short period of time,
allowing numerous ligands to be screened quickly. Once small-molecule
ligands are discovered, affinity to the target binding site is optimized through
the synthesis and screening of analogous compounds. Relatively low-affinity
small-molecule ligand(s) for neighboring binding sites are then found and
optimized through identical techniques. Proximal small molecules can be
linked synthetically, producing a multidentate ligand with enhanced affinity
(Fig. 21.17).

In their initial study, Fesik and co-workers used the SAR by NMR 
approach to derive a high-affinity ligand for the well-studied FK506 binding
protein (FKBP) [90]. FKBP was initially screened against a library from which
many compounds were found to bind with dissociation constants in the mil-
limolar and micromolar range. A trimethoxyphenyl pipecolinic acid deriva-
tive, 29, showed the highest affinity with a Kd of 2.0mM. The binding site of
this small molecule was found to be similar to that of similar moiety within
the FK506 structure, and therefore an effort was made to find small-molecule
receptors for nearby binding sites. Compounds were then screened in the pres-
ence of 15N-FKBP, saturated in 29. Those studies provided a small molecule
that bound to FKBP with an affinity of Kd = 0.8mM, as determined from the
changes in 15N-HSQC spectrum. Optimization of this low-affinity ligand 
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provided compound 30, which bound with a Kd = 0.1mM. Subsequent analy-
sis showed molecules 29 and 30 bound FKBP in sufficient proximity to allow
for a chemical linkage to be made. Again, SAR by NMR experiments were
performed using 15N-HSQC spectroscopy, connecting the two low-molecular-
weight pieces with linkers of various lengths. One molecule (31) incorporat-
ing a linker of three carbons provided a ligand with an affinity of Kd = 19nM
(Scheme 21.18).

This novel approach toward high-affinity ligand discovery has recently been
used by numerous research groups both in academia and industry to develop
inhibitors for biological substrates such as stromelysin [91], the single-chain
hepatitis C virus NS3 protease/NA4A cofactor [92], and human papillomavirus
E2 protein [93]. As high-throughput NMR systems (including, e.g., HPLC-
NMR) capable of very fast two-dimensional spectral acquisition become more
widely available, we can anticipate that this technique will find broad usage.

21.6 LIBRARY DESIGN ISSUES

As described above, early combinatorial chemistry efforts grew initially out of
solid-phase synthesis studies on biopolymers. Consequently, much of the early
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history of combinatorial chemistry is focused on biopolymers and related com-
pounds that could be formed using reactions closely analogous to those used
in biopolymer synthesis. Although these approaches allowed the synthesis of
large numbers of compounds, the actual structural diversity of such libraries
was somewhat limited. Ellman’s demonstration of the combinatorial synthe-
sis of benzodiazepines (Scheme 21.6), along with several contemporary efforts,
both demonstrated that combinatorial chemistry could be applied to the pro-
duction of “druglike” molecules and led to the concept of the “decorated scaf-
fold” as a means of providing conformationally rigid combinatorial libraries.
While such libraries provided access to a conceptually new type of library
structure, structural diversity within the library itself was still somewhat
limited. In part because of these limitations, it was recognized that molecular
weight and hydrophobicity of library compounds were straying beyond what
might be considered optimal to lead to successful drugs. This observation was
codified by Lipinski and co-workers into the “rule of 5,” stating that a poten-
tial reason for the relatively low hit-to-lead success rate of many early com-
binatorial chemistry and high-throughput screening efforts was that libraries
strayed beyond the structural norms (molecular weight less than 500, fewer
than 5 hydrogen-bond donating groups, fewer than 10 hydrogen-bond accept-
ing groups, log P over 5) for the vast majority of commercial drugs [94]. Of
course, one can also view the rule of 5 as a challenge for developing new com-
pounds that might successfully break it, but the primary lesson was that it pays
to think carefully about library design, structure space, and the overall goal
(drug development, in this case) of the combinatorial/high-throughput screen-
ing effort.

In recent years, two parallel developments (one computational and one
conceptual) have set the stage for improving library design. On the com-
putational side [95], researchers in academia and industry have devoted con-
siderable effort to the development of tools capable of describing structural
diversity and structural similarity in mathematical terms [96, 97]. Most chemists
are capable of describing the similarities and differences among small groups
of compounds, but rigorous analysis of large libraries is a significantly more
difficult task. For example, describing a 1000-compound library in terms of 4
simple descriptors (molecular weight, number of H-bond acceptors, number
of H-bond donors, number of chiral centers) yields a four-dimensional graph
with 1000 points! For complex libraries, more precise descriptors such as
BCUT values [98, 99] or four-point pharmacophore fingerprints [100, 101] can
be used along side computerized reagent selection methods in the planning
stages of a library. In combination with computer-aided drug design method-
ologies, an area of significant interest is the “virtual” screening of libraries 
generated in silico.

In parallel with advances in computational methodology, the conceptual
advance of diversity-oriented synthesis is also beginning to influence the
manner in which combinatorial libraries are designed and executed [102].
Diversity-oriented synthesis (and the related concept of function-oriented syn-
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thesis [103]) is in many respects a response to target-oriented synthesis. Target-
oriented synthesis is perhaps the most familiar mode of thinking for organic
chemists: Given a particular natural product or med-chem lead structure,
how does one bring simple commercially available starting materials and the
vast body of reaction knowledge available to the development of an efficient
method for its construction? Target-oriented synthesis relies on retrosynthetic
analysis (thinking about chemical synthesis in reverse). In contrast, diversity-
oriented synthesis focuses on the development of pathways for the construc-
tion of collections of conformationally restricted molecules with complex,
diversified structures, and dense functionality. Diversity-oriented synthesis is
forward thinking in that reactions are chosen not based on their ability to bring
the chemist closer to a single-target structure but rather contribute diversity
(via an ability to accommodate multiple input reagents) and complexity (via
an ability to form multiple bonds).

An example of a diversity-oriented synthesis developed by the Schreiber 
group is shown in Scheme 21.19 [104]. Ugi four-component condensation is
used to set up an intramolecular Diels–Alder cycloaddition. Subsequent 
“bidirectional” amide alkylation with allyl bromide, followed by a tandem
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ring-opening metathesis/ring-closing metathesis reaction, provides the final
product. Cleavage from the resin bead is then accomplished by treatment 
with HF-pyridine. Further diversification is possible via elaboration of the 
bromoarene or phenolic groups.

21.7 CONCLUSIONS

In a relatively short period of time, combinatorial chemistry has become a
widely used tool for synthetic chemists looking to streamline lead identifica-
tion and for those needing novel structures to drive a plethora of studies in
chemistry, biology, materials science, and beyond. Combinatorial chemistry
has proven to be a valuable method for streamlining the development of new
catalysts [105, 106] and new types of arrayed sensors [107]. We can anticipate
that combinatorial techniques will be an important part of every chemist’s
repertoire for the foreseeable future.
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22.1 EXPERIMENTAL MODELS OF GASTRIC 
LESIONS AND ULCERATION

Animal models of gastric and duodenal ulcers are the key in studying the
pathogenesis of gastrointestinal (GI) diseases and testing antiulcer agents.
They provide essential tools to screen herbal medicines for their antiulcer and
anticancer effects. These models ideally should mimic human diseases, be easy
to produce, and reproducible to allow continuous replication in various labo-
ratories. Tables 22.1 and 22.2 summarize the methodologies for these animal
models.

Acute Gastric Mucosal Injury

These animal models are chemically or psychologically induced and cause
rapidly developing diffuse surface epithelial injury in the gastric mucosa. This
is evident by multiple hemorrhagic erosions. The lesions are usually induced
by intragastric administration of chemicals (e.g., concentrated ethanol, HCl,
or nonsteroidal anti-inflammatory drugs) or by psychological stress (e.g.,
cold restraint) in fasted rats. Among these models, ethanol and nonsteroidal
anti-inflammatory drugs are probably the most widely used for testing 
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TABLE 22.1 Models of Mucosal Damage (Acute and Chronic) in the Stomacha

Dose and Route of Type of Damage

Damaging Agents Administration Animals Acute Chronic

Ethanol 50–100%, 1mL, IG Rat Erosion —
HCl 0.5–0.5N, 1mL, IG Rat Erosion —
Aspirin (acidified 50–100mg/kg, IG Rat, mouse Erosion to —

with 0.2N HCl) ulcer
Indomethacin 10–50mg/kg, IG Rat Erosion to —

or SC ulcer
Stress Restraint + cold Rat Erosion to —

(4°C) for 2h ulcer
Acetic acid Local or topical Rat — Ulcer

application of 
acetic acid 
(dosage in text)

a All animals should be fasted at least 18 h before induction of gastric damage. IG = intragastric
administration; SC = subcutaneous injection.



antiulcer agents in animals. Most acute erosions in the stomach induced by
these methods heal rapidly in a few days without scar formation. These lesions
do not reulcerate spontaneously, an enigmatic feature of ulcer disease in
humans.

Evaluation of Acute Gastric Lesions

Lesions can be evaluated semiquantitively in the gastric mucosa by using a
grade (e.g., scale 0 to 3) or quantitatively by planimetry of the hemorrhagic
areas [1]. Since the lesions are usually uniform in width and depth, some inves-
tigators measure the length of hemorrhagic erosions. Indirect assessment of
mucosal lesions is also possible by measuring the amount of blood loss into
the gastric lumen either as 51Cr-labeled red blood cells [2] or as the concen-
tration of hemoglobin [3]. Biochemical measurement of released enzyme has
also been used as the endpoint of evaluation [4].

Chronic Gastric Ulcer

The acetic acid method, although artificial, represents one of the few repro-
ducible models of chronic gastric ulcer. There are several methods of apply-
ing the acetic acid to the stomach, the most popular involving injection of a
small volume (0.05mL) of 20 to 30 percent (v/v) acetic acid into the submu-
cosal layer through the serosa of the anterior wall of the glandular stomach in
fasted rats. The site of injection is readily recognized by the localized swelling
and blanching of the serosa at the injection site. Some modifications consist
of topical application of 0.06mL of 100 percent acetic acid into a mold over
the serosa and allowing it to remain for 60s [5], or luminal application of 60
percent (v/v) of acetic acid (0.12mL) with the help of a syringe and a ring
clamped between the anterior and posterior walls of the stomach for 45s and
withdrawn through the same syringe [6]. All these methods produce an ulcer
of unified size after 24h and that can be maintained for at least 14 days. The
ulcer can be easily quantified by measuring the diameter or the area of the
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TABLE 22.2 Models of Duodenal Ulcersa

Damaging Agents Dose and Route of Administration Species

Secretogogues Carbachol 0.5 mg/kg, SC for 24–48hr Rat
(histamine, +
carbachol, Histamine 50 mg/kg/min, SC for 24–48h
pentagastrin) Carbachol 0.5 mg/kg/min, SC for 24–48h Rat

+
Pentagastrin 2 mg/kg/min, SC for 24–48h
Histamine 90mg/kg, SC ¥ 8, 30min apart Guinea pig

Cysteamine HCl 280–300mg/kg, IG ¥ 3 (e.g., 9 a.m., 12 noon, Rat or mouse
3pm) or 400mg/kg, IG ¥ 2

a IG = intragastric administration; SC = subcutaneous injection.



ulcer crater. With the acetic acid model, histological evaluation is essential to
assess the degree of necrosis, inflammation, epithelial regeneration, and pro-
liferation of fibrous connective tissue, as well as angiogenesis at the ulcer
margin and base.

Acute and Chronic Duodenal Ulcers

The duodenal ulcer models fall into two groups: those produced by secreto-
gogues that induce multiple, irregular ulcers and those caused by cysteamine-
like agents that induce solitary or kissing ulcers (Table 22.2). Hydrochloric
acid seems to be essential for duodenal ulceration. Experimental duodenal
ulcers can be induced in rats and guinea pigs by giving secretogogues such as
histamine, cholinergic drugs, and pentagastrin [7, 8], which are similar to
Zollinger–Ellison syndrome or other human hypersecretory states. The sever-
ity of the ulcer may be evaluated semiquantitatively with a scale of 0 to 3,
where 0 = normal mucosa, 1 = erosion, 2 = deep ulcer involving the muscularis
propria, or 3 = penetrating ulcer (into liver or pancreas). The intensity of the
ulcer process and the degree of inflammation and healing should be evaluated
by light microscopy.

The duodenal ulcers induced in rats by cysteamine and its derivatives are
very similar to those seen in humans, on the basis of functional and morpho-
logic criteria [9]. Ulcers can be induced by this method in both rats and mice.
It should be emphasized that animals should not be fasted because food
restriction increases the toxicity of the ulcer-inducing agent. The ulcers
develop mainly on the antimesenteric or anterior wall of the duodenum. They
frequently perforate or penetrate into the liver or pancreas. These ulcers are
sharply demarcated craters with a necrotic center. Measurement of the largest
diameter of the ulcer can be used to calculate the ulcer area. The same 0 to 3
scale as for ulcers induced by secretogogues provides a semiquantitative 
evaluation of ulcer severity.

22.2 EXPERIMENTAL MODELS OF 
INFLAMMATORY BOWEL DISEASE (IBD)

Ample evidence suggests that the mechanisms underlying initiation, progres-
sion, and chronicity of IBD are related to the immune system, genetic suscep-
tibility,microbiologic aspects,and the environment. In order to address all these
issues, an ideal experimental model of IBD is needed for studying the early
events, dissection of the interactions among different inflammatory compo-
nents, and identification of immunological processes and genes involved.
However, to date,no such single and ideal IBD model exists that exactly reflects
the complexity of these multifactorial disorders. Nevertheless, there are many
experimental models of IBD that work differentially to simulate its various
forms, such as ulcerative colitis (UC) and Crohn’s disease (CD) in humans [10].
Despite inherent limitation in their similarity to human forms of IBD, studies
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of experimental colitis models have advanced our understanding of its patho-
genesis [10, 11]. They also provide opportunities to evaluate potential thera-
peutic agents for this disease in the colon [12]. Current IBD models include
chemical- and hapten-induced colitis, which are used in the current experi-
mental settings to assess the efficacy of pharmacological agents in animals.

Trinitrobenzene Sulfonic Acid/Ethanol

2,4,6-Trinitrobenzene sulfonic acid (TNBS)/ethanol-induced colitis is the most
commonly used animal model in various laboratories [11] and was initially
established by Morris and co-workers in 1989 [13]. Intrarectal administration
of 30mg TNBS in ethanol (50 percent, v/v) vehicle is injected slowly through
a polythene catheter via the rectum into the lumen of the colon, 8cm proxi-
mal to the anus. This results in acute inflammation with ulcers that evolves
into chronic inflammation of the distal colon in rats [13] and mice [14]. This
approach is based on the hypotheses that in CD, an increase in mucosal per-
meability results in entry to the lamina propria of a luminal antigen that is not
adequately cleared by the mucosal immune system. TNBS is a hapten that,
when coupled to a substance of high molecular weight (such as tissue pro-
teins), elicits immunological responses. Ethanol is known as a “barrier
breaker” that causes widespread acute mucosal damage when instilled into the
distal colon of rats at a concentration of at least 30 percent. The combined
administration of TNBS and ethanol results in a severe, transmural, granulo-
matous inflammation of the distal colon. Once induced, healing is continuous
after the initial injury and there are no relapses. The duration of inflammation
lasts for at least 8 weeks [10]. It has been well characterized and its macro-
scopic and microscopic features share many of the histopathological and clini-
cal features of human CD [11, 15, 16].

Dinitrobenzene Sulfonic Acid/Ethanol

2,4-Dinitrobenzene sulfonic acid (DNBS), a hapten molecule, was developed
to produce inflammation closely resembling human UC [16]. Its action is based
on the hypersensitivity of intestinal mucosa toward antigen that also occurs in
IBD development. Again in this model, 50 percent ethanol is used to remove
the protective mucus coating together with 30mg DNBS given as an enema
inserted intrarectally into an anesthetized rat about 8cm proximal to the anus
to induce colitis. In the DNBS model, numerous colonic lesion and other char-
acteristics of UC can be found. Although the inflammatory responses in the
DNBS model are similar to those induced by other haptens, such as TNBS
[13], granulomatous lesions are not found.

Dextran Sulfate Sodium

Dextran sulfate sodium (DSS), a sulfated polysaccharide of molecular size of
54,000, can be used to induce acute and chronic colitis in rats and mice. This
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model is highly reproducible and resembles human UC [17]. To induce acute
colitis, animals are given 3 to 10 percent DSS in drinking water for 7 to 9 days.
By the end of the treatment period, animals show signs of diarrhea and gross
rectal bleeding. Colon length is reduced and its weight is increased indicating
that an inflammatory type of edema occurs. In addition, histological tissue
damage includes multiple mucosal erosion and crypt abscesses. For chronic
inflammatory studies, animals are treated with 5 percent DSS in drinking water
for 7 days followed by a rest period of 7 to 10 days. This cycle of treatment is
repeated several times to produce a relapse/remission pattern of inflammation
in the colon [18]. In this repeated process of inflammatory injury, cell turnover
is rapid and massive, and genetic damage may be caused by random mutation.
Faulty genes may appear and as a result dysplasia appears in the mucosa, a
clear precursor to malignancy. Low-grade and high-grade dysplasia is accom-
panied by adenoma followed by carcinoma in the colon [19]. This is a typical
inflammation–adenoma–carcinoma model in animals, which is useful for
screening both anti-inflammatory and anticancer agents in animals.

Assessment of Colitis Severity

Morphological Assessment To measure mucosal damage in TNBS and
DNBS models, the distal colon is removed, opened, and rinsed thoroughly in
ice-cold normal saline. The lesion area is recorded and then measured using a
grid. In the assessment of the inflammatory response, 8cm of the distal colon
or the whole colon is weighed. The ratio of colon to body weight is used to
assess the degree of colon edema. The whole colon length is also measured to
indicate the severity of colonic inflammation [19, 20].

Histopathological Assessment In the DSS colitis model, a longitudinal
section of colonic tissue is obtained and fixed in 10 percent formalin. The tissue
is processed and embedded in a paraffin block, which is then sectioned at 
5mm and stained with the hematoxylin-eosin to assess damage. The severity
of damage is graded according to the system described by Okayasu and 
co-workers [17], in which 0 = normal; 1 = focal inflammatory cell infiltration
including polymorphonuclear leukocytes; 2 = inflammatory cell infiltration,
gland dropout, and crypt abscess; and 3 = mucosal ulceration.

In the inflammation produced by TNBS and DNBS, tissue processing and
staining are the same as for the DSS model. Microscopic damage is measured
as follows: 0 = colon with normal architecture; 1 = damage limited to surface
epithelium; 2 = focal ulceration limited to the mucosa; 3 = focal and transmural
ulceration and inflammation; 4 = extensive transmural lesion bordered by
normal mucosa; and 5 = extensive transmural lesion involving the entire
section [21].

Biochemical Assessment Colonic tissues are collected and immediately
frozen in liquid nitrogen and stored at -70°C until determination for
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myeloperoxidase (MPO) activity according to the method described by Suzuki
and coworkers [22]. The supernatant of a homogenate is mixed with hydro-
gen peroxide and 3,3¢,5,5¢-tetramethylbenzidine prepared in sodium phos-
phate buffer (pH 5.4). The final mixture is measured at 450nm using a
spectrophotometer with horseradish as standard. The value of MPO activity
is represented as U/g tissue. This enzyme is also taken as an index of neu-
trophil infiltration.

22.3 ANIMAL MODELS OF GASTROINTESTINAL CANCER

Gastric Cancer Models

Human Gastric Cancer Cell Implantation Model Direct injection of human
gastric cancer cells into the gastric wall is a recently adopted method designed
to induce tumor growth in situ in athymic nude mice (Table 22.3). In this
method, a population of 106 gastric cancer cells (either KKLS, MKN-28, or
TMK-1) are being injected into the stomach wall in anesthetized animals.
Sizable tumors can be notified after a few weeks to a month depending on the
carcinogenic potential of the human gastric cancer cell lines [23–25].

Chemical Induction Model Chemical carcinogens may exert their effect
directly on contact at the point of application or may require biochemical acti-
vation by the host before becoming carcinogenic. Many of these activation
reactions are controlled by both endogenous or genetic factors and exogenous
environmental elements. Some carcinogens cause cancer in animal models
after a single dose, whereas other chemicals require multiple exposures. The
incidence and latent period before overt cancer is found may be a function 
of all these variables. Carcinogens are distinct from other drugs and chemicals
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TABLE 22.3 Models of Gastric Cancer

Cell Types or Duration of
Type of Model Carcinogens Animals Method Induction

Cancer cell Human gastric Athymic Direct Few weeks
implantation cancer cells nude injection 
model (KKLS, MKN- mice of cells (106)

28, TMK-1) into the 
gastric wall

Chemical N-methyl-N- Balb/c 240ppm in 50 weeks
induction nitrisourea mice drinking 
model (MNU) water

N-methyl-N¢- Wistar 25 mg/ml in 52 weeks
nitro-N- rats drinking 
nitrosoguanidine water
(MNNG)



in that they may not cause acute toxic effects and their adverse action may
require a long latent period. In animals, certain carcinogens given in large
quantity may require a relatively short period of time. Some examples of these
are illustrated in Table 22.3 and are discussed below.

Balb/c mice are given 240ppm N-methyl-N-nitrosourea (MNU) in drink-
ing water daily during alternative weeks for a total of 10 weeks and killed at
the end of the 50th week. More than 70 percent survive and about 80 percent
have adenocarcinoma of both differentiated and undifferentiated types [26].

Male Wistar rats are treated with 25 mg/mL N-methyl-N¢-nitro-N-
nitrosoguanidine (MNNG) in tap water for 52 weeks. About 60 percent of the
animals develop differentiated adenocarcinomas in the glandular stomach 
at the antral site [27]. Higher concentrations of MNNG produce higher inci-
dences of cancer [28].

Colorectal Cancer Models

Inflammation-Associated Model Experimental studies indicate that dextran
sulfate sodium in drinking water either at a concentration of 5 percent (w/v)
for 63 days or 180 days or combined with exposure to cigarette smoke gener-
ate dysplasia and/or adenocarcinoma in about 30 to 80 percent of the mice
[17, 19, 29, 30]. This ulcerative colitis-associated colonic adenoma formation in
mice provides an animal model closer to humans in whom with inflammation-
associated neoplasia is one of the major pathways in the development of col-
orectal cancer. This animal model is also useful to study the relationship
between colorectal cancer and cigarette smoking, which is one of the major
risk factors for colorectal cancer in humans [19, 30].

Genetically Modified Model Mice with mutation of the APC gene or defects
in the TCTb and p53 genes, have been developed to generate high percent-
ages of animals with multiple intestinal adenomas or nodular masses in the
cecum to the proximal colon by 4 months, respectively [31, 32].

Chemical Induction Models Cancers of the small bowel and colon can be
induced by several carcinogens depending on route of administration (Table
22.4). The most effective carcinogens appear to be the natural product cycasin
and the synthetic analogs 1,2-dimethylhydrazine (DMH) and azoxymethane
(AOM) [33]. In rats, AOM can be given by subcutaneous (SC) injection once
weekly for 2 weeks at a dose of 15mg/kg body weight. Rats are killed 8, 23,
and 38 weeks after the last dose of AOM to assess tumor growth and inva-
siveness. Most of the colon tumors obtained at week 38 are invasive or non-
invasive adenocarcinomas [34].

The DMH requires metabolic activation, and intestinal microflora may 
play a role in the metabolism of this colon carcinogen. Both mice and rats are
commonly used studying colon cancer induced by DMH. In mice, 30mg/kg
DMH is injected SC once weekly for 6 weeks [35]. However, in rats, a smaller
dose (25mg/kg) is administered once a week for 16 weeks [36]. They are killed
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5 to 12 weeks after the last dose of the carcinogen for histopathological study.
The DMH-induced colon tumors are very close to human colon cancer with
regard to morphology, pattern of growth, and clinical manifestations.

The direct alkylating agent, MNNG, which does not require metabolic acti-
vation, is a potent topical carcinogen. Intrarectal administration of MNNG at
a dose of 1 to 3mg/rat/week for 20 weeks induces colon tumors in 100 percent
of rats [37]. This is the most reliable model for the topical and selective pro-
duction of tumors in the distal colon and rectum. The use of rats, especially
the Fischer (F344) strain, seems to be appropriate because rat colons have light
and electron microscopic morphologies as well as histochemical properties
that are quite similar to those of humans.

22.4 HERBAL MEDICINES AS POTENTIAL THERAPEUTIC
AGENTS FOR ULCERS AND MALIGNANT DISEASES IN THE
GASTROINTESTINAL TRACT

The experimental ulcer models in animals discussed above provide a platform
for studying the mechanisms of action and for screening potential antiulcer
and anticancer agents derived from different herbal medicines. In fact, a
number of herbal medicines are known to protect against a variety of GI dis-
orders including those in the upper and lower GI tract described above. These
medicines contain various chemical structures, have different properties, and
are derived from numerous sources. In this chapter we focus on three major
types of chemical compounds from various kinds of herbs: polysaccharides,
terpenoids, and polyphenols. Their implications for different GI disorders and
their mechanisms of action are discussed.

General

The three biological processes that play key roles in maintaining the integrity
and balancing the growth of tissues are cell proliferation, apoptosis, and angio-
genesis. The degrees of ulcer healing and tumor growth are greatly influenced
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TABLE 22.4 Models for Carcinogenesis in Large Bowela

Chemical Animal Route Organ Involved

Cycasin Rat Oral Large bowel
1,2-Dimethylhydrazine Rat, mouse, Oral, SC, IP, IR Small and large

hamster bowel
Azoxymethane Rat, mouse Oral, SC, IR Small and large

intestine
N-methyl-N¢-nitro-N- Rat IR Large intestine

nitroguanidine

a Routes of administration: oral (OR), subcutaneous (SC), intraperitoneal (IP), and intra-
rectal (IR).



by the levels of these biological activities. We focus on how the different herbal
compounds can modulate these processes to promote ulcer healing and inhibit
tumor growth in the GI tract. Many herbal medicines contain a large amount
of polysaccharides and thousands of phenolic and terpenoid compounds. In this
chapter, perspectives on the application of polysaccharides, terpenoids, and
phenolic compounds from herbal extracts of different medicinal plants that
have demonstrated antiulcer and anticarcinogenic properties in the GI tract are
discussed. In addition, some novel herbs that possess anti-inflammatory and/or
immunomodulatory actions and have antitumor potential are introduced.

Polysaccharides in General

Polysaccharides from various herbal medicines have been well studied for
their immunomodulatory action and antitumor effect. These actions and
effects may be due to stimulation of the phagocytic activity and anti-
inflammatory activity. They also increase hematopoiesis in the bone marrow
and promote the proliferation of several types of hematopoietic precursor
cells. These findings suggest that polysaccharides of plant origins have signif-
icant pharmacological actions on somatic cells with high proliferative capac-
ity. Recently, increasing evidence implicates that plant polysaccharides have
protective and repairing activities in the GI tract similar to those from the cells
in this system; they also share similar biological properties.

There are various sources of polysaccharides with different compositions.
Table 22.5 summarizes the sources of polysaccharides and their pharmaco-
logical actions on the GI tract. These polysaccharides have different molecu-
lar structures and are mostly sulfated molecules with uronic acid as part of the
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TABLE 22.5 Sources of Polysaccharides and Their Pharmacological Actions on the
Gastrointestinal Tract and Liver

Sources Pharmacological Actions References

Angelica sinensis Antiulcer and antitumor in the 55, 59
stomach and liver

Promote gastric cell migration and 56, 57
proliferation 58

Antihepatic damage 59
Asparagus racemosus Antioxidant in hepatic cells 60
Aloe vera Anti-inflammatory bowel disease 62
Bupleurum falcatum Antiulcer in the stomach 52, 53
Basidiomycetes mushroom Antitumor in the stomach and colon 47, 48
Panax ginseng Antiulcer in the stomach 54
Ulva lactuca (green Inhibits colon cancer cell 40

seaweed) proliferation
Cladosiphon fucoidan Gastric protection and H. pylori 51, 52

detachment from mucin



residue. The sulfated polysaccharides, which contribute to the active compo-
nents in extracts, produce a variety of pharmacological actions [38–40]. Desul-
fation abolished their inhibitory action on the proliferation of arterial smooth
muscle cells [41]. Some of the actions of these compounds are partially depen-
dent on the size of the polysaccharide molecules and the length of the poly-
saccharides determining the effectiveness of drugs in different biological
systems [42, 43]. Experimental evidence shows that the b-1,3 or b-1,6 linked
polysaccharides are responsible for the different pharmacological actions on
vascular and tumor cells, while their analog, the a-1,4 linkage can be digested
by the saccharidases to monomers in the GI tract [44, 45]. Indeed, the b-glucan
receptors were first identified on human monocytes as phagocytic receptors
that initiate phagocytosis [46].

Polysaccharides from Mushroom and Seaweed

The orally bioactive glucans and proteoglycans isolated from mushrooms are
currently the most promising class of immunoceuticals. They are capable of
augmenting the key pathways of host immunity. Higher Basidiomycetes mush-
rooms have been used in folk medicine throughout the world since ancient
times. It has been known for many years that certain mushrooms of higher
Basidiomycetes origin are effective against cancers of the stomach and esoph-
agus [47, 48]. However, the active components responsible for these activities
are largely unknown. Several antitumor polysaccharides such as hetero-
b-glucans and their protein complexes have been isolated from medicinal
mushrooms. Using standard methods of fractionation and purification of poly-
saccharides, Chihara isolated a water-soluble antitumor polysaccharide from
the fruiting bodies of Lentinus edodes in 1978 [49]. This was found to be a 1,3-
b-d-glucan with 1,6-b-d-glucopyranoside branches. Clinical data suggest that
these lentinan polysaccharides can prolong the life span of patients with
advanced and recurrent stomach and colorectal cancer, while displaying little
toxicity [44]. Lentinan’s antitumor activity is stronger than that of polysac-
charides from other fungi or higher plants.

Two proteoglycans from Coriolus versicolor—the polysaccharides-K (PSK)
and polysaccharides-peptide (PSP) have been demonstrated to extend sur-
vival by 5 years or beyond in patients with cancers of the stomach, colon, and
esophagus. PSP significantly improves quality of life, provides substantial pain
relief, and enhances immune status in a majority of patients with cancers of
the stomach, esophagus, and other organs. The uses and the mechanisms of
action of these mushroom glucans and proteoglycans for GI cancer were
reviewed by Kidd in 2000 [50]. The major action is to enhance anticancer
immunity by increasing the numbers of tissue and blood-borne phagocytic
cells. Both PSK and PSP may function as antigenic stimuli to enhance cyto-
toxic killer activity directed at the tumor.

Seaweed provides another source of polysaccharides. The green seaweed
Ulvans lactuc contains sulfated polysaccharides that can inhibit a colonic
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epithelial cancer cell line but have no effect on normal colonocytes. It has been
reported that sulfated polysaccharides from Cladosiphon fucoidan confer
gastric protection and are associated with Helicobacter pylori detachment
from gastric mucin [51, 52]. These data suggested that they may be useful for
patients with H. pylori–positive gastric ulcers by reducing the risk of gastric
cancer.

Polysaccharides from Other Plants

The acidic polysaccharide fraction from the roots of Bulpeurum falcatum, irre-
spective of the route of administration, inhibits the formation of gastric lesions
induced by necrotizing agents such as ethanol and HCl-ethanol [53]. The 
protection is due to antisecretory activity in the stomach, stimulation of the
defensive mechanism through mucus secretion, and a radical scavenging effect
in the gastric mucosa. However, such protection was independent of
prostaglandin [53, 54]. Similarly, acidic polysaccharides from the leaves of
Panax ginseng also inhibit the formation of gastric lesions through the same
mechanisms [55].

Recent studies showed that a crude extract from the roots of Angelica sinen-
sis mainly consisting of polysaccharides, prevents neutrophil-dependent ulcers,
such as indomethacin- and ethanol-induced damage in rat stomachs [56]. It
also enhances ulcer healing in the gastric mucosa, perhaps through its anti-
inflammatory action. In normal rat gastric epithelial cells, the same type of
extract stimulates cell proliferation and migration [56–58], the two major types
of biological processes responsible for ulcer healing. Furthermore, it was
demonstrated that the action is mediated in part through stimulation of the
expression of epidermal growth factor and c-myc at the ulcer site followed by
activation of ornithine decarboxylase activity [57, 58]. The protection extends
to the liver damage provoked by paracetamol and carbon tetrachloride. This
effect is partially mediated through the inhibition of nitric oxide synthase in
hepatocytes [59]. Polysaccharides from the same herb also inhibit the invasion
and metastasis of hepatocellular carcinoma cells in vitro [60]. In addition to
the polysaccharides from A. sinensis, other natural polysaccharides from plants
have protective effects on the liver. For example, a purified aqueous fraction
from Asparagus racemosus shows potent antioxidant properties in mitochon-
drial membranes isolated from rat liver cells [61] and an aqueous extract from
the seeds of Celosia argentea, containing an acidic polysaccharide, protects
against chemically and immunologically induced hepatitis [62]. Recently, an
aloe vera gel, a mucilaginous aqueous extract, was shown to have therapeutic
potential in inflammatory bowel disease in humans [63].

Phenolic Compounds and Terpenoids from Medicinal Plants

Curcumin and Phenolic Compounds Numerous phenolic substances
present in fruits or medicinal plants have been found to possess potential
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cancer chemopreventive activities [64]. One of these is curcumin, a yellow
pigment isolated from the rhizome of Curcuma longa L., Zingiberaceae, which
is extensively used for imparting color and flavor to food. Although it has been
used as a chemopreventive agent in Asia for years, investigations of its mode
of action remain limited. Turmeric, the powdered form of C. longa, is a tradi-
tional medicinal remedy that exerts an antioxidant effect with antimutagenic
activity [65]. One of the likely reasons for its action is the phenolic nature of
its active ingredient curcumin (diferuloylmethane) and the other curcuminoid
derivatives in the plant extract, such as feruloyl-p-hydroxy-cinamoylmethane
and bis-(p-hydroxy-cinamoyl) methane [66]. Among these, curcumin has been
extensively studied as a chemopreventive agent against cancers in various
models, including its cytotoxicity to human HCT-15 and HT-29 colon cancer
cells [67]. Curcumin is known to have immunomodulatory functions. Studies
revealed upregulation of intestinal mucosal CD4+ T cells and B cells by cur-
cumin, which could be essential for its tumor-inhibitory activity [68].

Chemopreventive activity of synthetic curcumin had been observed in
colon carcinogenesis models [69]. In addition, it had demonstrated anticar-
cinogenic effects on papillomas and squamous cell carcinomas of the fore-
stomach, as well as on adenomas and adenocarcinomas of the duodenum in
mice [70]. Inhibition of cell proliferation and induction of apoptosis via the
Fas signaling pathway had been suggested to be the events responsible for such
effects [71]. Given its specific mode of action, some suggested a correlation
with the modulation of arachidonic acid metabolism [72, 73], while others had
proposed the involvement of nuclear transcriptional factors like AP-1 (acti-
vator protein-1) and nuclear factor-kappaB (NF-kB) [74]. Recent data sug-
gested that IkBa, the inhibitory unit of NF-kB, could be cleaved by caspase-3,
followed by subsequent NF-kB activation and eventually promote tumor cell
death [75]. Other than the transcriptional deactivation pathway, curcumin had
also demonstrated an inhibitory action on intracellular signals from protein
kinase C [76]. All these phenomena imply that inhibition of colon carcino-
genesis by curcumin involves modulation at different cellular and molecular
levels. As a matter of fact, the steps in deregulating signaling pathways and/or
directly modulating gene transcription could theoretically be targeted as
potential sites for chemopreventive intervention. Curcuma extract can be
administered safely to colorectal cancer patients at doses of up to 2.2g daily,
which is equivalent to about 180mg of curcumin [77]. With a clear under-
standing of the precise mechanistic pathways of the chemopreventive actions
exerted by the curcuminoid compounds, Curcuma extract and curcumin will
certainly play a permissive role in the development of target-oriented agents
against colon carcinogenesis and the pathogenesis of other GI cancers.

Licorice and Its Constituents Terpenoids and Polyphenols During the search
for new chemopreventive agents, some plant triterpenoids have been found to
show anticarcinogenic properties. Licorice root (radix Glycyrrhizae glabra) is
one of the oldest and most frequently used botanicals in Chinese medicine. In
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the United States and many Asian countries, licorice products are mostly used
as flavoring and sweetening agents in the food and tobacco industries. Cyto-
toxic and radical scavenging activities of G. radix extract have been reported
[78]. Essential constituents of licorice root include triterpenoids, such as gly-
cyrrhizin and its aglycone glycyrrhizic acid, along with various polyphenols and
polysaccharides [79]. Among these, glycyrrhizic acid (making up 4 to 20 percent
of the root) consists of a glucuronic acid moiety attached to a steroid-like triter-
penoid glycyrrhetinic acid, which could be responsible for the antioxidation
and anti-inflammatory effects (being an inhibitor of both lipoxygenase and
cyclooxygenase). The activation of glucuronidation suggests a possible role in
the induction of xenobiotic detoxification in the liver. Besides its mild estro-
genic effects, glycyrrhizin also encourages the production of hormones such as
hydrocortisone and inhibits cyclooxygenase-2 (COX-2) activity, which may
further explain its anti-inflammatory and anticarcinogenic properties.

Glycyrrhizae radix is the active ingredient in many Chinese/oriental herbal
complex formulations. Experimental studies of these decoctions indicated 
significant potential to inhibit deoxyribonucleic acid (DNA)–synthesizing
enzyme activity in colonic carcinomas [80] and to prevent formation of aber-
rant crypt foci in a colonic carcinogenesis model [81]. A phytopharmaceutical
containing Glycyrrhizae extract (Revitonil tablets) had demonstrated strong
immunostimulating potential [82]. Both licorice root and glycyrrhizin modu-
late immune activity by inducing interferon and interleukin production in mice
[83, 84]. Glycyrrhizin has been reported to stimulate host resistance against
solid tumors as well as to inhibit colon tumor cell activity [85]. However, gly-
cyrrhizin is contraindicated in patients with hypertension, heart failure, renal
diseases, and liver cirrhosis. Deglycyrrhinized licorice is currently under inves-
tigation for its safety and potential clinical use.

Other than glycyrrhizin, about 300 different polyphenols (making up 1 to 5
percent of the root) also possess antioxidative properties and have antitumor
potential [86]. Many of them are flavonoids and isoflavonoids, which have
weaker estrogenic activity than the triterpenoids. Glabridine, a major isofla-
van in licorice root, possesses some estrogen-like activities and a strong
antiproliferative action in human breast cancer cells [87]. Similar effects can
also be produced by the chalcone isoliquiritigenin, despite its smaller quantity
in the licorice root than other flavonoids and triterpenoids [88]. In fact, the
tumor growth inhibition produced by isoliquiritigenin seems to be associated
with its potential in inducing cell cycle arrest [89]. Besides growth inhibition,
isoliquiritigenin also possesses a potent lipoxygenase (LOX) inhibitory effect,
rather than COX inhibition [90]. Another possible antitumor action of
isoliquiritigenin is its antitube formation effect, which contributes much to the
antiangiogenic action of licorice root extract [91]. Alternatively, glabridine and
the isoflavene glabrene had both demonstrated activity against H. pylori. This
could contribute at least in part, to the gastroprotection of the whole extract
of licorice root, which contains chemopreventive agents useful against peptic
ulcer and gastric cancer [92]. Despite there not being much direct evidences
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that nonglycyrrhizin polyphenols from Glycyrrhizae extract can exert anti-
tumor action on GI cancers, the fact that isoliquiritigenin can significantly sup-
press carcinogen-induced aberrant crypt focus formation in mouse colon [93]
is at least an indication of their chemopreventive potential against intestinal
cancers.

Other Herbs with Terpenoids Tripterygium wilfordii Hook F is a Chinese
medicinal herb that belongs to the Celastraceae family. Historically, extracts
of T. wilfordii were used in traditional Chinese medicine and later found to 
be effective in the treatment of inflammatory/autoimmune disorders such 
as rheumatoid arthritis [94]. The polysaccharide moiety from Tripterygium
extract has exhibited profound immunosuppressive properties, inhibiting
tumor necrosis factor-a (TNF-a) and cell adhesion molecule expression in
human monocytes [95]. It is now known that some diterpenoid components
in T. wilfordii such as triptolide exert their anti-inflammatory and immuno-
suppressant effects by inhibiting cytokine production by T lymphocytes [96,
97]. PG490-88 (14-succinyl triptolide sodium salt) is a semisynthetic com-
pound derived from the diterpene triepoxide, or triptolide (PG490), that
comes from the T. wilfordii extract. PG490-88 alone caused a dose-dependent
inhibition of COLO 205 colorectal tumor growth as well as tumor regression.
Moreover, PG490 blocked the induction of NF-kB by TNF-a and p53 tran-
scriptional activity induced by chemotherapy, which implicated its synergistic
action with other DNA-damaging chemotherapeutic drugs [98]. PG490-88 is
now in phase I clinical trials for patients with solid tumors. A recent study had
shown that PG490 inhibits metastasis of solid tumors from the stomach [99].
All these findings indeed illustrate the potential of T. wilfordii and its diter-
penoid component triptolide in treating GI cancers.

The root barks of the Chinese tree Pseudolarix kaempferi (Tujingpi), also
called Golden Larch Bark in the Western world, contains active medicinal
compounds called pseudolaric acids. It is traditionally used in Chinese medi-
cine to treat fungal infections. Pseudolaric acids A, B, C, and D are novel diter-
penes extracted from P. kaempferi. Among these, pseudolaric acid B is the
major antifungal constituent while it also demonstrates cytotoxic action
against colorectal cancer cells [100]. In addition, other novel triterpene lac-
tones isolated from the herb also possessed cytotoxicity against human colon
cancer cells [101]. Recently, it was reported that pseudolaric acid B can act as
a ligand to activate the nuclear peroxisome proliferator activated receptors
(PPAR) a, g, and d [102]. Both gene and protein expressions of the nuclear
hormone receptor PPARg were upregulated in rodent colon tumors and in
certain human colon cancer cells [103]. Since PPARg is a ligand-modulated
transcription factor, it may provide a novel target for chemopreventive strate-
gies for colorectal cancer. The ability of PPARg activation to concomitantly
inhibit COX-2 expression and induce apoptosis in colon cancer cells illustrates
its crucial role in anticarcinogenesis [104]. A similar consequence of PPARg
activation was also observed in human gastric cancer cells through induction
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of apoptosis together with G1 cell cycle arrest [105]. In this respect, it appears
that P. kaempferi and its terpenoid components should be a target for active
investigation for the development of effective chemotherapeutic strategies in
the twenty-first century. The proposed mechanistic actions for the different
terpenoids and phenolic compounds reported in this chapter are summarized
in Figure 22.1.
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This chapter addresses the properties of endocrine hormones, their receptors,
hormone analogs acting as agonists and antagonists, and the potential thera-
peutic applications. The general approach has been to classify the hormones
according to their main, or classical, anatomical origin, although the disease
classification is used in the case of hormones relevant to diabetes mellitus and
obesity. The information is referenced using reviews or, where, appropriate,
primary literature.
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23.1 HYPOTHALAMIC HORMONES, THEIR ANALOGS 
AND ANTAGONISTS

Several peptide hormones are synthesized in the hypothalamus. These include
oxytocin and vasopressin, which are synthesized in the paraventricular and
supraoptic nuclei of the hypothalamus and stored in the posterior lobe of the
pituitary gland, to which they are transported along axons in association with
neurophysins. Oxytocin and vasopressin will be discussed under Neurohy-
pophyseal Hormones (see later). The other hormones of the hypothalamus
have a key role in the regulation of the secretory activity of the anterior pitu-
itary. These are growth-hormone-releasing hormone (GHRH; somatorelin),
thyrotropin-releasing hormone (TRH; protirelin), corticotrophin-releasing
hormone (CRH), and gonadotropin-releasing hormone (GnRH; gonadorelin)
and are secreted into the median eminence from where they are transported
to the anterior lobe of the pituitary along long portal blood vessels. There is
considerable evidence that TRH, GHRH, and CRH not only stimulate secre-
tion of anterior pituitary hormones but also have trophic effects on their target
pituitary cells [1]. The hypothalamic hormones are normally secreted in a pul-
satile manner. This pulsatile nature of secretion is physiologically important,
and alteration in the pulse frequency changes the secretory response of the
anterior pituitary, this being best studied in relation to GnRH [2]. These 
peptides and/or their synthetic analogs are used in clinical practice either as
diagnostic or therapeutic agents [3]. The actions of these hormones, however,
extend beyond their effects on the secretion of the hormones of the anterior
pituitary. Their potential therapeutic applications, and those of their analogs
and antagonists, similarly may be unrelated to the originally identified physi-
ological roles of the hormones.

Thyrotrophin-Releasing Hormone

Thyrotrophin-releasing hormone (TRH; protirelin; thyroliberin) is the major
hypothalamic regulator of the secretion of thyrotrophin [4] and therefore ulti-
mately of the thyroid hormones thyroxine and triiodothyronine. However,
a large amount of TRH is found in other regions of the brain, where it may
modulate other neurotransmitters, with which it may be colocalized, or even
function as a neurotransmitter itself [5]. Many actions other than stimulation
of thyrotrophin secretion have been described for TRH and attributed to 
centrally mediated effects. These include increased arousal/wakefuleness,
improvements in memory and learning, locomotor activation, antidepressant
activity, anticonvulsant activity, antinociceptive activity, reduction in food 
and water intake, increased gastric acid secretion, increased gastrointestinal
contractility, and complex cardiovascular actions [5]. TRH is also found in 
the periphery, especially in the gastrointestinal and genitourinary tracts [5]. It
is inactivated by a selective TRH-degrading ectoenzyme (pyroglutamyl
aminopeptidase II) found on the surface of neurons, which appears to provide
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the only mechanism for inactivating this peptide. The TRH breakdown
product cyclo(His-Pro) (histidyl proline diketopiperazine) has both agonist
and antagonist activity at the TRH receptor.

Thyrotropin-Releasing Hormone Receptors TRH acts through two G-
protein-coupled receptors, TRH-R1 and TRH-R2, which show different dis-
tributions in the brain and periphral tissues but which show identical affinities
for TRH and its analogs [6]. These receptors are coupled through Gaq/Ga11

to the phospholipase C-activated hydrolysis of phosphatidylinositol.
The widespread actions suggest that there may be many interesting poten-

tial therapeutic applications and the pharmacology of TRH is in its infancy.
Orally active analogs (e.g., taltirelin; CG-3703) have been produced and shown
to increase wakefuleness in a canine model of narcolepsy and to be neuro-
protective [7, 8].

Corticotrophin-Releasing Hormone

Corticotropin-releasing hormone, also known as corticotropin-releasing factor
(CRF) is a hypothalamic hormone that acts on the anterior pituitary to stim-
ulate the secretion of corticotropin, thereby playing a key role in regulating
the synthetic/secretory activity of the adrenal cortex [9]. CRF is also widely
distributed in the central nervous system and in the periphery, and its func-
tions probably extend beyond its role in stimulating corticotropin secretion.
For example, its release activates the sympathetic nervous system, and thus
the hormone is pivotal to the entire stress response. In addition to regulating
the stress response, CRF and related peptides have a wide variety of actions
in the central nervous system and in the periphery, possibly regulating anxiety,
mood, feeding, inflammation, gastric emptying, and blood pressure [10]. There
is considerable evidence for a link between hyperactive CRF pathways and
depression and anxiety. At least three, additional, naturally occurring, related
mammalian peptides are now known. These are urocortin, stresscopin/
urocortin III (SCP/UCNIII), and stresscopin-related peptide/urocortin II
(SRP/UCNII). Urocortin is also distributed throughout the central nervous
system and in the periphery, but its central distribution is more restricted than
that of CRF, being expressed strongly in the Edinger–Westphal nucleus and
the lateral superior olive, where CRF is not expressed [11]. Urocortin is 
also found in the hippocampus, basal ganglia, medial septum, paraventricular
nucleus, and the lateral hypothalamus [12].

Corticotropin-Releasing Factor Receptors Two main CRF receptors have
been identified, CRF1 and CRF2, for which the endogenous ligands show dif-
ferent selectivities. CRF has a much higher affinity (13 to 17-fold) for the CRF1

receptor relative to the CRF2 receptor [10]. There are at least two subtypes of
the CRF2 receptor, CRF2A and CRF2B [10]. Both CRF receptors are G-protein-
coupled, seven-transmembrane receptors, signaling mainly through Gs to
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increase cyclic adenosine monophosphate (cAMP) but also through Gq,
activating the phospholipase C pathway [10].

Actions of CRF and Related Peptides Numerous studies have characterized
the role of CRF in coordinating the behavioral and cardiovascular responses
to stress [12, 13]. Central, but not systemic, administration of CRF produces
behavioral activation (e.g., increased locomotor activity) in a range of species.
It suppresses food intake and enhances behavioral responses to stress [12].
Urocortin also elevates plasma corticotrophin when administered into the rat
brain, and stress results in increased urocortin messenger ribonucleic acid
(mRNA) expression in the hypothalamus and midbrain, suggesting a role for
urocortin in regulating the stress response [12].

The cardiovascular effects of CRF depend on its route of administration.
Intracerebroventricular administration in all species produces increases in
blood pressure, heart rate, and cardiac output mediated by activation of the
sympathetic nervous system [13]. On the other hand, a species-dependent
hypotensive effect is observed on peripheral injection [13]. CRF, in high doses
in the human, appears to have vasodilator effects [13], and this may contribute
to hypotension, causing syncope. The cardiovascular actions of peripherally
administered urocortin are more marked than those of CRF. In rats and 
mice, urocortin produces a long-lasting hypotensive effect, mediated through
vasodilatation, and an increase in heart rate [13], although in the sheep, uro-
cortin increases blood pressure due to a pronounced increase in cardiac
output, resulting from a direct effect in increasing cardiac contractility. The
peripheral cardiovascular actions of urocortin appear to be mediated by the
CRF2 receptor [13]. Urocortin is also cardioprotective against ischemia, an
effect mediated through the CRF2 receptor [11]. Like CRF, urocortin has been
shown to have a number of central and peripheral actions. Thus in various
species it suppresses appetite, delays gastric emptying, increases locomotor
activity, and is anxiogenic [11, 13].

Although an anti-inflammatory effect of CRF would be anticipated through
release of adrenal glucocorticoids, CRF also has direct effects in augmenting
proinflammatory cytokine (TNFa, IL-1b) production from macrophages [14].
Urocortin also exerts direct proinflammatory effects and produced mast cell
degranulation and an increase in vascular permeability in rat skin [15].

Effects on nonvascular smooth muscle may also be important. Incubation
of human myometrial cells with CRF, but not urocortin II or urocortin III, for
8 to 16h significantly induced mRNA and protein expression of constitutive
but not inducible nitric oxide synthase (NOS) isoforms. This action resulted
in increased activity of soluble guanylyl cyclase. CRF also caused acute acti-
vation of the membrane-bound guanylyl cyclase. These effects appeared to be
mediated via the CRF1 receptor [16].

Therapeutic Applications The only current use of CRF is in the differential
diagnosis of Cushing’s syndrome/Cushing’s disease and other adrenal disor-
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ders [17]. Patients with pituitary Cushing’s disease show an exaggerated
increase in plasma corticotrophin and cortisol concentrations in response to
CRF injection, whereas those with Cushing’s syndrome of adrenal origin, or
with the ectopic adrenocorticotropic hormone (ACTH) syndrome, show no
response. In normal humans, the disappearance curve of ovine CRF from
plasma was biexponential, with a plasma half-life of ~6 to 12min for the fast
component and ~55 to 75min for the slow component [18, 19]. The long half-
life appears to be associated with a prolonged biological effect.

Corticotrophin-Releasing Factor Antagonists There is enormous interest in
developing selective antagonists at the CRF1 receptor because of their poten-
tial as anxiolytics and antidepressants.

Antalarmin is a selective antagonist at the CRF1 receptor. It appears to 
be highly selective for the CRF1 receptor and potently (Ki 1.3 to 1.9nM) 
competes for binding with 125I-labeled ovine CRF in tissues expressing pre-
dominantly CRF1 receptors and does not displace CRF in the heart, which
expresses predominantly CRF2 receptors [20].

Chronic administration of antalarmin to rats produced effects consistent
with antagonism of the hypothalamic-pituitary-adrenal (HPA) axis, that is,
reductions in plasma concentrations of corticotropin and corticosterone and
signs of chronic understimulation of the adrenal cortex (reduced width and
vascularization of the zona fasciculata; increased number of apoptotic cells in
the zona fasciculata) [22]. It also inhibited CRF-induced corticotropin release
[20]. Antalarmin inhibited restraint-stress-induced gastric ulceration in rats
[23] and ameliorated the behavioural changes produced in the chronic mild
stress model of depression in mice [21].

Consistent with direct proinflammatory effects of endogenous CRF via the
CRF1 receptor, antalarmin significantly inhibited carageenin-induced subcu-
taneous inflammation in rats [20] and adjuvant arthritis in rats [24] and also
prolonged survival in a mouse model of endotoxin shock [14]. It also antago-
nized the endogenous CRF-like peptide urocortin in producing an increased
vascular permeability in rat skin [15].

R121919 is a nonpeptide, water-soluble pyrrolopyrimidine that binds with
high affinity to human CRF1 receptors [10]. It is an antagonist at CRF1 recep-
tors and was shown to be antidepressant in a clinical study [25].

CP-154,526 is a nonpeptide antagonist at CRF1 receptors is closely related
to antalarmin. It antagonizes CRH- and stress-induced neuroendocrine and
behavioral effects and has also been shown to be antidepressant in a rat model
[26].

Antagonists at the CRF2 Receptors The peptide antisauvagine-30 is more
than 300-fold selective for the CRF2 receptor compared with the CRF1

receptor. Currently, there are no nonpeptide antagonists at the CRF2

receptor [27].
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Growth-Hormone-Releasing Hormone

Growth-hormone-releasing hormone (GHRH; somatorelin) is a potent stim-
ulator of the secretion of somatotropin. GHRH acts via a G-protein-coupled
receptor to stimulate the synthesis and secretion of GH via activating adeny-
lyl cyclase and increasing cAMP [28]. It also potently activates the MAP kinase
pathway in pituitary somatotrophs. A synthetic analog, sermorelin, which 
has an amino acid composition identical to the N-terminal 29 amino acids of
natural GHRH, is used in the diagnosis of abnormalities of GH secretion. A
number of peptide antagonists of GHRH (e.g., MZ-5-156; JV-1-36) have been
synthesised and have been shown not only to suppress GH secretion but also
to inhibit the growth of a number of tumors in vivo and in vitro [29].

Gonadotrophin-Releasing Hormone

Gonadotrophin-releasing hormone (GnRH; gonadorelin) is secreted by the
hypothalamus and regulates the secretion of the pituitary gonadotrophins 
follicle-stimulating hormone (FSH) and luteinizing hormone (LH) [30]. These
hormones in turn regulate the secretory and gametogenic functions of the
ovaries and testes. Administration of GnRH produces a rapid rise in the
plasma concentrations of both FSH and LH. Several synthetic analogs (trip-
torelin, goserelin, histrelin, buserelin, deslorelin, leuprorelin, and nafarelin)
have been developed. These are also agonists at the GnRH receptor, which 
is a G-protein-coupled (Gq/11) receptor but are more potent than the native
hormone and are more resistant to proteolysis. For example, goserelin and
buserelin are 20 times more potent than GnRH, while histrelin is 150 to 200
times more potent than the native hormone [3, 31]. Like GnRH they bind with
high affinity to the GnRH receptor on anterior pituitary cells (e.g., [32]) and
acutely stimulate the secretion of LH and FSH. However, prolonged, contin-
uous exposure leads to inhibition of secretion by desensitization of the pitu-
itary gonadotropes [33, 34]. There is evidence for direct effects on the ovaries
[35] and on tumor cells [36, 37]. High concentrations (10-4 M) of triptorelin
had a direct inhibitory effect on the growth of an actively proliferating andro-
gen responsive-prostatic cell line, an effect that was inhibited by the GnRH-
receptor antagonist cetrorelix, while low concentrations (10-7 M) promoted
growth [37].

A second form of GnRH has been identified in the brain, peripheral
nervous system and other tissues and is referred to as GnRH-II. There is a
distinct receptor for this hormone, which is distributed in the brain similarly
to GnRH-II, especially in areas associated with sexual arousal. It is also 
found in reproductive tissues. Its function is unknown. GnRH-II stimulates
gonadotrophin secretion through the GnRH-I receptor [38].

Therapeutic Applications Although GnRH agonists acutely stimulate the
secretion of gonadotropins and have been used to induce ovulation, their main
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therapeutic uses depend on the downregulation of the GnRH receptor func-
tion on the pituitary gonadotropes that occurs during continuous administra-
tion, with the resultant inhibition of gonadotropin secretion and, therefore, the
inhibition of the follicular development in the female and inhibition of gonadal
steroid hormone production in both sexes [39]. This is seen both in the human
and in experimental animals. For example, a single injection of microencap-
sulated histrelin [10 to 300 mg/kg subcutaneous (SC)] induced a dose-
dependent disruption of normal estrous cyclical activity in rats, resulting in
persistent diestrous-like vaginal cytology. Desensitization was preceded by
stimulation; LH secretion was maximal within 8h and then gradually declined,
remaining at diestrous levels from days 7 to 28 [40]. This desensitization forms
the basis of their current and potential clinical applications in the treatment
of endometriosis, uterine leiomyoma (fibroids), malignant neoplasms (espe-
cially prostatic carcinoma), central precocious puberty, and in assisted repro-
duction protocols. Deslorelin is used currently primarily in veterinary practice
to induce ovulation in mares and cattle [41]. GnRH agonists have been pro-
posed as potential contraceptive agents, although this use remains experi-
mental. Because they are peptides, they cannot be given by mouth, but some
(e.g., buserelin, nafarelin) are available as nasal sprays. Predictably, women 
may experience menopausal-like symptoms (hot flushes, increased sweating,
vaginal dryness, dyspareunia, loss of libido) some weeks after starting 
treatment. Withdrawal bleeding may occur during the first few weeks of treat-
ment and breakthrough bleeding may occur during prolonged treatment. Pro-
longed treatment for several months (as in the treatment of endometriosis)
leads to significant loss of bone density [42]. Men being treated for prostatic
carcinoma may experience dangerous, and sometimes painful, disease flare
and bone pain at the initiation of treatment, as a consequence of the agonist
action producing a transient increase in androgen secretion. This may be 
minimized by the initial use of an antiandrogen, such as flutamide or cypro-
terone [43].

Gonadotropin-Releasing Hormone Antagonists While the continuous
administration of GnRH agonists is highly effective in downregulating of the
GnRH receptor function on the pituitary gonadotropes, these agents have 
the major, although predictable, disadvantage of initially stimulating the recep-
tors, this being responsible for the initial disease flare seen in men being
treated for prostatic carcinoma. Thus, peptide antagonists of GnRH have 
been developed. Early attempts to produce effective antagonists resulted in 
compounds that produced marked histamine release, as a result of mast cell
degranulation [44, 45]. The antagonists that have been developed include
cetrorelix and ganirelix, which are both currently available for clinical use,
as well as antide, degarelix, abarelix, and antarelix. Unlike the GnRH 
agonists these compounds are devoid of any initial stimulatory actions.
Because these agents are peptides, they still require to be administered par-
enterally. Potent, selective nonpeptide antagonists are under development,
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some of which (CMPD1, NBI-42902, and TAK-013) are intended for oral
administration [38].

Somatostatin

Somatostatin is a naturally occurring peptide found throughout the central
and peripheral nervous systems, the D cells of the pancreatic islets and 
gastrointestinal tract, and in many other structures. It inhibits the secretion of
growth hormone (GH; somatotropin), insulin, glucagon, and gut hormones and
is generally inhibitory to gastrointestinal motility and exocrine secretion [46].
Somatostatin also has a pronounced antiproliferative effect and promotes 
cellular apoptosis. It exists as two active forms—somatostatin-14 and 
somatostatin-28. Its secretion is regulated by many humoral, neural, and nutri-
ent factors [46].

Somatostatin Receptors The actions of somatostatin are mediated via high-
affinity, membrane-bound, G-protein-coupled somatostatin receptors (SSTRs)
of which five subtypes have been identified (SSTR1 to SSTR5). These sub-
types have different tissue distribution and show somewhat different binding
affinities (in the nanomolar range) for somatostatin-14 and somatostatin-28
but very marked differences in affinities for somatostatin analogs such as 
lanreotide and octreotide [46].

The intracellular signaling pathways mediating the effects of somatostatin
is complex. All five receptors are negatively coupled to adenylyl cyclase, and
the inhibitory actions of somatostatin on hormone secretion are mediated via
inhibition of cyclic-AMP formation, activation of potassium channels, reduc-
tion in intracellular Ca2+, and activation of the serine/threonine protein phos-
phatase calcineurin [46]. The antiproliferative effects of somatostatin may be
mediated via activation of protein tyrosine phosphatases (SHP-2).

Somatostatin Analogs Two synthetic somatostatin analogs are currently
available for clinical use, lanreotide and octreotide, while a third, vapreotide,
is undergoing clinical evaluation. Both bind with high affinity to somatostatin
receptors (SSTRs), showing high selectivity for SSTR2 and SSTR5 relative 
to other SSTRs [46]. In clonal (CHO)-K1 cells stably expressing hSSTRs1–5
the binding affinities of lanreotide, expressed as IC50 values, are 0.75nM 
at SSTR2 and 5.2nM at SSTR5 (IC50), compared with 2330nM at SSTR1,
107nM at SSTR3, and 2100nM at SSTR4. Its EC50 in inhibiting growth
hormone secretion from primary human fetal pituitary cultures was 2.3nM
[47]. The affinities of octreotide for these receptors in the same system were
similar.

Several nonpeptide agonists have been synthesized. Some of these have
markedly different binding affinities for different somatostatin receptors. Thus
L-797, 591 shows very high affinity for the SSTR1 receptor (IC50 1.4nM),
with 120-fold selectivity for this receptor compared with, SSTR4, 1300-fold
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selectivity compared with SSTR2, 1600-fold selectivity compared with SSTR3,
and 2570-fold selectivity compared with SSTR5 [46]. Others in the same 
series showed high selectivity for SSTR2 (L-779, 976), SSTR3 (L-796, 778),
and SSTR4 (L-803, 087). L-817, 818 shows very high affinity for SSTR5, with
8-fold selectivity compared with SSTR1 and about 130 to 200-fold selectivity
compared with SSTR2, SSTR3, and SSTR4. These agents are now being used
to obtain information about the somatostatin receptor subtypes that mediate
the many effects of this hormone.

Somatostatin Receptor Antagonists Peptides have been developed that are
antagonists at somatostatin receptors. CYN-154806 is a potent octapeptide
antagonist at the SST2 receptor, with at least 100-fold lower potencies at other
receptor subtypes [48]. Others peptides have been developed with high selec-
tivity for SSTR3 [49].

SRA880 was the first selective nonpeptide antagonist at the SSTR1 recep-
tor to be developed. It is a competitive antagonist at the SSTR1 receptor with
much lower affinities for the other receptor subtypes [50]. Similarly, non-
peptide (BN81644 and BN81674) antagonists have been developed with high
affinity for the SSTR3 receptor [51].

The further development of potent and selective agonists and antagonists
at the somatostatin receptor will enable a full exploration of the role of somato-
statin and in developing novel therapies. Although it is clearly of enormous
value to have highly selective agonists, there is also an argument for develop-
ing agonists with a broad spectrum of receptor activity, as they may be useful
in neuroendocrine tumors expressing multiple somatostatin receptors.

Therapeutic Applications Lanreotide and octreotide are used to treat
acromegaly and neuroendocrine tumors, especially symptoms associated with
carcinoid tumors with features of carcinoid syndrome, VIPomas, glucagono-
mas, and the Zollinger-Ellison syndrome. They have also been used for many
other conditions including the control of bleeding of esophageal varices, diar-
rhea due to acquired immunodeficiency syndrome (AIDS) or chemotherapy,
and breast cancer. In patients with acromegaly, lanreotide provides consistent
suppression of GH levels to <5mU/L in approximately 50 to 65 percent of all
cases [52]. Most neuroendocrine gastrointestinal tumors express somatostatin
receptors, and these somatostatin analogs produce clinical improvement medi-
ated via a direct inhibitory effect on hormone production from the tumors 
in 30 to 70 percent of patients. Induction of tumor cell apoptosis has been
described when high doses of lanreotide (12mg/day) are administered. Even-
tually, however, all patients show escape from the therapy with regard both to
hormonal production and tumor growth [53]. Radiolabeled lanreotide and
octreotide may be used for the diagnosis and treatment of neuroendocrine
tumors [52]. Somatotostatin-receptor binding peptides have been developed
containing a chelator to enable radiolabeling and an apoptosis-inducing
peptide [54].
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23.2 ANTERIOR PITUITARY HORMONES

The anterior pituitary synthesizes and secretes a number of hormones, many
of which are directly involved in the regulation of other endocrine glands.
These include thyrotrophin (thyroid-stimulating hormone; TSH), corti-
cotrophin (adrenocorticotrophic hormone; ACTH), and the two gona-
dotrophins, follicle-stimulating hormone (FSH) and luteinizing homone (LH).
The other major hormones of the anterior pituitary are growth hormone (GH;
somatotropin) and prolactin. Anterior pituitary hormones, or their human
recombinant analogs, are used where there is a deficiency in the particular
anterior pituitary hormone (e.g., somatotropin deficiency) or where an
enhanced activity of the endogenous hormone is required to produce a 
therapeutic action.

Growth Hormone (Somatotropin)

Growth hormone is secreted in a pulsatile manner from the anterior pituitary
gland. Its secretion is regulated by a balance between the actions of the stim-
ulatory GHRH and the inhibitory somatostatin. Moreover, a third hormone,
ghrelin, which is abundantly expressed in the stomach and present in the hypo-
thalamus is also a potent stimulator of GH secretion. About 45 percent of the
hormone in the circulation is bound to a binding protein, which is similar to
the extracellular domain of the growth hormone receptor and which markedly
(10-fold) prolongs the half-life of the circulating hormone. Its effects are medi-
ated by a specific GH receptor, one molecule of somatropin binding to two
GH receptors, with the formation of a ligand-occupied receptor dimer [55]. Its
actions are numerous and the GH receptor is expressed ubiquitously. Actions
include stimulation of lipolysis, increased amino acid transport into muscle
cells, chondrocyte clonal expansion, phosphorus retention by the kidney,
increased calcium and phosphate absorption from the small intestine,
increased synthesis of 1,25 dihydroxyvitamin D3, and promotion of linear
growth in bones. It has direct actions on adipocytes (increasing lipolysis) and
on hepatocytes (increasing gluconeogenesis).

Many, but not all, of the actions of somatotropin are mediated by two
factors, now known as insulin-like growth factor I (IGF-I, somatomedin C)
and insulin-like growth factor II (IGF-II, somatomedin A) [56]. These factors
are probably produced in all tissues, although the liver is probably the major
source of circulating hormones. The IGFs are structurally related to proinsulin
and act through similar receptor mechanisms, although having their own,
distinct high-affinity receptors [56]. There are six high-affinity serum binding
proteins that modulate the actions of the IGFs, either increasing or decreas-
ing their effects [57]. The IGFs play a key role in preadolescent growth,
produce rapid metabolic effects, and have long-term, autocrine growth-
promoting actions [58]. IGF-I also regulates the secretion of somatotropin 
by a negative feedback effect.
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Therapeutic Applications Somatropin (human recombinant growth
hormone) is used before epiphyseal fusion for the treatment of short stature
due to decreased or absent secretion of endogenous hormone or due to
gonadal dysgenesis. The response is monitored by determination of the serum
concentration of IGF-I. It is also used to treat wasting associated with AIDS
and severe illness. Because of its anabolic actions, it is prone to abuse by 
athletes. Overdose will induce symptoms of acromegaly.

Pegvisomant—An Antagonist at the Growth Hormone Receptor Pegvisomant
is a novel recombinant, polypeptide GH analog with nine mutations, eight of
which increase the affinity for the GH receptor. However, the mutation at
gly(120) to Arg(120) prevents dimerization of the receptor and results in GH
antagonism. The mutated protein is covalently bound to polyethylene glycol,
reducing renal clearance and prolonging its biological half-life [59]. It sup-
presses IGF-I secretion in normal subjects [59] and, importantly, in patients
with acromegaly [60]. Pegvisomant suppresses serum IGF-I, producing nor-
malization and improvement in symptoms in around 97 percent of patients
with acromegaly. In terms of IGF-I normalization, it is the most effective treat-
ment to date [61].

Follicle-Stimulating Hormone

One of two gonadotrophins (the other being luteinizing hormone, or LH)
secreted by the anterior pituitary, FSH is a glycoprotein, the a chain of which
is identical to that of LH, the receptor selectivity being conferred by the 
b chain. Follitrophin is recombinant follicle-stimulating hormone. Two fol-
litrophins are available (follitrophin a and follitrophin b), which differ slightly
in their carbohydrate structures. Its actions are those of FSH, which stimulates
the development, maturation, and secretory activity of the follicles in women
and spermatogenesis in men.

Follicle-Stimulating Hormone Receptors Follitrophin produces its effects
by activating the FSH receptor, a G-protein-coupled receptor with a large
extracellular domain. Activation of the receptor leads to increased cAMP for-
mation [62]. Although currently there are no readily available FSH receptor
antagonists, a selective antagonist, (7-[4-[Bis-(2-carbamoyl-ethyl)-amino]-6-
chloro-(1,3,5)-triazin-2-ylamino)-4-hydroxy-3-(4-methoxy-phenylazo)-
naphthalene]-2-sulfonic acid), at the human and rat FSH receptor has been
developed that prevents FSH-induced cAMP accumulation and steroidogen-
esis in vitro, as well as inhibiting ovulation in rats [63].

Therapeutic Applications The main use of FSH is in the treatment of female
infertility, either where ovulation does not occur spontaneously, including
women with polycystic ovarian disease, or to produce controlled ovarian
hyperstimulation to induce the development of multiple follicles in medically
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assisted reproduction (e.g., in vitro fertilization and embryo transfer) [64]. An
ovarian hyperstimulation syndrome may occur in ~8.6 percent of patients
receiving recombinant FSH [65]. It may also be effective in male infertility in
patients with severe isolated hypogonadotropic hypogonadism, in whom sper-
matogenesis could be achieved after 18 months of treatment with follitrophin,
preceded by 6 months of treatment with hCG (LH) [66].

Luteinizing Hormone

Luteinizing hormone is the second of the two gonadotrophins secreted by the
anterior pituitary. It is a glycoprotein, the a chain of which is identical to that
of FSH, the receptor selectivity being conferred by the b chain. Human chori-
onic gonadotrophin (which mimics luteinizing hormone) has been widely
used, but human recombinant LH is now available. Its main use is in combi-
nation with FSH in the treatment of female infertility, either where ovulation
does not occur spontaneously, including women with polycystic ovarian
disease, or to produce controlled ovarian hyperstimulation to induce the
development of multiple follicles in medically assisted reproduction (e.g., in
vitro fertilization and embryo transfer) [3].

The LH receptor is a G-protein-coupled receptor, stimulation of which 
activates adenylyl cyclase, increasing levels of cAMP, as well as activating
phospholipase C [67]. In the latter respect the LH receptor differs from the
FSH receptor. Chorionic gonadotrophin has high affinity for the LH receptor
but is much less active at the FSH receptor. There do not appear to be any
LH receptor antagonists.

23.3 NEUROHYPOHYSEAL HORMONES

The neurohypophysis releases oxytocin and vasopressin (arginine vasopressin
in most mammals), which are cyclic nonapeptides synthesized in the paraven-
tricular and supraoptic nuclei of the hypothalamus, from where they are trans-
ported along neurons for storage in, or release from, nerve terminals in the
posterior lobe of the pituitary. They are transported in neurosecretory vesicles
with their carrier proteins neurophysin I and neurophysin II. Both are 
powerful smooth-muscle contractants, but they have distinctive individual
physiology and their actions are mediated via different receptors. Like 
other hypothalamic hormones, their biology extends far beyond their classical
endocrine actions.

Vasopressin

The classical endocrine functions of vasopressin are the facilitation of water
reabsorption by the kidney and the contraction of vascular smooth muscle
cells, vasopressin being one of the most potent circulating pressor peptides
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[68]. Vasopressin is now also recognized, along with CRF, as a physiological
regulator of corticotropin secretion. It has numerous nonendocrine actions
and acts as a neurotransmitter in the central nervous system [69]. In the latter
context it can modulate social behavior in a variety of species [70] and influ-
ences memory [71]. Vasopressin increases the release of von Willebrand factor
and Factor VIII from the vascular endothelium.

Vasopressin has been implicated in congestive heart failure and in 
depressive and anxiety disorders. Thus it has become increasingly important
to understand the receptors mediating the effects of vasopressin and 
therefore to develop selective agonists and antagonists at the various 
receptors.

Receptors Mediating the Effects of Vasopressin Three main receptors have
been identified, referred to as V1a, V1b, and V2 receptors. The receptors show
marked species variability, such that, for example, agonists that are highly
selective for the human form of a particular subtype may be nonselective and
much less potent at the rat form. Vasopressin receptors are G-protein-coupled
receptors, but the different receptors are coupled through different G proteins.
Thus the V2 receptor is coupled through Gs and activates adenylyl cyclase,
increasing the production of cAMP. On the other hand, the V1a and V1b recep-
tors are coupled through Gq/11, and its activation results in increased hydroly-
sis of phosphatidylinositol [72].

The V2 vasopressin receptor is present in the collecting duct of the kidney,
where it mediates vasopressin-induced antidiuresis, maintaining normal
plasma osmolality, blood volume, and blood pressure. Activation of this recep-
tor results in the incorporation of the water channel aquaporin-2 into the
apical membrane of collecting duct cells [73]. Contraction of vascular smooth
muscle cells is mediated via the V1a vasopressin receptor and stimulation of
corticotropin secretion by the V1b receptors [69]. Stimulation of the release of
factor-VIII-related antigen and von Willebrand factor from vascular epithe-
lium is mediated by V2 receptors.

Agonists and Antagonists at Vasopressin Receptors d[d-3-Pal2]VP
(Deamino[d-3-(pyridyl)Ala2,Arg8]VP) is a full agonist at the pituitary in stim-
ulating the secretion of corticotrophin [74]. It is a V1b vasopressin receptor
agonist, a weak V2 vasopressin receptor agonist, and a weak V1a vasopressin
receptor antagonist in the rat [75].

F-180, a vasopressin (VP) structural analog, shows high binding affinity 
(Ki = -11nM) for the human and bovine V(1a) receptor subtype and is selec-
tive for this receptor subtype, at which it is potent in stimulating the accumu-
lation of inositol phosphate [76]. It shows more than 400-fold selectivity for
the V1a compared with V1b receptors and even higher selectivity relative to the
V2 receptor. At the oxytocin receptor it behaves as an antagonist. However,
it has only weak affinity for the rat V1a receptor. F-180 is the first selective V1a

agonist described for human and bovine vasopressin receptors.
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Chlorpropamide, the antidiabetic sulfonylurea, is known to augment 
vasopressin-mediated antidiuresis, and it has been used to treat cranial dia-
betes insipidus but is ineffective in patients with nephrogenic diabetes
insipidus. It was shown to be a weak inverse agonist for the V2 vasopressin
renal receptor and to upregulate vasopressin receptors both in vivo and in
vitro incubation [77].

SSR149415 was the first nonpeptide, orally active drug with nanomolar,
selective affinity for mammalian V1b receptors. It exhibits potent antagonist
properties both in vitro and in vivo, antagonizing effects of vasopressin in
increasing intracellular [Ca2+], promoting platelet aggregation, stimulating vas-
cular smooth muscle cell proliferation, producing hypertension, and causing
coronary vasospasm. It displays potent anxiolytic and antidepressant-like
activities [78].

SR121463 is a highly selective, orally active V2 receptor antagonist and pos-
sesses powerful oral aquaretic properties in various animal species and in
humans. SR121463 is well-tolerated and dose dependently increases urine
output and decreases urine osmolality. Other orally active V2 receptor antag-
onists are OPC-31260, OPC-41061 (tolvaptan), VPA-985 (lixivaptan),
SR121463, VP-343, and FR-161282. YM-087 (conivaptan), JTV-605, and CL-
385004 are mixed V1a/V2 receptor antagonists [79].

Therapeutic Applications Vasopressin itself and its analog dDAVP are used
for the treatment of central diabetes insipidus, which results from inadequate
secretion of the antidiuretic hormone. Peptide analogs have variable bioavail-
ability even via the intranasal route and orally active, nonpeptide agonist
agents, such as OPC51803, are needed.

Another use of vasopressin analogs is in acute variceal hemorrhage, in
which condition terlipressin (triglycyl lysine vasopressin), the synthetic analog
of lysine vasopressin (the porcine vasopressin), is frequently used. DDAVP
(desmopressin-1-deamino, 8-d-arginine vasopressin—dDAVP), a selective V2

agonist, is used widely to treat von Willebrand disease, hemophilia A, and
several platelet disorders. Its actions in these conditions may be mediated by
stimulating the release of Factor-VIII-related antigen from vascular epithe-
lium and Factor VIII coagulant activity from liver and other unidentified sites,
in addition to stimulating the release of von Willebrand factor and tissue plas-
minogen activator [80, 81].

As indicated above, selective and orally active compounds are now avail-
able. These will provide new information about the pathophysiological role of
vasopressin, as well as providing new therapies. V2 receptor blockade could be
of interest in several water-retaining diseases such as the syndrome of inap-
propriate antidiuretic hormone secretion (SIADH), liver cirrhosis, and con-
gestive heart failure. Nonpeptide vasopressin V2 receptor antagonists have
shown beneficial effects in rat, canine, and porcine models of congestive heart
failure and have reached phase II and phase IIIa stages of clinical develop-
ment, in which they were shown to improve fluid status, osmotic balance, and
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hemodynamic status [82]. The anxiolytic and antidepressant properties of V1b

receptor antagonists suggest that this class of drugs has potential in the treat-
ment of stress-related disorders, anxiety, and depression [78].

Oxytocin

The classical effects of oxytocin are stimulation of uterine contractility, par-
ticularly in the later stages of pregnancy and the ejection of milk from the lac-
tating mammary gland in response to suckling. However, oxytocin receptors
are very widely distributed in the brain and in peripheral tissues and numer-
ous other actions have been described including anxiolytic effects, induction
of maternal behavior, satiety, stimulation of insulin and glucagon secretion,
natriuresis, impairment of memory, control of reproductive behavior, analge-
sia, and central control of the cardiovascular system. It has been implicated in
penile erection [83] and seminal ejaculation [84]. Not all of these actions 
are seen in all species and their physiological importance remains to be 
established.

Receptors Mediating the Effects of Oxytocin Unlike vasopressin, there
appears to be only one oxytocin receptor, which is a G-protein-coupled recep-
tor coupled to Gq/11 and stimulating phospholipase C, resulting in the genera-
tion of inositol trisphosphate and diacylglycerol [85]. Oxytocin has also been
shown to induce desensitization of the oxytocin receptor, which occurs in a
time span that would be relevant to clinical use [85]. However, the overall
response to oxytocin (OT) is influenced by the hormonal milieu, in particular
the estrogen/progesterone ratio [86]. Thus estrogens stimulate OT receptor
expression in uterus, pituitary, kidney, and the ventromedial nucleus of the
hypothalamus. On the other hand, the very high concentrations of proges-
terone produced by the placenta during pregnancy may block oxytocin recep-
tor signaling in the uterus through a nongenomic mechanism, and this may
contribute to uterine quiescence [85].

Agonists and Antagonists at the Oxytocin Receptor [Thr4,Gly7]OT is a
potent oxytocic agent that is a useful pharmacological tool [87]. It is very selec-
tive for the rat, but not the human, oxytocin receptor, having no vasopressor
or antidiuretic activity. It has high affinity for hippocampal oxytocin receptors
and a very low affinity for central vasopressin and peripheral V1a, V1b, and V2

vasopressin receptors.
Atosiban is a synthetic analog of oxytocin and acts as a competitive antag-

onist at the oxytocin receptor. Blockade of this receptor prevents oxytocin
from stimulating inositol triphosphate production and inhibits influx of
calcium into myometrial cells. The oxytocin-driven release of prostaglandins
is also prevented [88].

Therapeutic Applications of Oxytocin and Its Antagonists Oxytocin is prin-
cipally used to induce or augment labor and in the treatment or prevention of
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postpartum hemorrhage. The antagonist atosiban is used in the management
of preterm labor (labor occurring before 37 weeks of gestation), where it can
be used to delay imminent preterm labor from 24 to 33 weeks of gestation,
thereby improving neonatal survival. It may be as effective as b2-agonists, such
as ritodrine, but is associated with fewer cardiovascular side effects [89, 90].
Myometrial sensitivity to oxytocin increases with increasing gestational age,
as the receptor is progressively upregulated and atosiban is much more effec-
tive in later pregnancy [91].

23.4 THYROID HORMONES AND DRUGS MODULATING
THYROID FUNCTION

Thyroxine (T4) and tri-iodothyronine (liothyronine, T3) are synthesized in 
the follicular epithelial cells from tyrosine residues found in the thyroid
protein thyroglobulin. Iodide transport is a key step in the biosynthesis of 
T4 and T3, and it is actively transported into thyroid follicle cells by a mecha-
nism that selectively concentrates iodide against a large concentration 
gradient [92]. The transporter co-transports Na+ and iodide and is referred to
as the sodium/iodide symporter [92]. Tyrosine residues are iodinated to form
mono- and di-iodotyrosines, which then undergo oxidative coupling to form
the active hormones, which are then stored as part of the thyroglobulin 
molecule within the thyroid follicle. Thryoglobulin, containing the attached
thyroid hormones, is secreted at the apical surface of the thyrocytes into 
the follicle lumen, where it is stored. Thyroid hormone synthesis and secretion
are controlled by the anterior pituitary, which secretes thyrotropin under 
the influence of the hypothalamic hormone thyrotropin-releasing hormone
(protirelin; TRH).

T4 is the main secretory product of the thyroid follicle cells and is converted
to the active hormone, T3 in the tissues under the influence of microsomal 
deiodinase enzymes which remove the iodine from the “outer” ring (5¢-
deiodination). Removal of the iodine from the “inner,” tyrosyl ring (5-deio-
dination) produces an inactive substance known as reverse tri-iodothyronine
(rT3) [94]. T4 is highly (>99 percent) bound to plasma protein (mostly to
thyroid-binding globulin and transthyretin), with only a small amount of free
hormone (FT4) being available for biological activity.

The liver is a major site of metabolism, although deiodination to T3 proba-
bly occurs in most tissues [93]. In the presence of normal thyroid function, the
plasma half-life of thyroxine is about 6 to 7 days, while that of T3 is about 1 to
2 days.

Receptors Mediating the Effects of Thyroxine and Tri-iodothyronine The
classical effects of T4 in maintaining the metabolic activity of tissues by induc-
ing the production of key enzymes are generally accepted to be mediated via
specific nuclear thyroid hormone receptors, which bind the active T3 and of
which there are two main types, TRa and TRb [94].
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Around 30 genes have been described that are regulated by thyroid hor-
mones, including sarcoplasmic reticulum calcium adenosinetriphosphatase
(ATPase), a-myosin heavy chain, malic enzyme [95], and uncoupling proteins
[96]. However, as seen with steroids (see later), there is evidence for rapid,
nongenomic actions of thyroid hormones mediated via nonnuclear, cell
surface, G-protein-coupled receptors. These actions can be produced by T4

without conversion to T3. Some of these actions seem to be mediated via the
mitogen-activated protein kinase (MAP kinase) cascade and are concerned
with modulating the actions of growth factors and certain cytokines [97]. A
potent, nongenomic action in activating cardiac myocyte sodium channels was
demonstrated [98], and this action was shared by T4 and T3, as well as some
other iodinated tyrosines, but not by rT3. There is also evidence for direct,
nongenomic effects of thyroid hormones on mitochondrial function, via mito-
chondrial receptors [99].

Therapeutic Applications Thyroxine is used in all diseases associated with
clinical hypothyroidism, where it will reverse the signs and symptoms of
hypothyroidism. The dose is titrated for individual patients depending on clin-
ical response and measurement of plasma-free thyroid hormone concentra-
tion. Although active orally, absorption is variable and it is given by injection
in myxedema coma.

The adverse effects of thyroxine and tri-iodothyronine are identical to the
symptoms of thyrotoxicosis (anginal pain, cardiac arrhythmias, palpitations,
tachycardia, tachypnoea, diarrhea, vomiting, tremors, restlessness, excitability,
insomnia, flushing, sweating, excessive weight loss, and headache).

Thyroid Hormone Analogs T3 lowers serum cholesterol but is not used to
treat hypercholesterolemia because of its effect in producing tachycardia and
cardiac dysrrhythmias. Similarly it exerts a positive inotropic effect, but its
ability to produce tachycardia in the same doses precludes its use in heart
failure. Analogs of thyroid hormones have been synthesized in an attempt to
exploit either the positive inotropic or cholesterol-lowering effects but without
adverse effects on the heart. For example, CGS 23425 reduced low-density
lipoprotein (LDL) cholesterol by 44 percent in hypercholesterolemic rats but
had no effect on atrial contractility and force at doses up to 1000-fold greater
[100]. On the other hand, the thyroid hormone analog DITPA (3,5-diiodothy-
ropropionic acid) improved systolic as well as diastolic function through
effects on cardiac muscle and is a promising potential new treatment for heart
failure [101]. Recent work has provided a molecular basis for the differences
between the pharmacological profiles of these two analogs. While DITPA had
affinity for both thyroid receptors, CGS 23425 was shown to bind selectively
to the b form. This difference was reflected in differences in gene regulation
by the two compounds, with DITPA and T3, but not CGS 23425, upregulating
genes encoding cardiac contractile proteins, sarcoplasmic reticulum calcium
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ATPase, and several proteins of mitochondrial oxidative phosphorylation
[102].

Iodide

Iodide, which is a fundamental constituent of T4 and T3, has complex effects
on the thyroid, where it can inhibit the synthesis and secretion of T4 and T3,
as well as reducing the cellularity and vascularity of the gland in Graves’
disease. It may also produce hyperthyroidism in certain circumstances
(Jod–Basedow effect) [103].

In normal individuals excess iodide inhibits thyroid hormone synthesis
(acute Wolff–Chaikoff effect), this being mediated probably by the formation
of iodopeptide(s) that temporarily inhibit thyroid peroxidase (TPO) mRNA
and protein synthesis and, therefore, thyroglobulin iodinations. After a few
days, the organification of intrathyroidal iodide resumes and the normal syn-
thesis of T4 and T3 returns (“escape” from the Wolff–Chaikoff effect). This
occurs through downregulation of the sodium iodine symporter (NIS), thus
decreasing the intrathyroidal inorganic iodine concentration and permitting
the TPO–H2O2 system to resume normal activity. However, in the newborn
and the fetus, and in euthyroid patients with autoimmune thyroiditis, this
escape phenomenon is not achieved and hypothyroidism results [104, 105]. The
ability of iodide to reduce thyroid cellularity and vascularity in patients with
Graves’ disease is not clearly understood, but iodide was shown to cause apop-
tosis in rat and porcine thyroid [106, 107].

Iodide is used in the treatment of Graves’ disease to prepare for thyroid
surgery. It induces euthyroidism and reduces the size and vascularity of the
gland. It is administered for 8 to 10 days before surgery, after the patient is
rendered euthyroid using an antithyroid drug such as methimazole [108].
Iodide also protects the thyroid against radiation-induced damage due to acci-
dental exposure to radioactive iodine. In adults with normal thyroid function,
ingestion of 100mg of iodide just before exposure to radioactive iodine blocks
at least 95 percent of the thyroid uptake of radioactivity [109].

Thionamide Drugs

The thionamides carbimazole, methimazole, methylthiouracil, and propylth-
iouracil inhibit the thyroid peroxidases (TPO) involved in catalyzing the iod-
ination of tyrosine residues in thyroglobulin and the oxidative coupling of
iodinated tyrosines. This inhibition is competitively antagonized by iodide at
low, but not higher, drug concentrations [110]. It has also been suggested that
carbimazole and methimazole reduces the autoimmunity underlying Graves’
disease, since successful treatment is associated with suppression of thyroid
receptor autoantibodies [111]. Carbimazole is rapidly converted to the active
compound methimazole [112]. Propylthiouracil additionally inhibits the D1
isoform of the deiodinase enzyme (iodothyronine 5¢-deiodinase) that catalyzes
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the conversion of thyroxine (T4) to the active tri-iodothyronine (T3) in most
peripheral tissues. This may contribute to the more rapid onset of its 
therapeutic effect compared with that of methimazole. It also inhibits the 
5-deiodination of T3, which is an inactivating step; theoretically this could
counter the reduced formation of T3 [113], but there does not appear to be
any clinical evidence for this. Apart from the effects on deiodinase, the actions
and adverse effects of propythiouracil are broadly similar to those of 
carbimazole and methimazole. Methimazole or propylthiouracil are useful for
the production of experimental hypothyroidism in the rat. For example, 0.03
percent methimazole in the drinking water for 4 weeks reduced serum free T4
concentrations by 92 percent [114].

Therapeutic Applications Carbimazole is used in Europe and the United
Kingdom, whereas methimazole is used in the United States for the treatment
of Graves’ disease and other forms of hyperthyroidism. Propylthiouracil is also
used. They may be used alone or, in the treatment of Graves’ disease, a “block
and replace” regime may be used, in which large doses of antithyroid drugs
are given continuously, along with thyroxine to prevent iatrogenic hypothy-
roidism. The rationale for this is partly the belief that large doses of anti-
thyroid drugs suppress the underlying autoimmunity. However, there is no
evidence that such regimens are more effective than others [115].

These drugs are generally well tolerated, the major adverse effects appear-
ing to have an immune origin. The most dangerous adverse effect is agranu-
locytosis, which occurs in 0.1 to 0.5 percent of patients [116]. Agranulocytosis
has been suggested to occur almost exclusively during the first 10 weeks of
treatment and is probably related to the drug dose [117]. Recombinant human
granulocyte colony-stimulating factor (rhG-CSF) may shorten the recovery
time in patients with methimazole-induced agranulocytosis. Hepatotoxicity is
another rare, but acknowledged, adverse effect [118], with propylthiouracil
being more likely than other antithyroid drugs to produce liver injury, which
may be asymptomatic [119].

Potassium Perchlorate

Potassium perchlorate competitively inhibits the active iodide transport mech-
anism, the sodium/iodide symporter, in the thyroid, which has the capacity to
selectively concentrate iodide against a large concentration gradient [92].
Iodide transport is a key step in the biosynthesis of the thyroid hormones thy-
roxine (T4) and tri-iodothyronine (liothyronine, T3). Although not now used
for the treatment of Graves’ disease because it may cause aplastic anemia, it
is used to treat thyrotoxicosis associated with the antiarrhythmic agent
amiodorone, which is an iodine-rich compound with complex effects on
thyroid function. Amiodarone-induced thyrotoxicosis occurs in 2 to 12 percent
of patients receiving this drug and is due to iodine-induced excessive thyroid
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hormone synthesis in patients with nodular goiter or latent Graves’ disease or
to a thyroid-destructive process caused by amiodarone or iodine [92].

23.5 DRUGS AFFECTING BONE METABOLISM

The prevalence of osteoporosis is high affecting, for example, around 17
percent of postmenopausal women in the United States and up to 30 percent
of women older than 65. Given the increasing number of aged people, this pre-
sents a major problem because of the attendant morbidity and mortality due
to fractures of the hip, vertebrae, and distal forearm. Hip fracture is associ-
ated with 20 percent mortality and 50 percent permanent loss in function. Thus
there is great interest in developing safe and effective therapies to prevent
osteoporosis. Agents affecting bone metabolism comprise a heterogeneous
group of drugs. Their main applications are in the treatment and prevention
of osteoporosis associated with the menopause or with the use of glucocorti-
coids [120, 121], Paget’s disease [122], and in the treatment of hypercalcemia
of malignancy [123].

Parathyroid Hormone

Parathyroid hormone (PTH), the main secretory product of the parathyroid
gland, plays a key role in calcium homeostasis and in the regulation of bone
turnover. It is secreted in response to a reduction in extracellular calcium and
produces increased resorption of calcium from bone, increased renal re-
absorption of calcium and increased renal excretion of phosphate. It also 
stimulates the formation of calcitriol (1,25-dihydroxycholecalciferol; 1,25 
dihydroxy-D3) in the kidney. While the effects of continuous, high levels of
parathyroid hormone lead to a net bone loss, there is strong evidence for an
anabolic effect of parathyroid hormone on bone. Its secretion in response to
a reduction of calcium is controlled by a calcium sensing receptor on the cell
membrane of the parathyroid chief cells. This is a G-protein-coupled recep-
tor, activation of which leads to increases in phosphatidylinositol turnover and
sustained increases in intracellular calcium and an inhibition of adenylyl
cyclase and of PTH secretion [124].

The effects of PTH on bone are exerted through alterations in the forma-
tion and activity of the osteclasts and osteoblasts. The regulation of the for-
mation of osteoclasts, the bone resorbing cells, is achieved through a balance
between the production and action on osteoclast-precursor cells of two sub-
stances osteoprotegerin and RANKL secreted by osteoblasts. RANKL, a
member of the TNF (Tumor Nevosis Factor) superfamily, normally binds to
its receptor RANK on the osteoclast-precursor cells to promote their devel-
opment into osteoclasts.

Osteoprotegerin (OPG) is the natural inhibitor of RANKL, binding to
RANKL and preventing its interaction with RANK, thereby inhibiting osteo-
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clastogenesis [125]. The osteoclastogenic activity of PTH occurs primarily by
suppression of OPG gene expression in early osteoblasts and elevation of
RANKL gene expression in mature osteoblasts [126].

Parathyroid hormone exerts its effects through binding to a class 2 G-
protein-coupled receptor that coupled through Gs activates adenylyl cyclase,
increasing cAMP and activating PKA (protein kinase A) [127]. It is also
coupled through Gq to phospholipase C, resulting in increased phosphatidyl
inositol breakdown, increasing the formation of inositol trisphosphate and dia-
cylglycerol [128]. This receptor also binds PTH-related protein (PTHrP).
There are now known to be at least two PTH receptors, PTH-1R and PTH-
2R. PTH-2R has only 51 percent homology with PTH-1R but recognizes PTH.
However, it does not bind to PTHrP. The natural ligand for this receptor is
thought to be TIP39 (tubero-infundibular peptide of 39 aa).

Anabolic Actions of PTH on Bone The anabolic actions of PTH when
administered intermittently can be attributed to stimulation of osteoblast dif-
ferentiation and reduction in osteoblast apotosis [129]. During continuous
administration, the effects on osteoclast formation predominates, leading to a
net loss of bone. The anabolic effect of PTH is shared by PTHrP and by N-
terminal PTH fragments, including recombinant human PTH(1–34), now
known as teriparatide [130].

Calcitonin

The thyroid also secretes calcitonin (CT) from the parafollicular or C cells,
which are found among the thyroid follicles in mammals. Calcitonin lowers
serum calcium concentrations and the secretion of calcitonin is regulated 
by the extracellular [Ca2+]. Calcitonin is extremely potent (femtomolar con-
centrations) in inhibiting the resorptive function of mature osteoclasts [131]
and is used in Paget’s disease of bone, postmenopausal osteoporosis, hyper-
calcemia, and bone pain due to malignant neoplasms.

Calcitonin Receptors The CT receptor is a G-protein-coupled receptor,
which signals through multiple heterotrimeric G proteins, Gs, Gi, and Gq,
leading to the activation of adenylyl cyclase and phospholipase C. Adenylyl
cyclase and phospholipase C appear to mediate different components of the
responses to CT. For example, cAMP-dependent mechanisms lead to reduced
osteoclast motility, while protein-kinase-C-dependent events may mediate CT-
induced retraction of the cell. CT also activates the Erk1/2 pathway, which
may play an important role in mediating the effects of CT on osteoclasts [131].

Bisphosphonates

This class of agents includes alendronate, etidronate, pamidronate, iban-
dronate, risedronate, clodronate, tiludronate, and zoledronate, which are var-
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iously used as the free acid or as the sodium salts as inhibitors of bone resorp-
tion. They are analogs of pyrophosphate, which has been long-known to inhibit
calcium phosphate dissolution in vitro [132]. There are two classes of bispho-
sphonates; the aminobisphosphonates (e.g., pamindronate, ibendronate, rise-
dronate, zoledronate) potently and selectively inhibit the mevalonate pathway
by inhibition of farnesyl diphosphate synthase, inhibiting the conversion of
geranylpyrophosphate to farnesylpyrophosphate, with a resultant depletion of
geranylgeranylpyrophosphate and the inhibition of protein prenylation,
including the prenylation of small GTPases. This results in osteoclast apopto-
sis and inhibition of bone resorption [132–134]. On the other hand, the non-
aminobisphosphonates (clodronate, etidronate, tiludronate) do not inhibit
farnesyl diphosphate synthase but become incorporated into the phosphate
chain of ATP-containing molecules, rendering them nonhydrolysable and cyto-
toxic to osteoclasts [132, 133].

Therapeutic Applications Bisphosphonates are used widely to prevent/treat
loss of bone due to glucocorticoid treatment, postmenopausal estrogen loss or
to malignant disease, and in treating hypercalcemia of malignancy and Paget’s
disease of the bone. High doses of aminobisphosphonates are very effective
in hypercalcemia of malignancy and in reducing the risk of skeletal morbidity
and fractures in patients with breast cancer or multiple myeloma, with a low
incidence of adverse effects [135]. There is interest in using bisphosphonates
to target other drugs (e.g., antineoplastic agents, anti-inflammatory drugs) to
bone because of their high affinity for this tissue [136]. Bisphosphonates are
poorly absorbed from the gastrointestinal tract, with an oral bioavailability of
around 1 to 2 percent, but accumulate in bone, from which their clearance is
very slow.

Mithramycin

Mithramycin is an antineoplastic antibiotic that complexes with deoxyribonu-
cleic acid (DNA) in the presence of divalent cations such as magnesium. It has
also been used in Paget’s disease. Mithramycin has a direct inhibitory effect
on bone resorption and is an mRNA synthesis inhibitor [137]. It acts directly
on bone, as evidenced by its concentration-dependent (0.1 to 100nM) inhibi-
tion of osteoclastic bone resorption in the in vitro bone slice assay, with a
maximum inhibition of ~66 percent [138]. Mithramycin is used to control the
hypercalcemia and hypercalciuria of malignancy and to reduce bone turnover
in Paget’s disease. Because of its marked toxicity, it is generally used only when
other measures have failed.

Calcimimetics

Calcimimetics comprise a new class of drug acting at the parathyroid cell
calcium sensing receptor (CaSR) to increase its sensitivity to extracellular
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calcium, which will lead to a decrease in circulating PTH levels. This will result
in a reduction in serum calcium concentration, which makes these drugs
promising as treatments for hyperparathyroidism and parathyroid carcinoma.
There are two classes of calcimimetics. Class I calcimimetics are agonists that
do not require the presence of calcium and include several organic and inor-
ganic polyvalent cations such as gadolinium, neomycin, and spermine. These
agents lack selectivity for the CaSR and are not used therapeutically to lower
serum calcium. On the other hand, class II calcimimetics are low-molecular-
weight, orally active phenylalkylamine compounds, which are ineffective in the
absence of calcium. R568 (N-(3-[2-chlorophenyl]propyl)-(R)-a-methyl-3-
methoxybenzylamine) is the most extensively studied type II calcimimetic
compound [124]. Others being investigated include cinacalcet (AMG073) and
NPS 568.

23.6 ADRENAL CORTICOSTEROIDS

Glucocorticoids

The main naturally occurring glucocorticoid in the human is cortisol (hydro-
cortisone), whereas in rodents corticosterone fulfills that role. Glucocorticoids
are secreted primarily by the zona fasciculata of the adrenal cortex. They have
numerous actions including stimulating hepatic glycogen synthesis, promoting
gluconeogenesis, impairing peripheral glucose utilization, and exerting
immunomodulatory and anti-inflammatory effects. Many of their actions are
exerted at the genome level, effects being observed within 30min to 18h. Addi-
tionally, glucocorticoids produce rapid effects observed within seconds or
minutes; these actions are described as nongenomic, as their onset time is far
too rapid to require altered protein synthesis.

Glucocorticoid Receptors Glucocorticoids are lipophilic and produce their
classical effects by stimulating glucocorticoid receptors, which are members of
the nuclear receptor superfamily that includes receptors for sex hormones
such as androgens, estrogens and progestins, mineralocorticoids, thyroid hor-
mones, and vitamin D. There are two types of corticosteroid receptors. Type I
is the mineralocorticoid receptor, which also binds glucocorticoids and is
expressed primarily in the kidney, colon, and salivary and sweat glands, as well
as in the hippocampus [139]. The type II receptor is the glucocorticoid recep-
tor (GR), which is expressed ubiquitously as two major splice variants GRa
and GRb. GRa mediates the classical effects of glucocorticoids and the func-
tion of GRb is unclear, although there is evidence that it can act as a domi-
nant negative inhibitor of GRa. Changes in the ratio of GRa :GRb forms of
the receptor could explain relative glucocorticoid resistance in inflammatory
diseases [139]. Glucocorticoids enter cells and interact with cytoplasmic GRa,
which are bound to heat shock proteins (hsp90). Release of these chaperone
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molecules and phosphorylation of GRa result in homodimerization of the
receptor–ligand complex, which migrates to the cell nucleus. Domains within
the N-terminal region of the receptor interact with either negative or positive
glucocorticoid response elements (GREs) in promoter regions of particular
genes with consequential initiation or repression of transcription. This mech-
anism results in the induction of a number of proteins that may contribute to
the anti-inflammatory effect of glucocorticoids, including MAP kinase phos-
phatase-1 (MKP-1), glucocorticoid-induced leucine zipper (GILZ), and
annexin I (Anx-A1, formerly known as lipocortin-1) (Fig. 23.1).

Another important mechanism of glucocorticoid action involves indirect
inhibition of transcription by interaction of the ligand-activated GRa with
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Figure 23.1 Schematic diagram showing some mechanisms of action of glucocorti-
coids [139, 140]. Glucocorticoids enter the cell and interact with cytoplasmic GRa,
which are bound to heat shock proteins (hsp), the function of which with other mole-
cules is to maintain the GR in a conformation that allows ligand binding to occur.
Release of these molecules and hyperphosphorylation of GRa result in homodimer-
ization of the receptor–ligand complex, which migrates to the cell nucleus. There is also
evidence for a role for hsp in the trafficking of the ligand-bound GR to the nucleus.
Domains within the N-terminal region of the receptor interact with either negative or
positive glucocorticoid response elements (GREs) in promoter regions of particular
genes with consequential initiation or repression of transcription. The ligand-activated
receptor on binding to DNA may also recruit coactivator (CO-A) or co-repressor (CO-
R) protein complexes that enhance the effect of the glucocorticoid receptor in acti-
vating or repressing transcription. Activation of transcription results in the induction
of a number of proteins that may contribute to the anti-inflammatory effect of gluco-
corticoids, including annexin 1 and IkB, which is a protein normally bound to the trans-
cription factor NF-kB and which prevents it from translocating to the nucleus. The
ligand-activated GRa may also interact directly with transcription factors such as NF-
kB and AP-1, preventing them from binding to DNA and effecting transcription.



transcription factors such as NF-kB and AP-1. This interaction occurs in the
cytoplasm (Fig. 23.1). NF-kB plays a key role in inflammation by activating
the transcription of pivotal inflammatory cytokines such as TNFa, IL-1b, and
GM-CSF, and therefore antagonism of this transcription factor contributes
importantly to the anti-inflammatory effect of glucocorticoids [139].

Mechanisms Underlying Nongenomic Activities of Glucocorticoids It is
unclear if the rapid glucocorticoid actions, which do not directly affect the tran-
scription or translation of inflammatory genes, involve membrane-bound glu-
cocorticoid receptors, or are mediated via classical cytoplasmic receptors
without their required nuclear translocation or interaction with transcription
factors [140].

Therapeutic Applictions Glucocorticoids are used to replace endogenous
cortisol in adrenal insufficiency, for suppression of systemic and local inflam-
matory and allergic disorders (rheumatoid arthritis, asthma, allergic rhinitis,
contact and atopic dermatitis, allergic conjunctivitis, and ulcerative colitis), in
the treatment of shock, congenital adrenal hyperplasia, cerebral edema,
nausea and vomiting associated with chemotherapy, psoriasis, and in the pal-
liative management of leukemias and lymphomas. Hydrocortisone was the
first glucocorticoid to be used, and many compounds have been introduced
that have different potencies and oral bioavailabilities. These include pred-
nisolone, methylprednisolone, betamethasone, dexamethasone, deflazocort,
and triamcinolone, which may be used systemically, and aclometasone,
beclometasone, clobetasol, diflocortolone, fluocinonide, fluocortolone, halobe-
tasol, halcinonide, and mometasone, which are used topically. Beclometasone,
fluticasone, budesonide, and mometasone can also be used by inhalation in the
treatment of asthma. Most of the adverse effects of glucocortocoids are pre-
dictable from the physiological actions of cortisol and are related to their
metabolic, immunomodulatory, and anti-inflammatory effects. These include
adrenal suppression as a result of negative feedback actions on the hypothal-
amus and anterior pituitary, stunted growth in children, elevation of blood
glucose, muscle wasting, impaired wound healing, skin atrophy, bruising,
increased susceptibility to infection, and osteoporosis with associated risk of
vertebral and long-bone fractures. These adverse effects markedly limit the
use of glucocorticoids. The adverse effects are miminized by using topical/local
treatment instead of systemic treatment, although topical and inhaled steroids
can be absorbed in sufficient quantities to cause systemic effects, including
adrenal suppression.

Attempts to Dissociate the Anti-inflammatory and Adverse Effects of 
Glucocorticoids A new class of drugs, described as dissociated glucocorti-
coids, is under development. These compounds are characterized by a sepa-
ration of the transactivating effects resulting from the activation of GR from
those effects that repress transcription. Dissociated steroids potently inhibit
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AP-1 or NF-kB, resulting in reduction of the formation of inflammatory medi-
ators (e.g., IL-1b) but produce only weak transactivation via GREs. This
should, for example, eliminate the metabolic effects of glucocorticoids. RU
24858 showed a promising profile of anti-inflammatory activity both in vitro
(inhibition of lipopolysacchoride-induced IL-1b production) and in vivo (inhi-
bition of cotton pellet granuloma; thymolysis), although it still possessed trans-
activational properties and exerted osteoporotic activites in vivo [140]. On the
other hand, a nonsteroidal GR agonist, ZK216348, suppressed inflammation
in rodent skin inflammation models, without elevating blood glucose [140].
This is a potentially very exciting line of research that may yield glucocorti-
coid-like anti-inflammatory agents with a much enhanced safety profile.
However, it should be noted that ZK 216348 still suppressed the HPA axis.

As indicated above, glucocorticoids produce part of their inflammatory
effect through increasing the formation of Anx-A1; and recombinant Anx-A1
or derived peptides can mimic many of the anti-inflammatory actions of glu-
cocorticoids both in vitro and in animal models of acute and chronic inflam-
mation. Their effects include inhibition of leukocyte adhesion and migration,
induction of apoptosis in inflammatory cells, suppression of the production of
inflammatory mediators by inhibition of PLA2 (phospholipase A2), COX-2
(cyclooxygenase-2), and iNOS (inducible nitric oxide synthase) and the induc-
tion of the anti-inflammatory cytokine IL-10 [140]. Development of analogs
of these peptides may yield useful anti-inflammatory drugs.

Glucocorticoid Antagonists Glucocorticoid antagonists have been synthe-
sized. RU486 (mifepristone) potently inhibits the glucocorticoid activitity of
dexamethasone and has high affinity for the glucocorticoid and progesterone
receptors, displays partial agonist activity at the glucocorticoid receptors in
some tissues, and behaves as a competitive antagonist in others.

Inhibitors of Corticosteroid Synthesis

Corticosteroids (chiefly cortisol and aldosterone) are synthesized from cho-
lesterol via pregnenolone, utilizing a number of cytochrome P450 enzymes
[141]. Thus, P450 cholesterol side-chain cleavage enzyme (CYP11A) catalyses
the conversion of cholesterol to pregnenolone, which is then converted to
progesterone under the influence of 3b-hydroxysteroid dehydrogenase. Prog-
esterone may be 17-hydroxylated to 17a-hydroxyprogesterone (using steroid
17a-hydroxylase, CYP17) giving rise to cortisol via 11-deoxycortisol, the 
conversion of which to cortisol is catalyzed by steroid 11b-hydroxylase
(CYP11B1). Alternatively, progesterone may be converted to deoxycorticos-
terone under the influence of steroid 21-hydroxylase (CYP21), giving rise to
aldosterone (via corticosterone and 18-hydroxycorticosterone) under the
influence of aldosterone synthase (CYP11B2). Several drugs inhibit one or
more of the enzymes involved in these pathways resulting in inhibition of cor-
ticosteroid synthesis.
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Therapeutic Applications Inhibitors of corticosteroid synthesis are used in
the treatment of Cushing’s syndrome and of certain cancers. Metyrapone,
which inhibits steroid 11b-hydroxylase, is also used in the differential diagno-
sis of corticotrophin-dependent Cushing’s syndrome.

Aminoglutethimide is an inhibitor of steroid synthesis in the adrenal cortex,
where it inhibits a number of cytochrome P450-mediated steps, including cho-
lesterol side-chain cleavage enzyme. It also inhibits the cytochrome P450 aro-
matase enzyme responsible for the conversion of androgens to estrogens
[142]—see later.

Mitotane, a metabolite of the insecticide DDT, inhibits adrenal steroid syn-
thesis and is cytotoxic to adrenal cortical cells. It is used in the treatment of
inoperable adrenal tumors and in some patients with Cushing’s disease. The
mechanism of action of mitotane remains unclear, but part of its action may
be due to inhibition of cyclic-AMP generation in response to corticotrophin
[143]. It may inhibit other steps in steroidogenesis, including inhibition of 11
b-hydroxylase [144]. It is also cytotoxic to adrenal cortical cells [145, 146];
at least in dog adrenocortical cells there is no clear separation of the concen-
tration–response curves in terms of inhibition of steroid production and re-
duced cell viability, each being evident at 3 mM and probably maximal at 
100mM [146].

Trilostane is a selective, reversible, competitive inhibitor of 3b-hydroxys-
teroid dehydrogenase, a key enzyme involved in the synthesis of steroids. It
inhibits the conversion of pregnenolone to progesterone, therefore inhibiting
the synthesis of progesterone and therefore of the adrenal, gonadal, and pla-
cental steroids derived from progesterone, including cortisol, aldosterone,
androgens, and estrogens. It does not inhibit the synthesis of cortisol from
progesterone, 17-hydroxyprogesterone or 11-deoxycortisol in guinea pig iso-
lated adrenal cortical cells [147, 148]. Trilostane may be used in the treatment
of Cushing’s syndrome [149], although responses may be variable. It has also
found use in the treatment of breast cancer in postmenopausal women [150]
who have experienced a relapse after initial treatment with estrogen receptor
antagonists. Trilostane was shown to be an effective alternative to mifepris-
tone for the midterm termination of pregnancy, when administered prior to
misoprostil [151].

The antifungal agent ketoconazole is also a potent inhibitor of steroid
biosynthesis, by inhibiting steroid 11b-hydroxylase and also, more potently, the
conversion of 17a-hydroxyprogesterone to androstenedione under the influ-
ence of 17a-hydroxylase [152]. It has been used in Cushing’s syndrome. Eto-
midate, an anesthetic agent, is a potent inhibitor of 11b-hydroxylase [153],
which limits its use to induction, rather than maintenance of anesthesia and
prevents its use in long-term sedation in traumatized patients [154].

Aldosterone and Other Mineralocorticoids

Aldosterone is the endogenous mineralocorticoid and is of fundamental
importance in the maintenance of water and electrolyte balance, producing
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sodium and water retention and potassium excretion. It regulates sodium
absorption in the distal convoluted tubule of the kidney and has analogous
actions at other epithelial sites such as the colon [155]. Aldosterone is syn-
thesized primarily in the zona glomerulosa of the adrenal cortex, which unlike
other regions of this gland expresses aldosterone synthase (CYP11B2) [156].
There is now much evidence that aldosterone synthase is expressed in cardiac
and vascular tissue and that aldosterone is synthesized in these tissues [157].
Aldosterone secretion is regulated primarily by the renin-angiotensin system
through angiotensin II, which acts directly on the zona glomerulosa to stimu-
late hormone synthesis [156]. Potassium also stimulates aldosterone synthesis,
through a direct action on glomerulosa cells. Although cortisol has high affin-
ity for the mineralocorticoid receptor, it normally lacks significant mineralo-
corticoid activity because it is rapidly oxidized by the high affinity, type 2,
11b-hydroxysteroid dehydrogenase expressed in high levels in the kidney and
colon [158]. Mutations in the gene for this enzyme (HSD11B2 gene) result in
the syndrome of apparent mineralocorticoid excess due to excessive activa-
tion of the mineralocorticoid receptor by cortisol. Other endogenously pro-
duced compounds with mineralocorticoid activity are 11-deoxycorticosterone,
18-hydroxydeoxycorticosterone, corticosterone, and 19-nordeoxycorticocos-
terone [141]. Apart from its fundamentally important physiological role, aldos-
terone is clearly important in pathophysiology, where it makes an important
contribution in cardiac remodeling in heart failure [159] and in various forms
of hypertension. It may also contribute to endothelial dysfunction, reduced
fibrinolysis, and cardiac arrhythmias.

The only mineralocorticoid in general use is fludrocortisone, which is a 
synthetic, orally active 9-a fluorinated analog of cortisol and that at normal
therapeutic doses has only mineralocorticoid activity. Its mineralocorticoid
potency relative to that of cortisol has been attributed to its resistance to 11-
b-oxidation [160] by type 2, 11b-hydroxysteroid dehydrogenase. Its main use
is in replacement therapy in adrenal cortical insufficiency, and it is the drug of
first choice in the treatment of orthostatic hypotension [161].

Receptors Mediating the Effects of Aldosterone Aldosterone acts at the
mineralocorticoid receptor (MR) and its classical effects are exerted through
modulation of the transcription rates of various genes, including those encod-
ing subunits of the epithelial sodium channel (ENaC) and the Na+K+ATPase
[162]. It is now widely accepted that aldosterone exerts rapid nongenomic
actions [163], which may be mediated by the classical MR or by other, as yet
ill-defined receptors. The role of membrane-bound aldosterone receptors is
uncertain, but there is evidence for their existence and for their resistance to
classical aldosterone MR antagonists [164].

Mineralocorticoid Antagonists

Mineralocorticoid antagonists prevent the action of the aldosterone at the
MR. In view of the pathophysiological role of aldosterone, these drugs have
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a potentially major value in the treatment of heart failure. A major random-
ized trial (RALES—Randomized ALdactone Evaluation Study) showed that
addition of the aldosterone antagonist spironolactone to standard therapy 
in patients with congestive heart failure reduced mortality by 30 percent 
[165, 166]. This effect was reproducible in a rat model of heart failure, in which
administration of another aldosterone antagonist, canrenone (a metabolite of
spironolactone), attenuated left ventricular remodelling and improved cardiac
function [167]. Spironolactone produces adverse effects including gyneco-
mastia, breast tenderness, menstrual irregularities, and impotence. Other
aldosterone antagonists have been developed including mexrenone and
eplerenone. These drugs have similar affinity to spironolactone for the 
mineralocorticoid receptor but had a much reduced affinity for androgen and
progesterone receptors and have markedly reduced antiandrogenic and prog-
estagenic effects compared to spironolactone in animals [168] and humans
[169, 170].

23.7 ANDROGENS

The principal natural androgens are testosterone and dihydrotestosterone,
which is produced from testosterone in tissues expressing 5a-reductase activ-
ity. Testosterone is secreted primarily by the testes and significant amounts,
primarily as the precursor dehydroepiandrosterone, originate in the adrenal
cortex, which is the main source of androgens in the female. Androgens play
a key role in male reproduction, being responsible for the development and
maintenance of the reproductive ducts (epididymis, vas deferens, ejaculatory
ducts), glands (prostate, seminal vesicles, bulbourethral glands), and the exter-
nal genitalia. They are also required for spermatogenesis and the development
and maintenance of the male secondary sexual characteristics. Androgens play
a key role in the masculinization of external genitalia (function of dihy-
drotestosterone) and the development of the epididymis, vas deferens, and
seminal vesicles from the Wolffian duct (function of testosterone) in the male
fetus. The therapeutic applications of androgens are currently quite limited
and they are used primarily for androgen-replacement therapy in hypogonadal
males.

Androgen Receptors

There appears to be a single androgen receptor, which is a member of the
nuclear receptor superfamily, typically having an N-terminal domain impli-
cated in activation of transcription, a DNA binding domain and a ligand
binding domain. Like glucocorticoid receptors, binding of the ligand causes
the cytoplasmic receptor to dissociate from heat shock proteins leading to
dimerization and phosphorylation of the receptor and its translocation to the
nucleus. Within the nucleus the receptor binds to the androgen response
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element (ARE). This results in recruitment of hormone- and cell-specific co-
activators and activation of transcription [171].

The androgen receptor is widely distributed and, in addition to the male
reproductive tract, it is expressed in many tissues including the female exter-
nal genitalia, skeletal muscle, skin, sebaceous glands, hair follicles, and the
central nervous system.

Anabolic Steroids

The anabolic action of the main male sex hormone testosterone is well known
and this property is retained in synthetic derivatives such as nandrolone 
(19-nortestosterone). Synthetic, 17a-alkylated compounds (oxymethalone,
stanozolol, oxandrolone, danazol) are orally active and, in animals, show selec-
tivity for anabolic versus classical androgenic activity, although the evidence
for such selectivity in the human is unclear. These agents are used for their
anabolic properties in several disease states [172]. All can produce concomi-
tant androgenic side effects and the 17a-alkylated compounds may produce
hepatotoxicity. The anabolic actions explain their abuse by athletes who often
consume much greater than therapeutic doses, in an attempt to increase
muscle mass. Whether performance is actually increased by these agents is
uncertain, although a randomized, double-blind, placebo-controlled trial
showed that a weekly, large dose of testosterone enanthate increased muscle
strength, especially when combined with exercise [173]. Large doses of these
drugs have been shown to upregulate androgen receptors, and this may 
contribute to their anabolic effects [174].

Anabolic steroids act at the androgen receptor. As there is only one andro-
gen receptor, differences in effects in different tissues remain unexplained.
Reduced androgenicity of nandrolone is explained by the reduction in its
activity by 5a-reductase. Thus it has reduced activity in tissues expressing high
levels of this enzyme and full activity in tissues that express low levels of, or
no, 5a-reductase [175, 176]. There is also evidence that they act as antigluco-
corticoids by competing for binding at the glucocorticoid receptor [177] and
thus may exert an anticatabolic effect.

There is great interest in separating the anabolic and androgenic effects 
of androgens. Although there is only one androgen receptor, the effect of 
the androgen–receptor combination may vary in a cell-context-specific way
because of the different expression of coactivators in different tissues. More-
over, binding of different agents may result in particular receptor conforma-
tions that recruit different coactivators. Thus, by analogy with SERMs (see
below), the concept of selective androgen receptor modulators (SARMs) has
been proposed [178]. Some evidence to support this possibility is derived from
the development of a nonsteroidal androgenic agonist agent showing
increased efficacy and potency for anabolic effects (levator ani weight) rela-
tive to androgenic effects (weight of prostate/seminal vesicles) in castrated rats
[179]. Although the tissue selectivity was not very marked, this may indicate
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the feasibility of this approach for separating androgenic and anabolic 
properties.

Antiandrogens

Compounds interfering with the actions of androgens may be steroidal (cypro-
terone acetate; mifepristone) or nonsteroidal [flutamide; hydroxyflutamide
(the active metabolite of flutamide); nilutamide; bicalutamide]. While the 
nonsteroidal agents are selective for the androgen receptor, the steroidal 
compounds display partial agonist activity at this receptor and also antagonist
activity at progesterone and glucocorticoid receptors [180]. Binding of antag-
onists to the androgen receptor prevents the receptor conformation change
required to effect the activation of transcription [180].

Nilutamide, flutamide, and bicalutamide are used alone, or in combination
with gonadorelin analogs, in the treatment of advanced prostate cancer. These
drugs have also had limited evaluation in the management of benign prosta-
tic hypertrophy and also to treat hirsutism and androgenic alopecia in women
with polycystic ovarian disease [181]. When used in men, common, predictable
adverse effects are gynecomastia, possibly accompanied by galactorrhea,
decreased libido, and inhibition of spermatogenesis.

5a-Reductase Inhibitors

The conversion of testosterone to dihydrotestosterone, which has a much
higher affinity for the androgen receptor, is an important activating mecha-
nism. This conversion is catalyzed by the enzyme 5a-reductase, which is
expressed in two isoforms, 5a-reductase type 1 and 5a-reductase type 2, which
have only ~50 percent homology and which have different enzymic properties
and tissue distribution [182]. The normal prostate, genital skin, seminal vesi-
cles, dermal papilla, and developing fetal male external genitalia predomi-
nantly express type 2, whereas the type 1 isoform is the predominant form in
established prostate cancer, the scalp, nongenital skin, and the sebaceous gland
[182]. There are also marked species differences, which lead to marked dif-
ferences in the potencies and selectivities of inhibitors, for example, when
tested against human enzymes compared with rat enzymes. Thus there is enor-
mous potential for developing type-selective inhibitors that will have applica-
tions in benign prostatic hyperplasia (BPH), prostatic cancer, androgenic
alopecia, hirsutism, and acne. Finasteride is an azasteroid drug that is selec-
tive for the type 2 isoenzyme and that is marketed for the treatment of BPH,
in which it causes a marked reduction in serum dihydrotestosterone concen-
trations, accompanied by a 15 to 25 percent reduction in gland size and reduc-
tion in urinary symptoms. Duasteride is a mixed type 1/type 2 inhibitor. Many
nonsteroidal compounds, with high selectivity for one or other isoforms are
under development [182].
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23.8 ESTROGENS

The estrogens are secreted primarily by the gonads with smaller amounts orig-
inating in the adrenal cortex. The main physiological estrogen is estradiol-17b.
Estrogens play key roles in the development and maintenance of the adult,
female reproductive tract, and female secondary sexual characteristics but also
have important effects in nonreproductive tissues, particularly bone, the car-
diovascular system, and the brain. Estrogens are also implicated in breast and
uterine tumor progression.

Estrogen Receptors

Like receptors for glucocorticoids, androgens, and progestins, the estrogen
receptor (ER) belongs to the superfamily of nuclear receptors mediating their
effects through alteration in transcription. The estrogen receptor, like the 
glucocorticoid receptor, is bound to heat shock proteins in the resting state,
these being displaced upon hormone binding. The activated receptor dimer-
izes and interacts with specific DNA estrogen response elements. The confor-
mation of the ligand-bound receptor depends on whether the ligand is an
agonist or an antagonist. Binding of a full agonist displaces co-repressor pro-
teins and recruits coactivator proteins that then result in gene transcription.
On the other hand antagonist binding favors continued interaction with 
co-repressors and no transcription occurs. Other drugs, such as tamoxifen, a
selective estrogen receptor modulator (SERM), promote a conformation that
allows partial interaction with both co-repressors and coactivators. The level
of different coactivators and co-repressors may be cell-type dependent, which
may explain cell-context-dependent activities of different ligands at the 
estrogen receptor [183].

Two estrogen receptors are now known—ERa and ERb. These are both
nuclear receptors that, although having considerable homology at the DNA
binding domains and therefore similar binding affinities for estrogen response
elements, have relatively low overall sequence homology of ~47 percent 
[184, 185]. These receptors show different tissue distribution. For example,
ERa is predominant in uterus, prostate stroma, ovarian thecal cells, and bone,
whereas ERb is expressed predominantly in colon, ovarian granulosa cells,
bone marrow, and brain dorsal raphe [185].

Estrogens, like other steroids, can also exert rapid (within minutes), non-
genomic effects, some of which are prevented by estrogen antagonists but
others of which are not and appear to involve cAMP-mediated mechanisms
[186]. For example, the rapid vasodilator effect of estradiol is prevented by the
estrogen antagonist ICI 182, 780 and appears to be mediated by endothelial-
derived nitric oxide produced under the influence of eNOS activated via 
a MAP kinase-dependent pathway through ERa [187].
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Estrogen Agonists

The main natural estrogen is estradiol-17b but other natural estrogens include
estriol and estrone. The main synthetic estrogens in use are ethinyl estradiol
and mestranol, which is inactive until metabolized to ethinyl estradiol. Stilbe-
strol is a potent, nonsteroidal, synthetic estrogen agonist. Until recently, there
were no agonists or antagonists selective for ERa compared with ERb recep-
tors or vice versa. However, propyl pyrazole triol [PPT; 4-propyl-1,3,5-Tris (4-
hydroxyphenyl) pyrazole] appears to have selective agonist activity at Era and
diarylpropiol nitrile appears to have selective ERb agonist activity [188]. These
drugs should facilitate the characterization of responses mediated via the two
different estrogen receptors.

Antagonists at Estrogen Receptors

Clomiphene and ICI 182, 780 behave as pure antagonists at the estrogen recep-
tor. An ERa-selective antagonist, methyl-piperidino-pyrazole, has also been
described [188].

Selective Estrogen Receptor Modulators (SERMs)

Tamoxifen was originally considered as an estrogen antagonist and, accord-
ingly, is widely used in the treatment of estrogen-dependent breast cancer.
While clearly acting as an antagonist in the breast, tamoxifen functions as an
agonist in bone, uterus, and the cardiovascular system [183]. Raloxifene, on
the other hand, shows no agonist effects in the uterus but is an agonist in bone
[183]. Because of this behavior as agonists in some tissues and antagonists in
others, these drugs and others (e.g., idoxifene, droloxifene, torimifene, drolox-
ifene, ospemifene, lasofoxifene, and arzoxiphene) are referred to as SERMs
(selective estrogen receptor modulators).

Aromatase Inhibitors

Aromatase is responsible for the last stage in the synthesis of estrogens, either
from testosterone to give estradiol or from the androgenic testosterone 
precursor androstanedione to give estrone, which can then be converted 
into estriol or estradiol. There is much interest in developing potent selective
inhibitors of this enzyme, as these have application in the treatment of 
estrogen-dependent conditions such as breast cancer [189] and endometriosis
[190] and in promoting ovulation by removing the estrogen-mediated 
negative feedback inhibition of gonadotrophin secretion [191]. The first agent
to be used clinically was aminoglutethamide (see earlier) but is nonselective,
inhibiting several steps in steroid biosynthesis and also inducing aromatase
activity [192].

This induction may explain the failure of aminoglutethimide therapy in
some cancer patients. Steroidal inhibitors, such as the androstanedione analogs
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exemstane and formestane, bind irreversibly to the catalytic site of the enzyme.
They are administered parenterally and have androgenic activity. Non-
steroidal, imidazole compounds (anastrozole, letrozole) bind to the
cytochrome P450 site of the enzyme. They can be administered orally and have
no androgenic activity [189].

Therapeutic Applications of Agents Acting at Estrogen Receptors Agonists
are used extensively in hormone replacement therapy following gonadal
failure or to replace estrogen in postmenopausal women suffering from
menopausal symptoms (hot flushes, vaginal dryness, postmenopausal osteo-
porosis). They may be used alone or together with a progestin, which is indi-
cated in postmenopausal women with an intact uterus, in order to minimize
the risk of endometrial cancer associated with estrogenic stimulation of the
uterus. While women benefit hugely from the relief of menopausal symptoms
afforded by estrogen replacement therapy and clearly have a reduced risk of
osteoporosis (as evidenced by hip fractures) and colorectal cancer, there is
controversy concerning whether or not long-term hormone replacement
therapy in the menopause is associated with an increased risk of stroke and
coronary heart disease, as suggested by a large, randomized trial [193]. Cer-
tainly there is no evidence to support the estrogen-mediated protection from
coronary artery disease that would be predicted from the very low prevalence
of myocardial infarction in premenopausal women.

The other major use is in pharmacological contraception, where they are
administered along with a progestin, resulting in failure of ovulation as a result
of suppression of the hypothalamic secretion of GnRH and inhibition of
gonadotrophin secretion. The progestin component also prevents estrogen-
mediated endometrial development and changes in cervical mucus.

The major use of antagonists is in treating cancer of the breast. The SERM
tamoxifen is the main drug used for this purpose. SERMs such as raloxifene,
which are devoid of uterine stimulant activity but retain agonist activity in
bone, are used to treat postmenopausal osteoporosis. Additionally, estrogen
antagonists have potential in the treatment of endometriosis.

23.9 PROGESTINS

The natural progestin progesterone is secreted from the corpus luteum during
the luteal phase of the menstrual cycle, where it prevents further endometrial
proliferation and stimulates endometrial gland branching and secretion. Prog-
esterone plays a key role in mammary gland development and in maintaining
pregnancy. In pregnancy, the placenta is the major source of progesterone after
the first trimester.

Progesterone Receptors The progesterone receptor is a typical member of
the superfamily of nuclear receptors. There are two isoforms of the proges-
terone receptor—PR-A and PR-B—and these show different tissue expres-
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sion and function. For example, in the mouse uterus, where progesterone
inhibits the proliferative effect of estrogen, it appears that PR-A mediates the
inhibitory response, while PR-B may actually stimulate proliferation [194].
Both PR isoforms are expressed in the mouse mammary gland and although
both may be required for mammary gland development, ablation of PR-A in
knockout mice did not affect the ability of PR-B to mediate the effect of prog-
esterone in producing ductal side branching and development of the alveoli,
suggesting the predominant role of PR-B in this tissue [194]. As with 
glucocorticoids and estrogens, progestins can produce nongenomic effects. For
example, progesterone rapidly (within 2 to 5min) stimulates insulin secretion
in isolated islets and perfused pancreas and reduces glucose uptake by
adipocytes [195]. It also inhibits proliferation in human transformed cell lines
from the uterine cervix, cells that lack steroid receptors and in which this effect
of the hormone is not blocked by progesterone antagonists [196].

Agonists at Progesterone Receptors

Many compounds are available with agonist activity at progesterone recep-
tors. Their pharmacology is complex because many, either directly or through
their metabolites, bind to other steroid receptors resulting, for example, in
estrogenic activity in some (norethisterone, lynestenol, norethindorel),
androgenic (norethisterone, lynestenol, levonorgestrel, gestodene) and gluco-
corticoid (chlormadinone acetate, megestrol acetate, medroxyprogesterone
acetate), and antimineralocorticoid (drospirenone, gestodene) activities [197].
It is therefore very difficult to make general statements about the pharma-
cology of these agents.

Progesterone Antagonists

The best known antagonist of progesterone is mifepristone (RU 486), which
is used to terminate pregnancy and which may be used for postcoital contra-
ception. Antagonists at the progesterone receptor also have contraceptive
potential as a consequence of their ability to prevent endometrial maturation.
By analogy with SERMs, there is interest in developing selective progestin
receptor modulators.

Therapeutic Applications of Progestins Progestins are widely used in phar-
macological contraception, where they are used either alone or in combina-
tion with the estrogens ethinyl estradiol or mestranol or along with estrogens
in hormone replacement therapy. The controversy concerning whether or not
long-term hormone replacement therapy in the menopause is associated with
an increased risk of stroke and coronary heart disease, as suggested by the
Women’s Health Initiative trial [193], may partly relate to the use in that study
of the progestin medroxyprogesterone acetate, which has weak androgenic
activity.
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23.10 TREATMENT OF DIABETES MELLITUS

The prevalence of diabetes mellitus, especially of Type 2 diabetes, is increas-
ing, a world total of >300 million being predicted by 2030. This high 
prevalence combined with the associated increased mortality and morbidity,
primarily as a result of macrovascular disease and microvascular long-term
complications make diabetes mellitus a major health problem. Overwhelming
evidence, especially from the DCCT study [198] for Type 1 diabetes and the
UKPDS study [199] for Type 2 diabetes suggests that good metabolic control
would markedly reduce mortality and morbidity.

While Type 1 diabetes mellitus is due to autoimmune destruction of the b
cells and the consequent severe insulin deficiency, it is now broadly accepted
that Type 2 diabetes results from both peripheral insulin insensitivity and
impaired insulin secretion [200]. There is progressive islet b-cell failure in
patients with Type 2 diabetes and a reduction in the b-cell mass [201]. Thus as
well as developing drugs that improve target tissue responsiveness to insulin,
the islet b cell remains an important target for the development of drugs for
treating Type 2 diabetes. Drugs are required that both enhance insulin secre-
tion in response to normal, physiological, meal-related nutrient stimuli and
that prevent the progressive loss of islet b-cell mass. Augmentation of meal-
related insulin secretion by drugs should be glucose dependent. This will
ensure that increased insulin secretion occurs when required, the corollary
being that insulin secretion would remain at a basal rate between meals, avoid-
ing hyperinsulinemia and thus hypoglycemia, as seen with sulphonylureas, and
the potential cardiovascular risks associated with chronic hyperinsulinemia
and insulin resistance [202, 203]. Physiological, meal-related insulin secretion
occurs rapidly in response to absorbed nutrients, primarily glucose. Glucose
stimulates insulin secretion following its transport into and metabolism in the
b cell, generating ATP, which closes KATP channels, resulting in depolarization
and calcium influx (Fig. 23.2). The effect of glucose on insulin secretion can
be amplified by activation of both adenylyl cyclase and phospholipase C cat-
alyzed pathways [204]. The early rapid insulin secretory response to glucose
is important in maintaining normal blood glucose, and it is widely accepted
that loss of this early-phase insulin secretion is an important and early event
in the development of Type 2 diabetes [205].

Insulin

Insulin is used to replace the deficient hormone in the treatment of diabetes,
and currently there is no alternative therapy for Type 1 diabetes. Insulin is also
used in the treatment of Type 2 diabetes when this cannot be adequately con-
trolled by orally active antidiabetic drugs. The aim of treatment using insulin
is to maintain euglycemia (a plasma glucose level of 4 to 7mmol/L) without
causing hypoglycemia. However, good control is difficult to achieve because
of the difficulty of administering insulin in a way that mimics physiological
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Figure 23.2 Schematic illustration of glucose-induced insulin secretion and its ampli-
fication mechanisms. Glucose is transported into the pancreatic islet b cell using the
transporter GLUT-2. It is metabolized producing ATP. The resultant increase in the
ATP : ADP ratio inhibits the plasma membrane KATP channel, blocking potassium
efflux and resulting in depolarization of the b-cell membrane. Depolarization activates
L-type voltage-sensitive calcium channels, allowing influx of Ca2+ ions, which trigger
exocytosis. The sulfonylureas (SUs) and meglitinide analogs also block the KATP

channel by binding to its SUR1 subunit. The effect of glucose is amplified by the
second-messenger cyclic-3¢5¢AMP, inositol 1,4,5-trisphosphate (IP3), and diacylglycerol
(DAG). Cyclic-3¢5¢AMP is produced from ATP as a consequence of activation of
adenylyl cyclase, primarily by incretin peptides glucagon-like peptide-1 (GLP-1) and
glucose-dependent insulinotropic polypeptide (GIP) secreted by the intestines in
response to nutrients. The effect of cyclic-3¢5¢AMP is terminated by the phosphodi-
esterase isoform PDE3B. Cyclic-3¢5¢AMP activates protein kinase A (PKA), which acts
at a number of sites (releasing Ca2+ from intracellular stores, enhancing Ca2+ through
L-type channels, and augmenting the effects of Ca2+ on exocytosis) to augment the
effects of glucose and also produces effects independent of PKA. IP3 and DAG are
produced from the membrane lipid phosphatidyl inositol 4,5-bisphosphate (PIP2) by
the activation of phospholipase C (PLC). Vagally released acetylcholine acting through
the muscarinic M3 cholinoceptor is probably the major physiological activator of this
mechanism. IP3 activates the release of Ca2+ from intracellular stores and DAG acti-
vates protein kinase C (PKC), which amplifies the effect of Ca2+ in promoting exocy-
tosis (a + associated with Æ denotes activation/stimulation; • denotes inhibition).
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insulin secretion, with rapid peaks during and immediately following a meal
and low, basal concentrations between meals.

Insulin preparations are now largely based upon human insulin prepared
by enzymic modification of porcine insulin, by chemical combination of the A
and B chains produced using genetically modified bacteria, or from a precur-
sor produced by yeast modified by recombinant DNA technology.

Insulin analogs, with different onsets and durations of action, have been
produced. In solution, soluble insulin forms hexamers, which must dissociate
for the absorption of insulin from a subcutaneous injection site. If amino acid
substitutions are made in the insulin B chain (B28 proline replace by lysine
and B29 lysine by proline yielding lispro insulin, or B28 proline by aspartate
yielding insulin aspart), the tendency to form hexamers is diminished and this
increases bioavailability so that the analogs are absorbed much more rapidly
[206]. On the other hand, elongation of the C-terminal end of the B chain of
the insulin molecule with two arginine residues and substitution of A21
asparagine by glycine elevates the isoelectric point of insulin from pH 5.4
toward neutral. This analog, insulin glargine, crystallizes in the subcutaneous
injection site, providing a very long delay in absorption. Long-acting insulin
analogs injected once daily may be combined with the rapid onset, short-acting
analogs injected with each meal, which should provide a much more physio-
logical plasma insulin profile than could be achieved using conventional
insulin preparations [207].

Mechanism of Action of Insulin The insulin receptor is a tetrameric protein
belonging to the subfamily of receptor tyrosine kinases. Binding of insulin to
the a subunit activates the tyrosine kinase activity of the b subunit, leading 
to receptor autophosphorylation and also to tyrosine phosphorylation of 
the insulin receptor substrate (IRS) adaptor proteins. The phosphorylation of
tyrosine sites on IRS allow its interaction with SH2 (Src-homology-2) proteins,
including Grb2, which leads to activation of MAP kinase and alterations in
protein synthesis and the p85 regulatory subunit of PI-3-kinase (phos-
phatidylinositol 3-kinase). PI-3 kinase plays a pivotal role in insulin action in
enhancing glucose uptake by mobilization of GLUT-4 glucose transporters in
skeletal muscle and adipose tissue and, via PKD1 [PtdIns(3,4,5) P3-dependent
protein kinase], in activating PKB (protein kinase B), which itself inactivates
GSK3 (glycogen synthase kinase 3). Inactivation of GSK3 leads to activation
of glycogen synthase and of the initiation factor eIF2B, resulting, respectively,
in increased glycogen synthesis and increased protein synthesis [208–210] 
(Fig. 23.3).

Understanding the insulin receptor-mediated signaling may allow the
development of small, nonpeptide molecules that activate the signaling 
pathways downstream of the receptor. For example, this could be achieved 
by a molecule that mimicked PtdIns(3,4,5) P3 in enabling PDK1 to activate
PKB. Similarly, a drug that inhibited GSK3 would also mimic effects of 
insulin [208].
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Figure 23.3 Mechanism of action of insulin [208–210]. Insulin (I) binds to the a sub-
units of the insulin receptor (IR), resulting in activation of the tyrosine kinase of the
b subunit. Autotyrosine phosphorylation of the receptor results in its interaction with
and phosphorylation of insulin receptor substrates (IRS). Phosphorylated sites on IRS
interact with various proteins containing Src homology (SH) domains. These include
phosphatidylinositol 3-kinase (PI 3-kinase) and growth factor receptor binding protein
2 (Grb2). Interaction with Grb2 results in activation of the MAP kinase cascade and
hence mitogenic responses. Activation of PI 3-kinase leads to phosphorylation of the
membrane lipid phosphatidyl inositol 4,5-bisphosphate (PIP2) producing phosphatidyl
inositol (3,4,5)-trisphosphate (PIP3). PIP3 interacts with protein kinase B (PKB/akt),
recruiting it to the membrane and allowing its phosphorylation and activation by phos-
phatidyl inositol (3,4,5)-trisphosphate-dependent protein kinase (PDK). PKB phos-
phorylates a number of proteins, including glycogen synthase kinase 3 (GSK3), the
activity of which normally inhibits the activity of several enzymes including glycogen
synthase, eukaryotic initiation factor 2B (eIF2B), and IRS. Phosphorylation of GSK3
inactivates the enzyme increasing the activity of these enzymes. Thus synthesis of glyco-
gen and protein are activated and insulin signaling through IRS is augmented. PDK
(possibly through PKB) also phosphorylates atypical protein kinase C (PKCx/l), which
activates the trafficking of the glucose transporter (GLUT-4) to the plasma membrane,
thereby stimulating glucose uptake (PÆ denotes phosphorylation).
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Biguanides

The biguanides are derivatives of the compound biguanide (guanylguanidine)
that exert a blood glucose-lowering effect in Type 2 diabetes mellitus. Met-
formin is now the only biguanide in clinical use [211, 212], following the with-
drawal of phenformin and buformin in most countries in the late 1970s due to
a high incidence of associated lactic acidosis. Metformin, which has a much
lower risk of lactic acidosis, is used widely in the treatment of Type 2 diabetes.
Biguanides do not increase plasma insulin concentrations and do not cause
severe hypoglycemia; hence they are regarded as antihyperglycemic (rather
than hypoglycemic) agents. The United Kingdom Prospective Diabetes Study
(UKPDS), a large, randomized, controlled trial over >10 years in Type 2 
diabetic patients, noted that patients who received metformin as initial oral
antidiabetic drug therapy had lower morbidity and mortality from macro-
vascular disease [213]. Since glycemic control achieved with metformin was
similar to that achieved with other antidiabetic agents (sulfonylureas and
insulin) studied in the trial, it is possible that additional effects of metformin
may be involved. These could include an improved lipid profile and increased
fibrinolysis, which could be related to the fact that metformin does not elevate,
and may reduce, serum concentrations of insulin.

Metformin increases insulin sensitivity in liver and muscle, suppressing
hepatic gluconeogenesis and glycogenolysis and enhancing insulin-stimulated
glucose uptake into skeletal muscle. It also exerts an insulin-independent sup-
pression of fatty acid oxidation and a reduction in hypertriglyceridemia. These
effects collectively reduce insulin resistance and glucotoxicity in Type 2 dia-
betes [214]. There is considerable evidence that AMP-activated protein kinase
(AMPK) is an important target for metformin, which activates this enzyme in
vitro and in vivo [215]. Activation of AMPK produces very similar effects to
those of metformin, decreasing hepatic glucose production and gluconeogen-
esis, inhibiting lipolysis, lipogenesis, and lipogenic gene expression, and
increasing skeletal muscle glucose uptake [216]. In addition to its widespread
use in Type 2 diabetes mellitus, metformin is increasingly being used to treat
the polycystic ovary syndrome (PCOS), where it leads to a decrease in serum
insulin and androgen levels, as well as improved in ovulatory function [217].
It may also be useful in obesity and a randomized double-blind placebo-
controlled trial in nondiabetic, obese, hyperinsulinemic adolescents on a 
low-calorie diet showed metformin to produce weight loss, a decrease in body
fat, reduced hyperinsulinemia, and enhanced insulin sensitivity compared to
placebo [218].

Thiazolidinediones

Thiazolidinediones (TZDs), also termed glitazones, are used as antidiabetic
agents for the treatment of Type 2 diabetes mellitus. Several have been devel-
oped and rosiglitazone and pioglitazone are in widespread use, although trogli-
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tazone was withdrawn soon after marketing because of idiosyncratic hepato-
toxicity. They appear to lower blood glucose by increasing the sensitivity to
insulin, which can be demonstrated both in animals and humans. For example,
in patients with Type 2 diabetes, troglitazone produced a 30 percent increase
in insulin-stimulated glucose disposal [219].

Receptors for Thiazolidinediones Thiazolidinediones act as agonists of the
nuclear peroxisome proliferator-activated receptor-g (PPARg) at which they
bind with very high affinity. PPARg are nuclear receptors belonging to a super-
family of transcription factors (PPARa, PPARd, and PPARg) and that regu-
late gene transcription in response to small lipophilic ligands, prostaglandin J2
being one natural agonist at this receptor. PPARg are most strongly expressed
in adipose tissue and weakly expressed in liver and skeletal muscle [219–222].
The receptor is found as a heterodimer with the retinoid receptor (RXR),
which, in the resting state, binds a co-repressor complex that inhibits 
transcription. Binding of a thiazolidinedione results in dissociation of the 
co-repressor complex and recruitment of coactivators, leading to increased
transcription.

The mechanisms underlying the increase insulin sensitivity in response to
activation of PPARg are complex and may involve both direct effects on
muscle and indirect effects mediated by actions on adipose tissue. Thus 
activation of PPARg in adipose tissue leads to increased release of adi-
pocyte-derived hormones that increase insulin sensitivity (adiponectin) and a
decrease in the release of those that decrease insulin sensitivity (resistin,
TNFa, IL-6). Leptin production is reduced, although this cannot explain an
increase in insulin sensitivity. Activation of PPARg diminishes the release of
free fatty acids from adipocytes, which itself will augment insulin sensitivity in
muscle, due to the well-known effect of free fatty acids in inhibiting insulin-
stimulated glucose uptake by skeletal muscle [219–222]. Paradoxically, mice in
which PPARg are partially deleted (PPARg +/-) are more insulin sensitive
than wild-type animals and have less adipose tissue and put on less weight 
on a high-fat diet. This raises speculation that PPARg antagonists may be of
value in treating obesity and Type 2 diabetes. There is therefore now interest
in developing, by analogy with SERMs, selective PPARg modulators
(SPPARMs) that have mixed agonist/antagonist properties [222].

Therapeutic Applications The TZDs are used alone or in combination with
sulfonylureas or meglitinide analogs as oral antidiabetic agents in the treat-
ment of Type 2 diabetes mellitus [223]. They are ineffective in the absence of
insulin and therefore are not used in Type 1 diabetes. The drugs promote
weight gain, which is potentially important disadvantage when treating Type
2 diabetes. This is partly due to an increase in the number of adipocytes and
is predictable from the known ability of PPARg activation to promote
adipocyte differentiation. Thus, as discussed above, the development of PPARg
antagonists and of SPPARMs is a valid objective and compounds of this type
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(SR-202—PPARg antagonist; MCC555—SPPARM), which are antidiabetic
and which prevent weight gain in experimentally obese, hyperglycaemic
animals are available.

Sulfonylureas

Sulfonylureas have been classified as so-called first-generation agents 
(tolbutamide, chlorpropamide, tolazamide, and acetohexamide) and second-
generation agents (glibenclamide, glipizide, gliclazide, glimepiride, and gliq-
uidone). The second-generation agents are significantly more potent, although
there is no clear evidence of superiority of the second-generation drugs in terms
of therapeutic effectiveness. The major differences among the sulfonylureas,
apart from potency, are pharmacokinetic. Some agents are long-acting (chlor-
propamide, glibenclamide) while others have much shorter durations of action
(tolbutamide, gliquidone). Sulfonylureas are extensively bound to plasma pro-
teins and are metabolized mainly in the liver to compounds that may be inac-
tive in the case of some agents (e.g., gliquidone) or active in the case of others
(e.g., acetohexamide, tolazamide). Tolbutamide, glibenclamide, glipizide, and
glimepiride are metabolized by CYP2C9 and genetic polymorphisms of this
enzyme may markedly influence their pharmacokinetics [224, 225].

A prolonged controversy resulted from a study suggesting that tolbutamide
might produce an increase in cardiovascular mortality [226]. However, the UK
Prospective Diabetes Study Group showed no increased cardiovascular mor-
tality with sulfonylureas in a large, randomized, controlled trial over 10 years
in which blood glucose was intensively controlled [213]. Indeed, sulfonylureas
significantly reduced diabetic microvascular endpoints. It must be pointed 
out, however, that the UKPDS used different sulfonylureas from the one
(tolbutamide) used in the UGDP [226] study.

Receptors for Sulfonylureas Sulfonylureas work primarily by stimulating
insulin secretion following binding to a high-affinity sulfonylurea receptor
subunit (SUR) of the b-cell potassium-sensitive ATP channel (KATP channel).
Binding results in blocking K efflux through the KIR6.2 channel, depolariza-
tion of the b cell, opening of voltage-sensitive Ca2+ channels, influx of Ca2+, and
insulin secretion [227]. There are different types of SUR (SUR1, SUR2A,
SUR2B), the expression of which differs among different tissues. Thus the 
b-cell potassium-sensitive KATP channel contains SUR1, whereas skeletal 
and cardiac muscle contain SUR2A. Different sulfonylureas have different
affinities for the various SURs. For example, tolbutamide and gliclazide are
significantly more potent in blocking SUR1 (expressed with KIR6.2 in Xenopus
oocytes) relative to SUR2A, whereas glibenclamide and glimepiride are
equipotent at both [228], although other findings [229] showed glibenclamide
to bind with much higher affinity to SUR1, relative to SUR2. There has been
much debate about the role of extrapancreatic effects of sulfonylureas in their
metabolic actions. Extrapancreatic effects probably result, at least in part 
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indirectly from the improved blood glucose control, because chronic hyper-
glycemia may itself produce insulin resistance [230]. Nevertheless, in vitro
effects have been demonstrated on both skeletal muscle and adipose tissue
[231]. Clearly, there are KATP channels in many peripheral tissues, including
skeletal muscle [228]. Moreover, disruption of the SUR2A containing KATP

channels in skeletal-muscle-enhanced glucose uptake [232]. Thus extrapan-
creatic effects in stimulating glucose uptake by skeletal muscle might relate to
block of SUR2A-containing KATP channels. Another intriguing question is
whether or not block of heart, vascular smooth muscle, or cardiac muscle KATP

channels, which contain SUR2, might be manifest as some form of detrimen-
tal action on these systems.

Therapeutic Applications Sulfonylureas are widely used in the treatment 
of Type 2 diabetes. Because they work primarily through stimulating the 
secretion of insulin, they are of no use in the treatment of established Type 
1 diabetes, in which there is extensive autoimmune destruction of the b cells.
Patients who are older than 40 years and have had diabetes for less than 5
years are most likely to respond. After 10 years only about 50 percent of
patients remain satisfactorily controlled by sulfonylureas. This is referred to
as secondary failure and may be attributable to b-cell failure and/or dietary
noncompliance [233]. There is evidence that improved control can be achieved
by combining insulin with sulfonylureas [234].

Although their pharmacology is broadly similar, individual drugs appar-
ently have unique properties. There is evidence that gliclazide has antiplatelet
and antioxidant activity independent of its effects on glycemic control [235].
These effects have been attributed to the azabicyclo ring, which is unique to
gliclazide among the sulfonylureas. It remains to be seen in long-term, large-
scale, randomized, controlled trials if these effects confer additional benefits
on patients with Type 2 diabetes, in terms of a reduction in diabetic compli-
cations and/or reduced mortality.

The main adverse effect of sulfonylureas is hypoglycemia. Pharmacokinetic
considerations are important in determining which agents are more likely to
produce hypoglycemia as an adverse effect. Chlorpropamide and gliben-
clamide are more likely to produce hypoglycemia than are shorter acting drugs
such as tolbutamide, glipizide, gliclazide, and gliquidone, especially when renal
insufficiency is present [236].

Meglitinide Analogs

It is widely accepted that loss of early-phase insulin secretion is an important
and early event in the development of Type 2 diabetes [205]. Thus agents
restoring or replacing this phase of insulin release have a strong theoretical
basis for treating this condition. It was shown that a compound, later named
meglitinide, that was closely related to the nonsulfonylurea moiety of gliben-
clamide augmented insulin secretion through blockade of KATP channel and
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was hypoglycemic [237]. Two meglitinide analogs, repaglinide and nateglinide,
are currently used for treating patients with Type 2 diabetes mellitus, mitig-
linide being in clinical development. For a variety of reasons, these agents are
less likely than sulfonylureas to produce hypoglycemia as adverse effect doses
[205, 238]. Nateglinide and repaglinide are rapidly absorbed from the
gastrointestinal tract. They are also rapidly eliminated through extensive
hepatic metabolism (by CYP2C9 and CYP3A4) [205, 239, 240]. Moreover,
they appear to show glucose dependency in stimulating insulin secretion and
may, at least for nateglinide, dissociate more quickly from the receptor and
allow more rapid KATP channel reactivation [241]. Because of their short
action, they are administered before each meal, allowing a more physiologi-
cal pattern of insulin secretion, and reducing the problem of hypoglycemia
caused by missed meals.

Mechanism of Action The mechanism of action of meglitinide analogs is
similar to that of the sulfonylureas. They block the b-cell KATP channel by 
combining with its SUR1 (sulfonylurea receptor) subunit. However, there is
evidence for differences among sulfonylureas, repaglinide and nateglinide,
in their interaction with the receptor. Meglitinide binds with similar affinities
to the SUR1, SUR2A, and SUR2B receptors (transiently expressed in COS-
7 cells), which are subunits of different KATP channels [229]. Other studies in
electrophysiological experiments showed that mitiglinide was more potent 
in blocking SUR1 relative to SUR2, although repaglinide was equipotent in
blocking both [228]. The short action of nateglinide may be partly related to
the rapid reactivation of the b-cell KATP channel following removal of the drug
[241]. Site-directed mutagenesis studies indicate that nateglinide binds to a
similar site to glibenclamide but a different site from repaglinide, another
meglitinide analog [242]. Nevertheless, rat islets desensitized by prolonged
exposure to sulfonylureas were still capable of secreting insulin in response to
nateglinide [241].

a-Glucosidase Inhibitors

a-Glucosidases are intestinal brush border enzymes responsible for the
hydrolysis of oligosaccharides such as sucrose to glucose; they have relative
selectivity for sucrase. Inhibition of their hydrolysis prevents carbohydrate
absorption as disaccharides are poorly absorbed. Three drugs, acarbose,
voglibose, and miglitol, which are competitive inhibitors of a-glucosidase are
currently in use. As they are reversible inhibitors, carbohydrate absorption 
is delayed, not prevented [243]. Inhibitors of these enzymes thus lower post-
prandial glucose concentrations and are adjuncts for the treatment of diabetes
mellitus. Thus these agents can smooth the daily blood glucose fluctuations in
patients with diabetes mellitus and reduce glycosylated hemoglobin concen-
trations. When used as an adjunct to insulin and diet, they also lower post-
prandial blood glucose in Type 1 diabetes and produce a modest reduction in
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glycosylated hemoglobin [244]. They are also effective in Type 2 diabetes when
used alongside diet alone or when coadministered with sulfonylureas, met-
formin, or insulin [245]. A clinical trial suggested that acarbose might prevent
Type 2 diabetes [246], although this finding has been challenged.

Glucagon-Like Peptide-1 (GLP-1) and Glucose-Dependent 
Insulinotropic Polypeptide (GIP)

The GLP-1, secreted by intestinal L cells, and GIP, secreted by intestinal K
cells, are known as incretins and are secreted from the small intestine in
response to the presence of glucose and other nutrients in the gut. These hor-
mones augment glucose-induced insulin secretion in a glucose-dependent
manner through activating adenylyl cyclase, leading to an increase in islet 
b-cell cyclic-AMP [247–249]. Their importance is clearly illustrated by the
marked glucose intolerance and impairment of insulin secretion seen in mice
lacking receptors for both hormones [250]. GLP-1 is also a potent inhibitor of
glucagon secretion [251]. GLP-1 and GIP stimulate insulin gene transcription,
pancreatic islet cell proliferation and b-cell replication, promote differentia-
tion of pancreatic ductal cells into glucagon- and insulin-producing cells
through a PDX-1 dependent pathway, and inhibit b-cell apoptosis [247–249].
They also suppress gastric emptying. GLP-1 was found to improve blood
glucose in experimental animals and in patients with Type 2 diabetes, leading
to the idea that GLP-1 and GIP might form the basis for novel treatments.
The use of the native hormones is severely limited by their very short dura-
tion of action, as both are rapidly degraded by the enzyme dipeptidyl pepti-
dase IV [DPPIV]. Indeed the N-terminally truncated products of this enzymic
degradation [GLP-1(6–36) and GIP(3–42)] are antagonists of the respective
hormones. Two approaches have been used to address this problem. First,
attempts are being made to find analogs of the hormones that are resistant to
DPPIV-mediated degradation. At least one stable analog (liraglutide-NN
2211) of GLP-1 is in clinical trial. Moreover, exenatide, a synthetic form of
exendin-4, is undergoing clinical evaluation (see Exendin-4). Analogs of GIP
stable to DPPIV are being studied in experimental animals, and several of
these have been shown be insulinotropic and to be antihyperglycemic [249].
The second approach is to use inhibitors of DPPIV to prolong the effect of
the endogenous incretins. Several orally active DPPIV inhibitors have been
developed (e.g., NVPDPP728 and P32/98 NVP-LAF237) and have shown
effectiveness in experimental and clinical diabetes [252, 253].

Exendin-4

Exendin-4 is a 39-amino-acid peptide isolated from the venom of the gila
monster lizard Heloderma suspectum and is a member of the glucagon super-
family of peptide hormones [254]. At the N-terminus the replacement of His7
and Ala8 by His7 and Gly8 makes exendin-4 resistant to cleavage by the DPP-
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IV, which probably explains its long duration of action compared with GLP-
1 [255]. It is structurally related to GLP-1 and interacts with the GLP-1 recep-
tor, elevating cyclic-AMP in the islet b cell and augmenting glucose-induced
insulin secretion [256]. It also increases insulin sensitivity and is effective in
lowering blood glucose in several animal models of diabetes [257] and in
humans [258, 259]. Like GLP-1 it increases b-cell replication and neogenesis
resulting in increased b-cell mass [260], reduces gastric emptying, and dimin-
ishes calorific intake [258].

Glucagon

Glucagon is a polypeptide hormone secreted by the A cells (a cells) of the
pancreatic islets and is an important hormone in preventing a fall in the blood
glucose concentration [261]. It is secreted in response to hypoglycemia, and
there is strong evidence for a major autonomic component in this response
[261]. By activating adenylyl cyclase, glucagon stimulates glycogenolysis and
gluconeogenesis in hepatocytes [262] and lipolysis in adipose tissue [263].
Glucagon also relaxes smooth muscle through an increase in cAMP [264].

Glucagon Receptors Glucagon mediates its effects by the glucagon recep-
tor, a member of the G-protein-coupled superfamily of seven-helical trans-
membrane receptors (GPCRs) [265]. It is coupled through Gs to adenylyl
cyclase increasing cAMP, but its ability to increase intracellular Ca2+ in 
hepatocytes probably additionally involves activation of the PLC/inositol
phosphate pathway [265].

Therapeutic Applications The main use of glucagon is in the treatment of
acute insulin-induced hypoglycemia, where the patient has lost consciousness
and cannot take oral glucose. It is ineffective in starvation or where liver glyco-
gen stores are depleted. Because of the role of glucagon in the metabolic dis-
turbances of diabetes mellitus [266], there may be a role for antagonists at the
glucagon receptor in treating diabetes and both peptide and nonpeptide antag-
onists are being developed [267–270]. The nonpeptide agent Bay 27-9955 is
orally active and was shown in the human to antagonize glucagon in elevat-
ing plasma glucose and increasing glucose production [268]. NNC 25-2504 
is another, very potent (picomolar to low nanomolar binding affinity) non-
peptide, stable, orally active antagonist [271].

23.11 ANTIOBESITY AGENTS

Obesity is a major risk factor for Type 2 diabetes mellitus, dyslipidemia,
myocardial infarction, stroke, and cancers of the breast and colon. A 5 to 10
percent reduction in body weight is associated with a clinically significant
improvement in associated morbidity. However, it is a difficult condition to
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manage and sustained weight loss requires not only effective drugs but also
concomitant adjustments to lifestyle and diet. Very few drugs are currently
available and the anorexigenic drugs fenfluramine and dexfenfluramine, which
have a central effect mediated through promoting neuronal release of sero-
tonin and inhibiting its reuptake [272], were withdrawn in 1997 because of
association with pulmonary hypertension and cardiac valve abnormalities
[273]. The only appetite suppressant currently available is sibutramine, which
blocks the neuronal uptake of serotonin and norepinephrine [274].

The concept of distinct feeding and satiety centers, previously regarded,
respectively, as the lateral hypothalamic area and the ventromedial hypothal-
amus, has been superseded by the idea of distinct neuronal populations that
express particular anorexigenic or orexigenic peptides and activation or inhi-
bition of which switch feeding on or off according to the nutritional status
[275]. Appetite, satiety, and feeding behavior are integrated by a number of
neuropeptides in the hypothalamus. The orexigenic peptides include neu-
ropeptide Y, expressed in neurons largely originating in the arcuate nucleus
(NPY—probably acting through the Y1 and Y5 receptors), the orexins (pri-
marily orexin-A), melanin-concentrating hormone (MCH), and agouti-related
protein (Agrp—an antagonist of the melanocortin MC3 and MC4 receptors
and expressed in NPY neurons). Lipid endocannabinoids may also play an
important role in maintaining appetite. On the other hand, the hypothalamic
anorectic peptides include a-melanocyte stimulating hormone (aMSH—
acting through MC3 and MC4 receptors) and cocaine and amphetamine-
related transcript (CART) [275, 276]. The hypothalamic neuronal circuits
modifying feeding behavior are markedly influenced by a number of nutrient
and hormonal signals from the periphery. Glucose is a satiety signal, and there
are glucose-sensitive neurons in the hypothalamus, which are inhibited by
NPY and activated by orexins. Gold-thioglucose-induced damage to these
neurons results in hyperphagia and obesity [275]. Insulin acting as a satiety
signal probably modulates these neurons. Cholecystokinin (CCK), pancreatic
polypeptide, and PYY 3-36 and the preproglucagon-derived peptides
glucagon-like peptide 1 (GLP-1) and oxyntomodulin, produced in the small
intestine, are also anorectic [275, 276]. On the other hand, ghrelin from the
stomach is orexigenic. In broad terms, the orexigenic peptides activate the
NPY/Agouti-related peptide neuronal systems and inhibit the anorexogenic
neurons, whereas the anorexigenic peptides do the opposite [275, 276] (Fig.
23.4). All of these peptides and their receptors are potential targets for the
development of antiobesity agents. Many agents are under development,
although none has yet reached the market.

The discovery that adipose tissue is an active endocrine tissue, secreting
hormones (e.g., resistin) that influence the sensitivity to insulin as well as food
intake (e.g., leptin, which acts as an anorexigenic signal, stimulating
melanocortin neurons) and that this tissue is a major target for the 
thiazolidinedione-agonists at the PPARg (peroxisome proliferator-g) activated
receptors [277] has revealed more potential targets. Mitochondrial uncoupling
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proteins in muscle and adipose tissue are also potential targets for new
antiobesity agents [278] including agonists at b3-adrenoceptors [279].

Orlistat

Orlistat is an irreversible and highly selective inhibitor of pancreatic and
gastric lipase and therefore inhibits the hydrolysis of triglyceride (triacylglyc-
erol) in the gut lumen. It binds covalently to the serine residue on the active
site [280]. It shows around 1000-fold selectivity for lipase compared with
amylase, trypsin, or chymotrypsin. As triacylglycerol hydrolysis is a prerequi-
site for intestinal fat absorption, lipase inhibition leads to reduced fat absorp-
tion and therefore to decreased availability of fat within the body. This is the
basis for the widespread use of orlistat in the treatment of obesity [280, 281].
Orlistat is highly selective for lipase and has no significant effect in inhibiting
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amylase, trypsin, or chymotrypsin [280]. Its very poor gastrointestinal absorp-
tion (around 1 percent) results in very low plasma concentrations and there-
fore absence of systemic adverse effects [280].

Therapeutic Applications Orlistat is used for the treatment of obesity in
patients who have demonstrated their ability to lose weight as a result of
dietary control and increased physical activity. Weight loss after 12 months
averages 8 to 10 percent when used with an appropriate hypocaloric diet.

Plasma levels of fat-soluble vitamins are reduced [281], but the potential
clinical consequences of this has not been evident. Studies in volunteers have
shown a reduced plasma cholecystokinin response to meals, which may suggest
an increased risk of gallstones, especially in obese patients who are already at
greater risk [281]. Gastrointestinal effects (flatus, oily spotting, fecal urgency,
steatorrhea) are quite common and are predictable for a drug that prevents
fat absorption.
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24.1 INTRODUCTION

The respiratory system is very susceptible to microbial invasion. Despite the
numerous defense mechanisms that the body uses to counteract microbial
invasion, respiratory tract infections are among the most common human
maladies. Viruses cause disease by one of several mechanisms. They cause cell
death, organ malfunction, or elicit an inflammatory reaction that can account
for many of the symptoms and pathology of infection. Pneumonia, or infec-
tion within lung tissue, is one of the leading causes of mortality in the world,
and viruses contribute either directly or indirectly to a significant fraction of
cases of pneumonia.

Viruses are submicroscopic entities of between 20 and 300nm in diameter.
They consist of a nucleic acid genome, which can be either RNA (ribonucleic
acid) or DNA (deoxyribonucleic acid), and a protein coat called a capsid.
Some viruses also are enveloped in a lipid membrane. Viruses lack metabolic
organelles and thus have no ability to generate energy and can only replicate
within living cells. Viruses, therefore, exist on the border between inanimate
chemistry and life forms.

Based on their overall structure and genetic organization, animal viruses
are classified into dozens of different families. Classification is not based on
disease because there is no relationship between the type of virus and the dis-
eases they cause. Several hundred antigenically distinct viruses from at least
seven virus families are associated with sporadic or epidemic respiratory infec-
tions in children and adults [1].

24.2 SEASONAL PATTERNS

Many viral respiratory diseases are associated with a seasonal variation in inci-
dence. Influenza virus and respiratory syncytial virus (RSV) infections occur
predominantly in winter months with an overlap of peak periods of incidence
[2]. Rhinoviruses are isolated throughout the year but their peak incidence is
spring and fall [3]. Adenoviruses and herpesviruses in general do not show
seasonal variation with the exception of varicella-zoster virus (chicken pox),
which is more common in late winter and early spring.
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24.3 PUBLIC HEALTH AND ECONOMIC IMPACT

Respiratory viral infections have a major impact on health. The rate of respira-
tory viral infections has been calculated based on surveys to be over 85 ill-
nesses per 100 persons per year in the United States, making acute viral
respiratory infections among the most common illnesses experienced by
people within the United States and probably worldwide [4]. Between a fourth
and a half of these illnesses lead people to seek medical attention and cause
a significant amount of lost work and school days [5]. The overall burden of
disease related to respiratory virus infections, including mortality, hospitaliza-
tions, medical costs (asthma, etc.), and societal costs (i.e., lost productivity, etc.)
is immense. The resulting negative economic impact of viral respiratory
disease in the United States is huge.

Mortality due to acute respiratory infection in otherwise healthy children
and adults is rare except for influenza during epidemics. However, acute res-
piratory infections (viral and bacterial) are the leading cause of morbidity and
mortality in children, with several million deaths worldwide and 100,000
deaths per year in the United States. In the 2003/2004 season there were 121
influenza-related deaths in children [6]. In developing countries acute res-
piratory infections are a major cause of childhood mortality. Measles, for
example, which has been successfully controlled by vaccination in developed
countries, remains among the major cause of mortality worldwide [7].

24.4 CONTROL OF VIRAL RESPIRATORY INFECTIONS

There are four fundamental modalities that are used to control respiratory
infections within a population.

1. Public health measures
2. Vaccination
3. Antiviral therapy
4. Personal hygiene and etiquette

No one of these modalities alone can be counted upon to ensure that society
can minimize the negative impact of these diseases on the population.
However, particular modalities can predominate in importance for certain
viruses. For example, during the 2002/2003 outbreak of severe acute respira-
tory syndrome (SARS), public health measures, and specifically rapid identi-
fication and isolation of infected patients, were critical to the successful efforts
to control the outbreak [8]. For influenza, a combination of public health mea-
sures and vaccination are the most important control vehicles. Antiviral
therapy has not played a major role in the overall management of respiratory
infections. Hopefully this will change in the future. Personal hygiene is very
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important, and the lack of appropriate hygiene enhances person-to-person
transmission of many respiratory viruses. It is particularly important for indi-
viduals with respiratory virus infections such as influenza to minimize trans-
mission to others by avoiding school and work during the time that they are
coughing and sneezing. If this is not possible, a face mask should be worn and
close contact should be avoided or minimized.

24.5 SPECIFIC VIRUS PATHOGENS

Viruses of many types (enveloped/nonenveloped; DNA/RNA, etc.) cause res-
piratory tract infections, and there is no relationship between type of disease
and the nature of the viral structure or genome. In up to 30 percent of lower
respiratory infections no pathogen is identified. Although this is in large part
due to diagnostic difficulties, this statistic suggests that many new viruses
remain to be discovered. In fact, in the past several decades a new human virus
has been discovered approximately every 2 years. Viruses from seven families
cause most respiratory tract infections. A brief overview of each family and
several of the specific viruses that cause respiratory infections is provided. For
a more detailed description of these viruses and their replication cycles, the
reader is directed to other chapters in this text and various review articles and
books [9, 10].

Picornaviridae

Picornaviridae are nonenveloped, positive-sense RNA viruses that include
several viruses that cause respiratory infections including rhinoviruses and
enteroviruses. Rhinoviruses are the largest genus of the Picornaviridae family
and the single most common cause of the common cold. Rhinoviruses have
also been increasingly recognized as a cause of hospitalizations related to
acute respiratory tract infections in the United States. Since their discovery in
1956, over 100 different serotypes have been identified. This antigenic vari-
ability contributes to the high number of rhinovirus infections that individuals
experience during their lifetime.

The rhinovirus virion structure has been extensively studied, and the knowl-
edge gained from this has been put to practical use in the development of a
potent rhinovirus inhibitor (see below). The rhinovirus genome consists of a
single strand of RNA of 7.2 kilobases that codes for a single polyprotein that
is proteolytically cleaved by 2 viral proteases during and following translation
into 11 proteins. This proteolysis is a key target of strategies to develop antirhi-
novirus drugs. Nevertheless, despite the prospect for new drugs, treatment of
rhinovirus infections will be difficult. Studies with human volunteers have
shown that the incubation period of rhinovirus infection of the upper res-
piratory tract is as short as 12h [11, 12]. This makes the window of therapeu-
tic opportunity quite short.
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Coronaviridae

The Coronaviridae family is a large family of enveloped, positive-sense RNA
viruses with a distinct crown-shaped (Latin, corona = crown) virion that is
created by projections of the virus spike protein. At about 29 kilobases, the
RNA genome of members of this family is the largest genome among the
animal RNA viruses. The family includes two genera that contain many human
and animal viruses. The genus Coronavirus, which consists of three antigeni-
cally distinct groups, contains all the known human pathogens in this family.
There are four human coronaviruses that have been well characterized: human
coronavirus 229E (HCoV-229E), HCoV-OC43, SARS-associated coronavirus
(SARS-CoV), and the recently described coronavirus, HCoV-NL63. HCoV-
229E and HCoV-OC43 are the prototype strains of group 1 and group 2,
respectively, and, along with numerous other strains, are a major cause of
upper respiratory tract disease. HCoV-NL63 was recently isolated from a 
7-month-old child suffering from bronchiolitis and conjunctivitis [13]. The
complete genome sequence of HCoV-NL63 indicates that this virus is not a
recombinant but rather a new group 1 coronavirus. Screening of clinical speci-
mens from individuals suffering from respiratory illness identified seven addi-
tional HCoV-NL63-infected individuals, indicating that the virus is widely
spread within the human population [13].

Severe acute respiratory syndrome is a viral respiratory illness caused by
SARS-associated coronavirus (SARS-CoV) [14]. It was first described fol-
lowing cases in 2003 in the Guandong Province of southern China and gained
international attention following an outbreak that spread to numerous coun-
tries via a businessman who traveled to a Hong Kong hotel. The disease has
an insidious onset and a long incubation period (4 to 14 days). Symptoms
progress slowly but steadily in the first few weeks. Fever, cough, and severe
shortness of breath are the major symptoms and diarrhea occurs in up to a
quarter of cases. There are no definitive laboratory findings but lymphopenia
(low lymphocyte count in blood) and increased lactate dehydrogenase (LDH)
are frequent. The virus can be grown from numerous samples but most rou-
tinely from respiratory secretions and stool. Of course, it is not advisable for
clinical laboratories to attempt to culture the virus unless they are equipped
with special biosafety containment facilities. Although SARS-CoV is highly
contagious during the disease, fortunately it is not contagious prior to symp-
toms or following recovery. This greatly facilitates control of spread of the
disease and makes isolation of cases an effective public health measure. As is
true of most severe viral respiratory diseases, treatment is supportive. Therapy
with corticosteroids with or without ribavirin has been used without apparent
efficacy [8].

Paramyxoviridae

The Paramyxovidae family includes a large number of enveloped, negative-
sense RNA viruses, many of which cause respiratory tract infections. These
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include measles virus, respiratory syncytial virus (RSV), parainfluenza virus
(PIV), and human metapneumovirus (HMPV). Measles virus causes a highly
contagious childhood exanthem (rash syndrome) that has become rare in the
United States since universal vaccination was instituted in the 1960s. Mal-
nourished children are susceptible to serious measles pneumonia, which
remains a major cause of childhood morbidity and mortality in the develop-
ing world. The focus of measles control is on maximizing the prevalence of
vaccination. Measles is in fact an eradicable disease like smallpox and polio.

By the age of 2 virtually every child has been infected with RSV [15]. It 
is the leading cause of serious lower respiratory tract infection in infants 
and children [2]. Infants with lung or cardiac diseases are at increased risk for
RSV infection, and bone marrow transplant recipients are susceptible to life-
threatening interstitial pneumonia due to RSV [16, 17]. More recently, RSV
has been recognized as an important cause of lower respiratory tract infection
in the elderly [18, 19]. Infection early in life is associated with an increased
likelihood of reactive airway disease later, possibly related to the predilection
for RSV to induce the mechanisms involved in the development of asthma
and allergy in children [20–22].

Despite significant effort, therapy of severe RSV infections is suboptimal
and an effective vaccine remains elusive [15]. Ribavirin has reasonably antivi-
ral activity against RSV and is used clinically. However, its use has declined
because of side effects and difficultly of administration. There are significant
ongoing efforts to develop an effective RSV vaccine and more effective antivi-
ral drugs. Because each has its drawbacks and relative merits, it is likely that
both vaccines and antivirals will have a place in the control of RSV-related
disease.

Palivizumab (neutralizing monoclonal antibody) (Synagis) and respiratory
syncytial virus immune globulin intravenous (RSV-IGIV) are used prophy-
lactically to prevent severe lower respiratory tract infections caused by RSV
in high-risk infants such as very young children with chronic lung disease and
preterm infants [23, 24]. Recently, RSV immunoprophylaxis has been also rec-
ommended for infants and children with congenital heart disease [25]. Such
immunoprophylaxis has been shown to be effective in that monthly adminis-
tration of palivizumab during the RSV season results in a 45 to 55 percent
decrease in the rate of hospitalization attributable to RSV. Other measures
have been proposed to reduce the risk of RSV infection in high-risk infants
such as avoidance of child-care centers during the RSV season [25].

Parainfluenza viruses types 1, 2, 3, and 4 (PIV-1, PIV-2, PIV-3, and PIV-4)
were isolated about 50 years ago from children with lower respiratory tract
infections. PIV-3 is the most prevalent, especially in very young children, but
most children are infected with all three viruses by 5 years of age. Whereas
RSV is overall more likely to be associated with severe lower respiratory tract
infection (LRT) than PIV, the overlap of the clinical spectrum between the
two viruses is large. Reinfection of children and adults with RSV and PIV are
common because immunity is short-lived. Prior infection, however, may
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reduce the severity of subsequent infections. There is no specific antiviral,
vaccine, or immunoprophylaxis for PIV.

In 2001 Osterhaus and colleagues isolated a new virus from patients with
acute respiratory tract infections [26]. The virus, named human metapneu-
movirus (HMPV), is a paramyxovirus virus related to avian pneumoviruses.
Since that time investigators throughout the world have isolated HMPV from
many patients with acute respiratory tract infection. Various studies have
shown that HMPV is only occasionally isolated from asymptomatic children
but accounts for a significant percentage of upper respiratory tract infections.
Recently, it was shown to be a significant cause of lower respiratory tract infec-
tions during the first year of life [27]. Overall, HMPV causes a spectrum of
disease very similar to RSV [27].

Orthomyxoviridae

Influenza viruses are members of the large Orthomyxoviridae family of
viruses. Orthomyxoviruses are enveloped, negative-sense RNA viruses with
genomes that are composed of multiple RNA molecules called segments.
Influenza A and B viruses cause a devastating amount of human morbidity
and mortality throughout the world. Influenza A viruses are classified based
on the type of hemagglutinin (H1 to H15) and neuraminidase (N1 to N9) they
contain. Combinations of these two surface glycoproteins define each subtype.
Outbreaks of human disease have been limited to combinations of H1, H2, or
H3, together with N1 or N2. However, all subtypes have been found in viruses
isolated from aquatic birds, which are the natural reservoir for influenza
viruses. Hemagglutinin binds to sialic acid-containing receptors on respiratory
epithelial cells. Neutralizing antibody to influenza is directed to hemagglutinin
and thus it is the most critical immunogen in vaccines.

Influenza viruses, like all RNA viruses, have a penchant for rapid mutation.
New strains emerge each year as a result of mutations in surface glycopro-
teins, a process referred to as antigenic drift. A major change in the hemag-
glutinin and neuraminidase combination is referred to as antigenic shift.
This occurs via a reassortment of the viral genome segments when two
influenza viruses infect the same host and genomic segments are exchanged.
Pandemic outbreaks occur when reassortment involves human and animal
influenza viruses that have not recently circulated in the population. Trans-
mission of avian strains containing H5, H7, or H9 directly to humans followed
by adaptation to human-to-human transmission may be another source of pan-
demic strains [27a]. Worldwide pandemics such as occurred in 1918, 1958, and
1968 have received much attention due to the large number of deaths that
occurred during those years. However the number of deaths that have
occurred due to influenza viruses during interpandemic years is still substan-
tial. Each winter 10 to 20 percent of the U.S. population is infected 
with influenza, and there are tens of thousands of deaths and over 100,000 
hospitalizations [29].
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Influenza virus in healthy persons is usually a tracheobronchitis. Pneumo-
nia and other complications are rare. Serious complications from influenza
virus infection occur more frequently in pregnant women, the very young, the
very old, and among persons with chronic diseases or immunodeficiency. Pneu-
monia, both primary viral and secondary bacterial, can lead to respiratory
failure that is the most common cause of death related to influenza [30].
Myocarditis, pericarditis, and rhabdomyolysis are rare complications of
influenza virus infection. The mechanism of these pathological complications
is not clear but may be due to cyokines rather than a direct result of invasion
of heart or muscle tissue [31].

Two types of influenza vaccines have been approved for use. The 
formaldehyde-inactivated intramuscular vaccine has been in use for several
decades and the live, attenuated intranasal vaccine was approved in 2003.
Both vaccines are trivalent in that they consist of two strains of influenza A
virus and one strain of influenza B virus. The strains used in the vaccines are
based on the recommendation of a Food and Drug Administration (FDA)
Advisory Panel that meets each February, and its decision is based on world-
wide surveillance data.

Two neuraminidase inhibitors were recently approved as antiviral therapy
for influenza (see below). They are clearly effective at reducing symptoms
especially if taken early in the course of the disease. They are very expensive,
and their impact on management of influenza will depend on more rapid and
point-of-care diagnostic methods to avoid overuse. Recently, it was shown that
postexposure prophylaxis of household contacts of those with influenza
reduces the secondary spread of influenza in families when the initial house-
hold case is treated [32].

Bunyaviridae

The Bunyaviridae is a large family of enveloped, negative-sense, segmented
RNA viruses that contains five genera. Only one of these genera, Hantavirus,
contains viruses that cause respiratory disease in humans. A number of 
hantaviruses are known to cause a recently recognized severe respiratory 
syndrome called Hantavirus cardiopulmonary syndrome or Hantavirus 
pulmonary syndrome (HPS) [33, 34]. Hantaviruses are distinct from other
members of the Bunyaviridae family in that they are not transmitted by
arthropod vectors but are rather transmitted directly from aerosolized excreta
of rodents, which are chronically and asymptomatically infected. HPS was first
recognized after an outbreak in 1993 in the Four Corners region at the inter-
section of New Mexico, Arizona, Colorado, and Utah. A cluster of fatal cases
of pneumonia in young adults was eventually linked to a newly discovered
Hantavirus called Sin Nombre virus (SNV), which was found to be enzootic
in the deer mouse (Peromyscus maniculatis). Since then, retrospective studies
have identified various hantaviruses as the cause of previously unrecognized
outbreaks and a number of subsequent outbreaks have been described
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throughout the Western Hemisphere. Fortunately person-to-person transmis-
sion from HPS patients does not occur, but in a large outbreak in Argentina
caused by the Andes hantavirus, there was evidence of person-to-person trans-
mission [35]. In the United Sates there have been over 300 cases of HPS with
a case fatality rate of 30 to 40. Cases occur throughout the year with most
cases in spring and summer. The illness usually begins with a fever, myalgias,
and cough. After several days to a week these symptoms progress to short-
ness of breath, a rapid onset of pulmonary edema with hypoxia, and, in some
cases, shock related to poor cardiac output and arrythmias. Death can occur
quickly after pulmonary symptoms develop, especially if mechanical ventila-
tion is not instituted rapidly. Ribavirin, which has antiviral activity in cell
culture and appears to demonstrate efficacy in animal models, unfortunately
did not look promising in an uncontrolled clinical trial [36].

Adenoviridae

Adenoviruses are ubiquitous nonenveloped DNA viruses that cause nonseri-
ous infections in immunocompetent individuals. Transplantation recipients
and other immunocompromised patients, however, are susceptible to serious
adenovirus respiratory tract infections including pneumonia. Treatment
options are limited to ribavirin or cidofovir, each of which is associated with
significant toxicity.

Herpesviridae

The Herpesviridae family consists of many large enveloped DNA viruses that
include eight distinct types of viruses that cause human disease. Despite 
similarity in structure and genetic organization, the herpesviruses have a wide
spectrum of biological behavior and cause a wide spectrum of disease.
The name (Latin, herpes = creep) is an anachronism related to the skin 
eruptions that occur with infection by several members of the family. Her-
pesviruses are not among the most common causes of viral respiratory tract
infections. Many herpesviruses, however, can infect the respiratory tract,
and in particular clinical settings several herpesviruses can cause serious 
pneumonia [37].

Varicella-zoster virus (VZV) causes both chicken pox (a primary infection
in children) and shingles (reactivation from a latent infection) that occurs pri-
marily after the fourth or fifth decade of life. Adults who escaped infection
with VZV during childhood are at risk for a serious VZV infection as an adult.
Primary infection with VZV in adults is frequently associated with a severe
interstitial pneumonia that can be life-threatening. The live attenuated VZV
vaccine may reduce the number of susceptible adults, but it is unclear whether
the vaccine provides the life-long immunity that is associated with a natural
infection. VZV, although less susceptible to acyclovir than herpes simplex 1
and 2 viruses, is inhibited by acyclovir and its derivatives.
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Another serious pneumonia caused by a herpesvirus is the often fatal
human cytomegalovirus (HCMV) interstitial pneumonia. HCMV generally
causes an asymptomatic infection of immunocompetent individuals but is a
major problem among immunocompromised patients such as those with
acquired immunodeficiency syndrome (AIDS), patients undergoing cancer
chemotherapy, and, most especially, organ and bone marrow transplant
patients. Improved therapy for AIDS, more selective cancer therapy, and
better agents for controlling graft rejection have all reduced the severity and
prevalence of HCMV-associated infections, but it remains a significant clini-
cal problem. Several different drugs are available to treat HCMV infections,
but resistance to these has been an ongoing issue.

24.6 MAJOR CLINICAL SYNDROMES

Infection of the respiratory tract can be conveniently divided into upper and
lower respiratory tract infections, or URI and LRI, respectively. URI and LRI
can be further characterized by certain clinical syndromes that are associated
with infection of particular anatomical regions of the respiratory tract. Below
is a brief overview of these syndromes. Table 24.1 includes a list of most of the
viruses associated with each of these syndromes. It must be borne in mind,
however, that respiratory infections are often a continuum in which multiple
anatomical sites are usually involved in the infection.

Common Cold

The term cold refers to an acute, self-limited syndrome of the upper respira-
tory tract especially the nasal passages, paranasal sinuses, and the pharynx.
Colds are one of the most common illnesses and are caused by a variety of
RNA viruses. Adults average 2 to 3 colds per year and children 6 to 8 colds
per year [38]. Symptoms include rhinitis (runny nose, nasal stuffiness, sneez-
ing, etc.) and pharyngitis (sore throat) often associated with chills and fever.
Other less frequent symptoms include cough, hoarseness, headache, fatigue,
and malaise. Findings on physical exam include nasal discharge and pharyn-
geal erythema but are generally nonspecific. Colds are generally self-limited,
lasting approximately 9 to 10 days. Rhinoviruses cause 40 to 50 percent of
colds, and the remaining are caused by a variety of RNA viruses including
coronaviruses, enteroviruses, PIV, RSV, and influenza A and B viruses.

Transmission of common cold viruses occurs by direct inoculation of virus
into the upper respiratory tract and infection of ciliated nasal epithelial cells
[39]. Infiltration of polymorphonuclear leukocytes then follows probably as a
result of cytokine production. The number of infected cells is not high, and
there is little cellular damage that is directly due to viral replication. Most of
the symptoms are attributable to the inflammatory mediators triggered by the
virus. Interestingly, in contrast to allergic rhinitis, histamine does not appear
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to play a significant role in the pathophysiology of colds [40, 41]. Complica-
tions of colds include secondary bacterial infections of the paranasal sinuses
and middle ear and exacerbations of asthma and emphysema. Viruses that
cause the common cold are also implicated in otitis media (inner ear inflam-
mation) especially in children [42, 43].

Pharyngitis

Inflammation of the pharynx, or pharyngitis, is commonly referred to as a sore
throat. Viruses cause about one third of cases of acute pharygitis, bacteria
cause another one third, and the remaining one third are of unknown etiol-
ogy. Viral pharygitis primarily occurs as part of a larger symptom complex such
as the common cold, influenza, infectious mononucleosis, and primary infec-
tion with human immunodeficiency virus (HIV) [44].

Laryngitis

Acute laryngitis, or inflammation of the vocal cords, is commonly seen in
primary care settings. It generally presents as hoarseness and a painful cough.
As with pharyngitis, it often accompanies other URI symptoms such as cold
symptoms. All the major respiratory viruses have been implicated in the eti-
ology of acute laryngiits.

Acute Laryngotracheobronchitis (Croup)

Croup is a viral infection of the respiratory tract in young children that results
in inflammation of the subglottic region. It leads to dyspnea (shortness of
breath), a so-called seal’s bark cough, and inspiratory sounds referred to as
stridulous notes or simply as stridor. This characteristic sound is pathogno-
monic to the caregiver familiar with this syndrome. The origin of the term
croup is not certain, but it is thought to have been derived from an Anglo-
Saxon term that meant to cry out in a shrill voice. Although the term croup
has been used for a number of respiratory infections associated with compro-
mised airflow such as diphtheria, today it is used exclusively for viral laryn-
gotracheobronchitis. Croup is relatively common in young children, with most
cases occurring between 3 months and 3 years of age. PIV, most commonly
PIV-3, and RSV are the most commonly implicated pathogens.

Tracheitis and Tracheobronchitis

Tracheitis rarely occurs as an isolated infection and is usually associated with
URI and/or bronchitis. It is usually associated with severe pain in the chest
due to upper airway damage and inflammation. Infection of the trachea and
large bronchi leads to impaired mucociliary clearance mechanisms that, in
turn, predisposes to bacterial secondary infection [45].
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Bronchiolitis

Bronchiolitis is an acute lower respiratory tract viral infection of young chil-
dren that is characterized by acute onset of wheezing associated with cough
and respiratory distress. The vast majority of cases are caused by RSV or PIV.
Other respiratory viruses account for the remainder of cases, although a small
percentage is associated with the bacterium Mycoplasma pneumonia. Viral
replication in the bronchial epithelial cells precipitates an inflammatory reac-
tion with infiltration of neutrophils, basophils, and eosinophils and release of
inflammatory mediators. Inflammatory changes such as edema and cellular
necrosis with sloughing lead to obstruction of small airways, which accounts
for the wheezing and hyperinflation of the lungs. Wheezing occurs commonly,
but the inflammatory process precipitated in virus-induced bronchiolitis is not
the same as occurs in allergic reaction or asthma. Distinguishing viral bron-
chiolitis from the first episode of asthma or from the many other causes of
wheezing requires clinical acumen. Therapy is primarily supportive with
oxygen, and, if necessary, mechanical ventilation for hospitalized infants. Bron-
chodilators and corticosteroids are used frequently, but their efficacy has not
been proven. Ribavirin administered by aerosol is reserved for those at high
risk for severe infection. Most normal children recover fully from bronchioli-
tis, but there is an increased risk of subsequent lower respiratory tract disease
and reactive airway disease especially in those with bronchiolitis early in life.

Pneumonia

Pneumonia is an infection of the lung parenchyma that leads to inflammatory
changes that compromise alveolar gas exchange. Obviously, pneumonia can
be the most serious of the respiratory tract infections caused by viruses
because it can lead to hypoxia that, if persistent, may result in widespread
organ dysfunction. There is a wide spectrum of clinical presentations of pneu-
monia depending on the immune status of the patient and the specific viral
pathogen. Serious viral pneumonia in healthy older children and adults is rela-
tively uncommon. Virtually all the respiratory viruses have been associated
with pneumonia in healthy patients, but the morbidity is generally low. The
SARS outbreak was particularly unusual and worrisome because many of the
fatalities occurred in healthy young adults. Another exception is the hantavirus
pulmonary syndrome, which has a high mortality rate in young adults. Fortu-
nately, the number of cases to date has been small. Influenza virus causes pneu-
monia especially during significant pandemics. One of the most serious
consequences of influenza is secondary bacterial pneumonia. Any healthy
adult who did not have chicken pox as a child, or who was not vaccinated, is
at risk for varicella pneumonia, which can be serious.

The very young, the elderly, those with chronic cardiac disease or pul-
monary disease, and immunocompromised patients are at higher risk for
certain types of viral pneumonia that can be associated with significant mor-
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bidity and mortality. RSV bronchopneumonia can be very serious in preterm
infants. In highly immunocompromised patients, such as bone marrow trans-
plant recipients, RSV pneumonia is associated with a high rate of mortality.
Human cytomegalovirus is another frequent cause of life-threatening pneu-
monia in organ transplant patients. Virtually the entire spectrum of human
viral pathogens has been described in association with pneumonia in severely
immunocompromised patients [46, 47].

The pathogenesis of viral pneumonia is complex and has differential fea-
tures depending on the host and virus. Pneumonia may occur in a situation
where the virus enters the body via the respiratory tract and remains local-
ized, it may extend from the lungs into a systemic viral infection, or it may
have entered the lungs as a consequence of a systemic infection. Obviously
the pathogenesis will vary with each of these scenarios. In general, viral pneu-
monia involves a combination of viral-mediated cell death of respiratory bron-
chiolar epithelial cells, hypersecretion of mucus by mucus-secreting cells, and
inflammatory changes such as infiltration of neutrophils and monocytes,
edema, and focal hemorrhage. Alveoli can show marked changes including
capillary edema, hemorrhage, and formation of hyaline membranes, which
explains the poor gas exchange that develops. Viral pneumonia is a diffuse
process that generally involves the entire lung and on radiographs appears as
a diffuse reticular pattern. This is in contrast to bacterial pneumonia, which is
often limited to individual lobes of the lung. The relative prominence of the
various pathological changes varies with the virus, the host, and the severity
of the pneumonia. In HPS, for example, the most dramatic process is severe
alveolar capillary leak that leads to significant fluid buildup in the air sacs. This
in turn causes a serious respiratory distress-like syndrome characterized by
dramatic hypoxia.

24.7 DIAGNOSIS OF VIRAL RESPIRATORY INFECTION

The clinical presentation of any viral infection of the respiratory tract does not
enable a specific diagnosis. There are, in general, no pathognomonic signs and
symptoms that distinguish viral respiratory tract infections from bacterial
infections or from other causes. The pattern of signs, symptoms, the radi-
ographic (X-ray) pattern, and routine laboratory results can promote a high
index of suspicion but do not lead to a specific etiology. Upper respiratory
tract infections are characterized by rhinorrhea (runny nose), sneezing, cough,
and sore throat with or without fever. Lower respiratory tract infections are
most often characterized by a nonproductive (i.e., dry) cough and shortness
of breath, associated with generalized symptoms of fever, malaise, and myal-
gias. The physical findings include particular auscultatory (stethoscope) sounds
such as rales, crackles, and wheezing. Cyanosis (blue-colored skin of the digits,
lips, etc.) may be observed when hypoxemia is present. For certain viruses such
as measles, there may be a characteristic rash.
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The history and the clinical setting are critical factors in the diagnostic
evaluation. Where the patient lives, whether there have been other cases,
whether there has been known contact with an individual already diagnosed,
whether the infection occurs during the season when certain viral infections
are prevalent, for example, all have a bearing on the likelihood of a particu-
lar diagnosis. In addition, the history combined with the clinical presentation
will help direct the diagnostic effort.

Diagnostic tests for viral diseases fall in to four categories: serology, antigen
detection, viral culture, and nucleic acid testing. Serology involves testing the
patient for antibodies to a specific agent. It generally involves measuring acute
(during symptoms) and convalescent (after resolution) antibody titers. A rise
in titer (usually fourfold) is consistent with recent infection but obviously only
provides a retrospective diagnosis. Recently, measurement of specific IgM
antibodies has allowed the diagnosis to be made in the acute setting. IgM tests
are not available for all pathogens and are of variable sensitivity and speci-
ficity. Antigen detection has become the modality of choice for rapid diagno-
sis of acute viral infections. The most common method used involves obtaining
cells from an appropriate site such as a scraping of the posterior pharynx or
a bronchoalveolar lavage specimen. Cell-associated specific viral antigens are
then detected by direct immunofluoresence, which involves the use of a fluo-
rescently labeled monoclonal antibody directed against a viral protein. Such
direct fluorescent antibody (DFA) tests are available for RSV, PIV, adenovirus,
and influenza and have high specificity (>90 percent) and reasonably good sen-
sitivity (70 to 90 percent). Viral culture is the most definitive modality for
making the diagnosis, but when performed by traditional methods can take 3
to 10 days. Newer methods of culture, especially when combined with DFA,
can reduce the time to detect positive cultures to 1 to 3 days. Nucleic acid
detection (NAD) allows for the detection of even trace amounts of viral
genome in patient samples. The most commonly used methods involve ampli-
fication of the viral nucleic acid by polymerase chain reaction (PCR) either
directly for DNA viruses or following reverse transcription for RNA viruses.
Detection of the amplified nucleic acid can be performed by a variety of
methods, but fluorescent-based real-time detection methods are supplanting
older methods. The cost and complexity of these tests, however, has limited
their routine use.

A critical issue for any diagnostic evaluation is having a clear idea of what
tests are appropriate to order. Use of any of the specific tests requires a certain
index of suspicion because ordering a panel of tests is prohibitively expensive
as a routine mode of operating. Even viral culture is better performed when
certain agents are considered in advance because the type of cell lines and the
conditions of culturing can affect the detection of particular viruses. The ulti-
mate goal of viral diagnostic testing is the use of multiplexing, that is, the ability
to detect many agents from the same specimen using one test. Further sup-
porting this approach is the fact that up to 15 percent of respiratory tract infec-
tions are caused by more than one agent (mixed infection). Effective antiviral
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therapy requires effective diagnostic modalities. Rapid, point-of-care, inex-
pensive, multiplexed, sensitive, and specific diagnostic tests will enable anti-
viral therapy to be more effective, especially for acute viral diseases such as
most viral respiratory infections.

24.8 EXISTING ANTIVIRAL THERAPY

Significant progress has been made in the development of antiviral drugs. Just
30 years ago, there were no FDA-approved antiviral drugs. Today, there are
over 40 such drugs [48]. Still, the applicability of these drugs continues to be
limited. More than half the FDA-approved antiviral drugs, for example, are
for use in treating infections caused by human immunodeficiency virus (HIV),
and most of the remaining drugs are for use in treating herpesvirus infections.
The first oral antiviral was a drug for herpes, acyclovir, developed by the la-
boratory of Gertrude B. Elion at Burroughs-Wellcome in the 1960s. Acyclovir
is a nucleoside analog that fits into the binding pocket of herpes DNA poly-
merase and terminates the enzyme’s growing nucleic acid chain. High-dose
acyclovir is efficacious for VZV pneumonia. Another nucleoside analog, gan-
ciclovir, as well as a nonnucleoside DNA polymerase inhibitor, foscarnet, are
available to control HCMV pneumonia in immunocompromised patients.
Their distinct toxicity and resistance profiles make them a useful pair during
the management of these difficult pneumonias.

There are only a handful of small-molecule antiviral drugs available for
treatment of the RNA viruses that cause the majority of respiratory tract in-
fections. Consequently, for many RNA viruses, there are only limited, if any,
therapeutic options available. Two drugs, amantadine (Symmetrel) and its
derivative rimantadine (Flumadine), have been available for many years for
prophylactic use in patients at high risk for influenza virus such as residents of
nursing homes [49, 50]. These drugs interfere with proton transport of the viral
transmembrane protein, M2, but are only effective against influenza A virus.

Recently, two drugs, oseltamivir (Tamiflu) and zanamivir (Relenza), that are
inhibitors of the influenza neuraminidase enzyme were approved for treat-
ment of influenza A and B [28, 51]. As expected, their efficacy depends on ini-
tiation of therapy as soon as possible. They have been shown to be effective
when used prophylactically during an outbreak [32]. This so-called post-
exposure prophylaxis may be the most effective use of these drugs. Neither
the M2 or neuraminidase inhibitors have been studied in cases of severe 
pneumonia.

Ribavirin is the only available antiviral drug for treatment of other respira-
tory viruses [52–56]. It has been used in a small-particle aerosol formulation
to treat severe bronchiolitis caused by RSV. The efficacy of ribavirin in RSV
bronchopneumonia is controversial, and its use has been limited to treatment
of high-risk infants. The increased use of prophylactic monoclonal antibody
has contributed to the reduced use of ribavirin. There is limited data on the
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efficacy of ribavirin in other viral respiratory diseases. It may be efficacious
for PIV and measles infections, but it has not shown to be of value in HPS
[36]. There remains the potential for combining ribavirin with other antivirals.
For example, ribavirin has limited antiviral effect on hepatitis C virus (HCV)
but definitely adds to the therapeutic potency of interferon-a. Whether this
approach can be successfully applied to respiratory viral infections remains to
be seen. Combination of biological agents such as mAbs and small-molecule
antiviral drugs is also an intriguing possibility. The concept of using neutraliz-
ing monoclonal anti-RSV antibodies to decrease the long-term morbidity
associated with RSV infection in children by reducing RSV replication has
also been proposed [57].

24.9 CHALLENGES OF ANTIVIRAL THERAPY FOR
RESPIRATORY VIRUS INFECTIONS

There are many difficulties associated with the development of antiviral thera-
pies. The manner in which viruses replicate and their close association with
cellular processes during their life cycle makes finding agents with a selective
effect on the virus difficult. In addition, there are often multiple strains,
serotypes, and sequence variants of any given virus (quasi-species). This inher-
ent variation is related to the high frequency of mutation of viruses, which
leads to the rapid selection of viruses that are drug resistant.

Another difficulty is the uncertain correlation between the level of viral
replication and the extent of clinical disease. Generally, it is safe to say that
viral replication is necessary for most viruses to cause disease, but the amount
and duration of viral replication may not correlate temporally with the degree
of pathology. Therefore, a therapeutic intervention that focuses on inhibition
of viral replication may be inadequate to ameliorate either symptoms or
pathology unless it is instituted either before infection or within a short period
after infection. As an example, despite the fact that influenza is characterized
by significant virus replication in respiratory epithelial cells, there is now
growing evidence that the cytokines produced early at the site of infection
mediate many of the clinical and pathological manifestations [58]. These
cytokines include interferon-a (IFN-a), tumor necrosis factor-a (TNF-a),
interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-8 (IL-8), and various
chemokines. Studies of respiratory secretions of experimentally infected
humans have shown that peak cytokine levels directly correlated with virus
replication and disease. However, cytokines are clearly not the only factor con-
tributing to disease, and they are also likely to be essential for resolution of
the infection [58].

Both immunologic and nonimmunologic factors have been implicated in
the pathogenesis of RSV-induced disease. RSV bronchiolitis has been pro-
posed to result from production of Th2-type cytokines, although this clearly
cannot be the total explanation. Interferon-g may contribute to RSV-induced
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wheezing, possibly through induction of leukotriene release. Pulmonary sur-
factant has recently been thought to be an important factor in RSV-mediated
severe bronchiolitis. Airway damage and hyperreactivity induced during RSV
infection can alter long-term lung function and may lead to chronic asthma.
While the mechanisms underlying hyperreactivity of the airways are unclear,
in a mouse model airway hyperreactivity response was associated with 
inappropriate production of cytokines, particularly IL-13 [59]. Chemokines
have been also thought to be an important contributor to the symptoms that
arise during RSV infection, but their role has not been fully elucidated. Mice
treated with anti-RANTES (CCL5) antibody demonstrated significant de-
creases in airway hyperreactivity, suggesting that RANTES (CCL5) is an im-
portant mediator of the pathophysiological responses seen in RSV infection
[60].

Inflammation and mucus overproduction are partially responsible for RSV-
induced disease in infants. In other studies using a murine model, it was shown
treatment with anti-CXCR2 antibody resulted in decreased airway hyper-
reactivity and decreased mucus in the bronchoalveolar lavage fluid. Studies
with CXCR2 (-/-) knockout mice also demonstrated the important of CXC
chemokines in RSV-induced mucus production and airway hyperreactivity
[61]. There is also evidence that the nuclear transcription factor NF-kB con-
trols the expression of many genes involved in the inflammatory and
immunomodulatory processes that occur during RSV infection. As a possible
central activator of inflammatory and innate immune responses to RSV, NF-
kB may be a potential target [62]. Additional therapeutic strategies will be
promoted by better understanding of the pathogenesis of RSV-induced
disease and other viral respiratory tract infections [63].

24.10 STRATEGIES FOR DEVELOPMENT OF 
ANTIVIRAL THERAPY

There are a variety of approaches that can be applied to the development of
antiviral therapies. Cytokines, cytokine inhibitors, monoclonal antibodies
directed against the virus, and RNA interference (RNAi)-based agents are
some of the modalities under development [64]. Small molecules that inhibit
viral replication generally receive the most attention. Such inhibitors are
usually focused on viral targets such as viral enzymes (e.g., RNA polymerase,
protease, helicase, etc.) or other viral proteins (e.g., fusion proteins). Small
molecules that target viral RNA are a promising possibility but have received
limited attention [65].

The replication of viruses can be described in terms of a series of key
processes that occur sequentially starting with viral attachment to the cell and
ending with the exit of new progeny virus from the cell. Each of these events
involves the interaction of essential viral proteins with cellular machinery, and
each specific activity involved in this process is a potential target of an
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inhibitory molecule. The best targets are those that are the most genetically
and biochemically tractable. Virally encoded proteins that have an easily mea-
surable activity fit this criterion the best. Reverse genetics can be used to prove
that the particular viral protein is required for viral replication, which vali-
dates it as a target for an effective antiviral compound. This relatively straight-
forward validation process contrasts sharply with other areas of drug discovery
in which target validation is often one of the most challenging tasks.

The replication of all viruses depends on various viral enzymes and cofac-
tors encoded by the viral genome. Many of these enzymes are therefore excel-
lent targets for antiviral compounds. For RNA viruses these enzymes include
RNA-dependent RNA polymerases and their cofactors that replicate the viral
genome and synthesize messenger RNA (mRNA), RNA helicases that unwind
duplex regions of RNA during replication, and proteases that are involved in
the proteolytic processing of viral proteins to their active form. For DNA
viruses DNA polymerases and DNA helicases are key targets. Inhibitors that
target the virus–cellular interaction at the cellular membrane also represent
an effective strategy. Such inhibitors can target either the viral attachment
protein or the cellular receptor.

In addition to viral proteins, cellular proteins that are critical for the repli-
cation of particular viruses may represent valuable targets for antiviral devel-
opment. Cellular enzymes that have been shown to be potential targets 
of antiviral compounds include inosine monophosphate dehydrogenase
(IMPDH), S-adenosylhomocysteine (SAH) hydrogenase, cytidine triphos-
phate (CTP) synthetase, and a-glucosidase [66, 67]. It is generally thought that
inhibitors of host enzymes would be associated with more toxicity than
inhibitors of viral targets. This assumption is not necessarily true for several
reasons. First, much drug-related toxicity is unrelated to the mechanism of
therapeutic action. Second, the vast majority of medicinals target cellular
enzymes and most are safe even when taken chronically. Third, many anti-
viral drugs that target viral enzymes are associated with significant toxicity
(e.g., HIV protease inhibitors). Finally, cellular enzymes are likely to exist that
are essential for viral replication, but their activity may not be essential for
health of the cell because of redundancy. Such enzymes would, of course, be
excellent targets for antiviral drugs.

Screening programs to identify compounds with antiviral activity involve
two general methods: targeted screening and unbiased screening. In the tar-
geted approach, a particular biochemical target is chosen, and then inhibitors
of the chosen target are screened. The chosen target is typically an enzyme or
a receptor that is known or thought to be essential to viral replication. In the
alternative approach, unbiased screening, inhibitors of viral replication are
sought without a priori concern for the target. Unbiased screening neces-
sarily involves the use of cell culture for virus replication. This is due, in part,
to the fact that cellular targets are likely targets of many antiviral agents.
Although cell-based screening has been used successfully throughout the drug
discovery field, it has historically been problematic when screening for anti-
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viral compounds because it requires inoculation of an infectious virus onto the
cells, which complicates the process of screening large libraries of compounds.

Partial viral replication systems have been developed to circumvent the
problems associated with cell-based cultures using whole viral systems. In
partial viral systems, viral genomes lacking one or more genetic elements
essential for complete replication are used to accomplish viral genomic repli-
cation without producing the infectious virus. This is particularly important for
viral agents such as SARS-CoV, which is classified as biohazard level 3 (BL-
3) and for BL-4 agents such as Ebola virus. A screening process that utilizes
these incomplete viral genomes can identify inhibitors of any biochemical
pathway involved in viral genome replication, transcription, and translation.
This allows for screening with respect to multiple possible targets. These
targets do not have to be known, thus making the screening process unbiased.
In addition, the targets are prevalidated, given that inhibition of RNA repli-
cation is directly relevant to the viral disease process. Screening with partial
viral replication systems additionally is advantageous because complex viral
replication pathways can be easily monitored by measuring levels of viral
RNA or expression of a reporter gene (e.g., luciferase, b-galactosidase,
secreted alkaline phosphatase, green fluorescent protein, etc.) present in the
replicon or defective genome. The major drawback of unbiased, cell-based
screening, whether it involves infectious virus or partial genomes, is that the
target of an identified antiviral molecule is not immediately known. Efforts to
identify the target and ultimately determine the mechanism must be under-
taken to enable the process of optimizing the lead compound.

24.11 DEVELOPMENT OF ANTIVIRALS AGAINST 
RESPIRATORY VIRUSES

The approval of two inhibitors of the influenza virus neuraminidase (NA),
oseltamivir (Tamiflu) and zanamivir (Relenza), has opened the door for the
development of small-molecule inhibitors of other respiratory viruses. Unfor-
tunately, the door remains only partially open and progress has been slow for
a variety of reasons. Another potent NA inhibitor being developed by
BioCryst (Birmingham,AL) failed to demonstrate significant efficacy in phase
III trials. Many other NA inhibitors have been described that show potent in
vitro activity against influenza virus. Whether they will be developed is
unclear. In addition to neuraminidase inhibitors, compounds are under devel-
opment that target other influenza virus replication processes. Interaction of
the influenza virus with the cell membrane is an important process during
replication of most enveloped viruses. Ongoing work has identified a number
of compounds that inhibit interaction of the viral envelop with the cellular
membrane. A polyoxometalate (PM523) is a potent inhibitor of influenza, res-
piratory syncytial virus, and measles virus and acts by inhibiting fusion
between the viral envelope and the cellular membrane. Resistance to PM523
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mapped to sequences that encoded amino acids in hemagglutinin (HA) 
that are in the interface of the trimers of HA. Another potential target of 
anti-influenza virus is the mRNA capping process. Cap formation of influenza
mRNA utilizes the 5¢-mGpppXm of host mRNA. Inhibitors of cap formation
have been described that act on the PB2 viral protein, which is a component
of the viral RNA polymerase complex. A metabolic product of ribavirn,
1,2,4-triazole carboxamide (T-CONH2) is inhibitory for influenza repli-
cation in vitro and in vivo [68]. Endonuclease inhibitors also have been
described.

Pleconaril [Picovir (ViroPharma, Exton, PA)], which binds to the capsid of
many picornaviruses including rhinoviruses, is an inhibitor of virus uncoating
[69, 70]. Clinical trials showed efficacy against the common cold, but unfortu-
nately it was not approved by the FDA, which sought additional studies on
drug interactions [71]. Cell culture-based transdominant genetic techniques
were used to discover a peptide inhibitor of human rhinovirus that acts on
intercellular adhesion molecule 1 (ICAM-1) [72, 73]. Inhibitors of other rhi-
novirus targets such as the 3C (e.g., AG7088) and 2A proteases and the RNA
polymerase are also under development [74–77].

The increasing recognition of the significant disease burden caused by RSV
has stimulated activity in anti-RSV discovery. At one time as many as 20 anti-
RSV R&D programs were ongoing in the pharmaceutical/biotechnology
industry. Unfortunately, this activity has not borne fruit and has not been sus-
tained. Drug discovery efforts against RSV have primarily focused on fusion
inhibitors that target the RSV F protein. One such fusion inhibitor (V-14637;
ViroPharma) showed potent activity in preclinical studies and underwent early
clinical trials in an inhalation formulation, but its development was suspended
by the company. Other fusion inhibitors have been described that have potent
anti-RSV activity in cell culture and in animal models. Unfortunately, clinical
development is not being pursued. Recently, representatives from Arrow
Therapeutics (London, GB) have described an inhibitor (A60444) that appar-
ently targets the nucleocapsid (N) protein. Its biochemical mechanism of
action has not been described. It is undergoing phase I clinical trials.

In addition to small molecules other approaches to antiviral therapy are
being studied. These include antisense oligonucleotides and RNA interference
[64, 78–80]. Other investigators have searched for RSV adhesion receptors on
mammalian cells as possible antiviral targets. Soluble human lectins, complex
polysaccharides, and a low-molecular-weight selectin antagonist, TBC1269,
were used to characterize and isolate the RSV receptor on a human epithe-
lial cell line (Hep2 cells). Selectin antagonists, fucoidan and TBC 1269, inhibit
RSV infection both in vitro and in a mouse model of infection. Annexin II 
has been proposed as a potential RSV receptor on Hep2 cells. Recombinant
annexin II binds to RSV G protein, heparin, and plasminogen, and the 
binding is inhibited by a selectin antagonist, TBC1269. These workers have
suggested that inhibitors of annexin II could have potential in treating RSV
infection [81].
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There has been significant effort to develop an effective therapy for SARS-
CoV. In a cynomolgus macaque model of SARS, pegylated interferon 
showed some promise as a potential treatment [82]. Calpain and b-d-N4-
hydroxycytodine have been shown to be inhibitors of SARS-CoV, but their
clinical potential is unclear [83]. Rational design based on X-ray crystal struc-
ture has been used to design drugs for SARS-CoV 3CL protease.

24.12 ANIMAL MODELS

Animal models are an important component of antiviral development because
they provide an indication of in vivo efficacy prior to initiating human clinical
trials. However, there are few animal models for human respiratory viruses
and most of those that exist are suboptimal. Mouse models have many advan-
tages for testing antivirals. The available genomic information, transgenic
strains, immunodeficient strains, immunologic reagents, and the like make
murine models of infection highly tractable. Unfortunately, mice are not fully
permissive for many human respiratory viruses, and infection of mice with res-
piratory viruses does not always mimic the relevant human disease [84].

Significant effort has been devoted to the development of animal models
of RSV infection using mice, cotton rats, guinea pigs, ferrets, hamsters, calves,
and nonhuman primates [85, 86]. These models have been used to test vac-
cines and to determine the mechanism of vaccine-enhanced disease seen with
a formalin-inactivated RSV vaccine [87]. They have also provided a means for
testing efficacy and safety of prophylactic and therapeutic immunotherapy
[57]. The value of these animal models for testing small-molecule therapeutic
drugs, however, is less clear.

The cotton rat (Sigmodon hispidus) has been promoted as a useful model
for several respiratory viruses including influenza, parainfluenza virus, and
RSV [88–90]. After inoculation of the nares with RSV, animals develop pul-
monary pathology. Unfortunately, the cotton rat is only “semipermissive” for
RSV in that the recoverable virus never exceeds the innoculum. Nonhuman
primates such as African green monkeys and Rhesus macaques have been
used for studies of vaccines, monoclonal antibodies, and antivirals. The high
cost and increasing lack of availability are major drawbacks to the use of
primate models. Animal models must be used with the realization that RSV
disease in humans has many pathophysiological features. The clinical mani-
festations depend upon age, genetic makeup, immunologic status, and under-
lying disease, and there is no single animal model that duplicates all the various
forms of RSV disease [86].

A small-animal model is important for the development of new therapies
for rhinoviruses. However, existing mouse models of infection are difficult to
work with, and until recently mouse cell lines were thought to be generally
nonpermissive for HRV replication in vitro. Recently, a virus of the minor-
receptor group, HRV1B, was shown to be able to infect and replicate in a
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mouse respiratory epithelial cell line (LA-4) more efficiently than in a mouse
fibroblast cell line (L) [91]. In contrast the major-receptor group virus, HRV16,
requires human intercellular adhesion molecule-1 (ICAM-1) for cell entry 
and therefore cannot infect LA-4 cells. However, transfection of in-vitro-
transcribed HRV16 RNA resulted in the replication of viral RNA and pro-
duction of infectious virus. Furthermore, these workers showed that expres-
sion of a chimeric ICAM-1 molecule, comprising mouse ICAM-1 with
extracellular domains 1 and 2 replaced by the equivalent human domains,
rendered the otherwise nonpermissive mouse respiratory epithelial cell line
susceptible to entry and efficient replication of HRV16. These observations
suggest that the development of mouse models of respiratory tract infection
by major as well as minor group HRV are possible [91].

A significant effort has been applied to the development of a SARS-CoV
animal model. A cynomolgus macaque model of SARS-CoV has been used
by one group to test antiviral agents [82]. Murine models have also been
studied, but their relevance to human infection is uncertain.

24.13 SUMMARY

There are significant challenges associated with the development of antiviral
therapy for respiratory virus infections. These challenges fall into four broad
categories: (1) virological, (2) pathophysiological, (3) clinical, and (4) eco-
nomical. Viruses are obligate intracellular pathogens, and their intimate asso-
ciation with cells during their life cycles makes them very difficult to inhibit
compared with extracellular or free-living pathogens such as most bacteria.
Another problem is the high rate of mutation of viruses, especially RNA
viruses. Thus they have a high predeliction for developing resistance to anti-
viral agents.

Another problematic issue is that the majority of the symptoms associated
with viral respiratory tract infections are triggered by the virus rather than
directly mediated by viral replication. After initial infection, respiratory
viruses replicate rapidly, and the body responds with a strong innate and
acquired immune response that triggers symptoms that can last weeks. There-
fore, in order to have an impact on disease symptoms and pathology, therapy,
even with an extremely potent inhibitor of viral replication, needs to be initi-
ated within 24 to 48h of onset of symptoms. This is obviously a very narrow
treatment window. From the clinical standpoint this issue is problematic as
well. Symptoms are not seen during the incubation period, and there is often
a delay in clinical suspicion.

This situation results ultimately in a delay in definitive diagnosis. Consid-
eration of therapy of viral respiratory tract infections, therefore, is not likely
to be initiated in a timely manner. Finally, for a variety of reasons antiviral
therapies are generally expensive, and, in the existing medical economic struc-
ture, an expensive antiviral therapy is not likely to be used presumptively prior
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to when a definitive diagnosis has been made. All of these issues make it dif-
ficult to start therapy early at the time it is likely to be the most effective.

In summary, there has been significant progress made in the development
of antiviral drugs during the past two decades. Most of the progress, how-
ever, has been made in the treatment of chronic viral diseases such as HIV-
associated AIDS. Treatment of acute viral disease, including most respiratory
viral infections, is fraught with many difficulties. Nevertheless, despite these
difficulties, we are poised to enter a new era in antiviral therapy. Respira-
tory viruses cause an immense amount of human morbidity and mortality,
and antiviral therapy is an important weapon to control these agents. The
development of antiviral drugs to treat respiratory virus infections will be 
one of the great challenges of the twenty-first century.
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25.1 INTRODUCTION

Effective vaccines have led, or may lead, to the eradication of important viral
pathogens such as smallpox, polio, measles, mumps, and rubella. But other viral
diseases, particularly human immunodeficiency virus (HIV) and hepatitis C
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virus (HCV), have so far proven intractable to the vaccine approach. The need
for effective antiviral drugs is further emphasized by the lack of vaccines 
for most respiratory tract virus infections [adeno, rhino, parainfluenza, and 
respiratory syncytial virus (RSV)], the widely occurring human papilloma
viruses (HPV), herpesviruses [herpes simplex virus types 1 and 2 (HSV-1, -2),
varicella-zoster virus (VZV), Epstein–Barr virus (EBV), cytomegalovirus
(CMV), and human herpesviruses types 6, 7, and 8 (HHV-6, -7, -8)], and the
vast array of hemorrhagic fever viruses. Although vaccines have been devel-
oped for hepatitis B virus (HBV) and influenza (type A and B), they have not
been able to eliminate the need for effective chemotherapeutic agents.

Many new antiviral drugs have been licensed in recent years (Table 25.1),
most of which are used for the treatment of HIV infections. Of the current
armamentarium [1] of over 30 drugs, 19 are anti-HIV, 5 are anti-CMV, 5 
are anti-HSV and anti-VZV, 1 is anti-RSV, 3 are anti-hepatitis B, 2 are 
anti-hepatitis C, and 2 are anti-influenza. But there is considerable room 
for improvement, as these compounds are not invariably efficacious or well
tolerated. The emergence of drug–virus resistance and drug-related side
effects are among the mainstay reasons for further refinement of antiviral drug
design and development.

In antiviral drug design and targeting, one could, in principle, aim at either
viral proteins (enzymes) or cellular proteins (enzymes). The first approach is
likely to yield more specific, less toxic compounds with a narrow spectrum of
antiviral activity and a higher likelihood of drug resistance development,
whereas the second approach may afford antiviral compounds with a broader
activity spectrum, less chance of resistance development but higher likelihood
for toxicity. Both routes should be worth exploring, the preferred route being
dictated by both the nature of the virus and the targets that the virus or its
host cell have to offer.

As exemplified for HIV (Fig. 25.1), the viral life cycle encompasses a
number of critical steps starting from the attachment of the virus to the cell
and finishing by the release of the progeny virions from the cell. While the
“normal” cytolytic viruses replicate their genome and express their genes
autonomously, that is, independently from the host cell metabolism, the
replicative cycle of retroviruses gets closely associated with the host cell, in

1136 STRATEGIES IN THE DESIGN OF ANTIVIRAL DRUGS

Figure 25.1 The viral life cycle, as exemplified by the human immunodeficiency virus.
Viral life cycles have several specific steps, many of which are targets for antiviral drugs.
After virus adsorption, enveloped viruses enter the cell by virus–cell fusion. For HIV,
which is a retrovirus with an RNA genome, replication of the genome occurs after
reverse transcription and integration into the host–cell chromosome. For DNA viruses
such as herpesviruses, the genome is replicated by a viral DNA polymerase. After 
transcription to RNA, translation and proteolytic processing of the precursor poly-
peptide, viral proteins assemble at the cell membrane, where they bud to release new
virions.
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that, subsequent to the reverse transcription (ribonucleic acid Æ
deoxyribonucleic acid (RNA Æ DNA)] step, the resulting proviral DNA
becomes integrated into the cellular genome and then follows the “classical”
transcription and translation processes. Here, we focus primarily on
approaches targeted at specific processes in viral infection (Fig. 25.1), includ-
ing virus adsorption, virus–cell fusion, viral DNA or RNA synthesis (and 
cellular components associated therewith), and viral enzymes (protease,
neuraminidase). Two cellular enzymatic processes, namely IMP dehydroge-
nase and S-adenosylhomocysteine hydrolase, could also be envisaged as
targets for certain classes of antiviral agents, and will therefore be addressed
as well.

25.2 VIRUS ADSORPTION INHIBITORS

Numerous polyanionic compounds [e.g., polysulfates such as polyvinylalcohol
sulfate, polysulfonates such as polyvinylsulfonate (Fig. 25.2), polycarboxylates,
polynucleotides such as zintevir, polyoxometalates, negatively charged albu-
mins] have been shown to inhibit HIV replication by preventing virus attach-
ment (adsorption) to the cell surface. All these negatively charged polymers
may be expected to interact with the positively charged amino acids in the V3
loop (which is rich in R and K residues) of the HIV glycoprotein gp120. In
doing so [2], the polyanions shield the V3 loop and thus hamper the binding
of the HIV virions with heparin sulfate, the primary binding site at the cell
surface before a more specific binding can occur with the CD4 receptor on
CD4+ cells.

Heparin sulfate is widely expressed on animal cells and is involved in
virus–cell binding for a broad array of enveloped viruses, including HSV [3]
and dengue virus [4]. So, polysulfates, polysulfonates, and other polyanionic
substances that interfere with the target cell binding of these enveloped viruses
may be effective in the treatment and prophylaxis of such infections. In the
management of HIV infections, polyanionic substances may have a major role
as vaginal microbicides, as, when applied in an appropriate formulation, they
may successfully prevent sexual transmission of HIV infection. Moreover,
these polyanions are not only active against HIV but also HSV and other sex-
ually transmitted disease (STD) pathogens such as Neisseria gonorrhoeae and
Chlamydia trachomatis [5].

Although polyanions may have multiple sites of interaction (i.e., virus
adsorption, reverse transcriptase, integrase), virus attachment to the cells
would be the preferred target from a therapeutic viewpoint, as it is the first
opportunity to curtail the viral life cycle, and the polyanions do not need to
enter the cells (which would be problematic). The interaction of polyanionic
substances at this level can also be considered specific, since repeated passage
of HIV in the presence of polyanions can lead to resistance mediated by muta-
tions in the envelope glycoprotein gp120, particularly in the V3 loop (K269E,
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Q278H, N293D), as originally shown for dextran sulfate [6] and subsequently
for zintevir [7] and negatively charged albumins [8].

25.3 VIRUS–CELL FUSION INHIBITORS

Enveloped viruses, as a rule, enter their host cells by fusion between the viral
envelope and cellular plasma membrane (Fig. 25.1). This fusion process is basi-
cally similar for different enveloped virus families (i.e., retro-, paramyxo-, her-
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pesviruses), but for HIV it is preceded by the interaction of the viral glyco-
protein gp120 with its co-receptor (CXCR4 for T-tropic or X4 HIV strains,
CCR5 for M-tropic or R5 strains). CXCR4 and CCR5 normally act as the
receptors for the CXC chemokine SDF-1 (stromal-cell derived factor), CC
chemokines RANTES (regulated upon activation, normal T-cell expressed
and secreted), and MIP-1a and -1b (macrophage inflammatory proteins),
respectively. The fact that CXCR4 and CCR5, quite incidentally, are used by
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HIV as co-receptors to enter the cells has prompted the search for CXCR4
and CCR5 antagonists, which, through blockade of the corresponding co-
receptor, may be expected to block HIV entry into the cells.

This has now been demonstrated with a number of compounds, the most
prominent among the CXCR4 antagonists being the bicyclam AMD3100 (Fig.
25.2) [9, 10] and the best documented among the CCR5 antagonists being
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TAK-779 (Fig. 25.2) [11, 12]. An extensive SAR study of phenylenebis(meth-
ylene) linked bis-tetraazamacrocycles that inhibit HIV replication has been
described. Depending on the substitution of the phenylenebis(methylene)
linker, submicromolar anti-HIV activity was exhibited by analogs bearing
macrocycles of 12 to 14 ring members. Identical macrocyclic rings are not
required for activity. However, substitution of an acyclic polyamine equivalent
for one of the cyclam rings resulted in a substantial reduction of anti-HIV
potency, clearly establishing the importance of the constrained macrocyclic
structure. The parasubstituted phenylene gave a more active compound than
the metasubstituted phenylene. The antiviral activity of the bicyclam analogs
appeared to be relativly insensitive to the presence of electron-withdrawing
or electron-donating substituents on the phenyl ring. The activity of pyridine-
linked bicyclams is dependent on the way the heteroaromatic linker is con-
necting the cyclam rings. For example, 2,6- and 3,5-pyridine linked bicyclams
(3 and 4) are more potent than the 2,5- and 2,4-substituted pyridine-linked
compounds (5 and 6). The position of the four amino groups of the tetraaza-
macrocyclic ring is important. The Py[iso-14]ane N4 compound (7) is less active
than the parent compound, and introduction of a pyridine group results in a
further reduction in biological activity (8). However, single pyridine insertion
in the concept of an inversed macrocyclic framework (9) exhibited anti-HIV-
1 potency surpassing that of the saturated, aliphatic counterparts (Fig. 25.3)
[13–15].

The site of interaction of TAK-779 with the transmembrane helices of
CCR5 has been mapped (Fig. 25.4) [12], and, likewise, crucial amino acid
residues involved in the binding of AMD3100 to its receptor CXCR4 have
been identified [16]. AMD3100 acts on the CXCR4 receptor through binding
to Asp171 in TM-IV and Asp262 in TM-VI, with each of its cyclam moieties. This
is demonstrated in the molecular model of the main ligand binding pocket of
the CXCR4 receptor wherein AMD3100 was manually docked in a manner
that respects the above interactions. AMD3100 could prevent the receptor
from changing into an active conformation (Fig. 25.5).

Recently, a new CCR5 antagonist, SCH-C (SCH 351125), was announced
as an orally bioavailable inhibitor of M-tropic R5 strains, capable of sup-
pressing R5 HIV-1 infection both in vitro and in vivo (SCID-hu Thy/Liv mice)
[21]. The clinical potential of the CXCR4 and CCR5 antagonists in the man-
agement of HIV infections remains to be proven. To ensure maximal cover-
age (both X4 and R5 strains), dual CXCR4/CCR5 antagonists should be
developed or single CCR5 and CXCR4 antagonists should be combined.

The interaction of gp120 with its co-receptor (CCR5 or CXCR4) triggers 
a series of conformational changes in the gp120/gp41 complex, ultimately
leading to the formation of a “trimer-of-hairpins” structure in gp41, which is
a bundle of six a-helices: three a-helices formed by the COOH-terminal
regions packed in an antiparallel manner with three a-helices formed by the
NH2-terminal regions. The fusion peptide region, located at the extreme NH2-
terminus, will insert into the cellular membrane, while the COOH-terminal
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region remains anchored in the viral envelope: in this sense the trimer-of-
hairpins motif brings the two membranes together, and agents that interfere
with the formation of the gp41 trimer-of-hairpins structure may be expected
to inhibit the fusion process [18].

Several constructs have been designed to interfere with the gp41-mediated
fusion process: the so-called 5-helix that binds the COOH-terminal region of
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gp41 [22], d-peptide inhibitors that dock into the pocket formed by the a-
helices of gp41 [23], and T-20 (enfuvirtide, previously called DP-178, a syn-
thetic 36-amino-acid peptide corresponding to residues 127 to 162 of the
ectodomain of gp41). Enfuvirtide disrupts the conformational changes associ-
ated with membrane fusion. T-20 has proved effective in reducing the plasma
HIV levels in humans, thus providing the proof-of-concept that viral entry can
be successfully blocked in vivo [24]. Disadvantages are that enfuvirtide needs
a twice-daily subcutaneous injection for delivery and that its manufacturing
process is expensive and complicated. Worldwide clinical studies have indi-
cated that enfuvirtide, in combination with three to five other antiretroviral
drugs, is able to effect an incremental decrease in viral load [25, 26].

Insight into the HIV fusion process should help in designing fusion
inhibitors for other viruses as well, as trimer-of-hairpins motifs may also be
predicted [16] for other virus families, including paramyxoviridae (para-
influenza, measles, respiratory syncytial virus). In fact, peptides (like T-20) for
each of these paramyxoviruses have been shown to block viral fusion [27].
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Also, a cobalt-chelating complex (CTC-96) that has been shown to inhibit
infection by herpesviruses (i.e., HSV) through blocking fusion [28] may be
expected to possess an extended antiviral activity spectrum, given the premise
that enveloped viruses belonging to different virus families share an analo-
gous process of membrane fusion.

25.4 INHIBITORS OF VIRAL DNA OR RNA SYNTHESIS

Viral DNA Polymerase Inhibitors

Being DNA viruses, the herpesviruses heavily rely for their replication on their
own genome-encoded DNA polymerase. In contrast with the retroviruses (Fig.
25.1), herpesviruses do not have a reverse transcription step in their replica-
tive cycle, which means that their genome can be replicated by the viral DNA
polymerase after the latter has been expressed in the virus-infected cell. All
the antiviral agents that are currently available for the treatment of her-
pesvirus (i.e., HSV-1, HSV-2, VZV, CMV) infections are nucleoside analogs:
They belong to either the class of the acyclic guanosine analogs (i.e., acyclovir,
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Figure 25.5 Molecular model of the main ligand binding pocket of the CXCR4 recep-
tor with AMD3100. The receptor model is built over the rhodospin model of Palczewski
et al. [17]. The conformation of AMD3100 is based on structural requirements of high
antiviral effect of AMD3100 [18, 19] and the crystallographic X-ray structure of 6,6¢-
spiro-bis(1,4,8,11-tetraazacyclotetradecane)-dinickel(II)tetraperchlorate [20] obtained
from the Cambridge Structural Database.



penciclovir, ganciclovir, and their oral prodrug forms valaciclovir, famciclovir,
and valganciclovir, respectively) or thymidine analogs (i.e., brivudin) (Fig. 25.2
and Table 25.1). All these compounds are targeted at the viral DNA poly-
merase, but before they can interact with viral DNA synthesis, they need to
be phosphorylated intracellularly to the triphosphate form. The first (and, for
brivudin, also the second) phosphorylation step is ensured by the HSV- or
VZV-encoded thymidine kinase, or CMV-encoded protein kinase and is thus
confined to the virus-infected cells, which explains the specific antiviral action
of the established antiherpetic compounds. Subsequent phosphorylations are
performed by cellular kinases. In their triphosphate form, the nucleoside
analogs then interact with the viral DNA polymerase as either a competitive
inhibitor or an alternate substrate with respect to the natural substrate (i.e.,
dGTP for the guanosine analogs, dTTP for the thymidine analogs). If the
acyclic guanosine analogs act as alternate substrates, their incorporation pre-
vents further chain elongation (Fig. 25.6a).

An important issue with respect to antiherpesvirus (HSV-1, HSV-2, VZV)
agents is their intracellular phosphorylation. Thymidine kinase (TK) is a
crucial enzyme in the salvage pathway of thymidine 5¢-triphosphate, which is
a precursor of the thymidine incorporation into DNA. The substrate speci-
ficity of human TK is essentially limited to thymidine. The viral enzyme has a
broader substrate specificity than the human enzyme and also guanine nucle-
oside analogs are accepted as substrates. The viral TK is important for the
pathogenicity of the virus in humans, and HSV TK is a potential target for
drugs that might prevent reactivation of HSV when used prophylactically.

Modified nucleosides have a much higher affinity for HSV-1 TK than for
cellular TK, so that phosphorylation may occur preferentially in virus-infected
cells. As mentioned before, the antiherpes nucleoside analogs can be classified
in guanosine analogs and thymidine analogs. Acyclovir is the prototype of the
guanine series. Acyclovir has high selectivity and quasi-negligible side effects,
but it has rather poor efficacy. Although the triphosphate of acyclovir is an
excellent inhibitor of DNA synthesis because of its strong chain-terminating
effect, acyclovir itself is a poor substrate for TK. Analogs providing good
binding (low Km/Kcat) to both viral TK and viral DNA polymerase, while
retaining low toxicity and high specificity for the viral TK over the cellular TK,
would lead to significantly improved chemotherapy.

The prototype of a pyrimidine nucleoside with antiherpes activity is 5-(E)-
(2-bromovinyl)-2¢-deoxyuridine (BVDU, brivudin). BVDU is phosphorylated
preferentially by the HSV-1 encoded dThd/dCyd kinase to the 5¢-monophos-
phate and the 5¢-diphosphate; the latter is further phosphorylated to the 
5¢-triphosphate by cellular kinase(s). BVDU can be incorporated into the
DNA. Thus, a common characteristic for all antiherpesvirus (HSV, VZV) nu-
cleosides is that they have to be phosphorylated by the virus-specific kinase
in infected cells. The modes of binding of the guanine and of the pyrimidine
nucleosides to the viral TK are different, which has been demonstrated by co-
crystallization experiments [29]. The guanine moiety of acyclovir is bound 
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with hydrogen bond pairing being made with Gln-125 via the 1-NH and 6-car-
bonyl group; also Gln-125 is close enough for a possible further hydrogen bond
with the 2-amino group. The 6-carbonyl group of acyclovir is close enough to
the guanidinium group of Arg-176 to form a hydrogen bond. The hydroxyl
group of acyclovir, lying close to the position occupied by the 5¢-OH of dTh
and interacts with the side chains of Arg-163 and Glu-83 and a nearby water 
(Fig. 25.7).

BVDU shows a mode of binding to HSV-TK, which is similar to that of
deoxythymidine, as highlighted by hydrogen bonding and nonpolar interac-
tions. The deoxyribose makes hydrogen bond interactions via its 3¢-OH with
Tyr-101 and Glu-225, via its 5¢-OH with Glu-83, and via its 5¢-OH and a water
molecule with Arg-163. The base makes van der Waals contacts with Met-128
and Ile-100 on one side, and with Tyr-172 on the other, and makes pairwise
hydrogen bond interactions via its 4-carbonyl and 3-NH groups with the amide
of Gln-125.

The 2-carbonyl group of BVDU is hydrogen bonded to two water mole-
cules, which, in turn, interact with the guanidium group of Arg-176, the
hydroxyl group of Tyr-101, and the side-chain carbonyl of Gln-125. The bulky
5-substituent of BVDU occupies the deep space available in the neighborhood
of residues Trp-88, Tyr-132, Arg-163, and Ala-167. This accommodation is at
the expense of a relocation of the side chain of Tyr-132, shifted away from the
ligand to make room for the substituent group (Fig. 25.8).

Thus, the larger guanine group of acyclovir occupies an environment
defined by the same residues as the pyrimidine ring of BVDU, and the volume
occupied by guanine is approximately coplanar with that occupied by uracil.
However, the guanine is located much closer to Tyr-101 and Arg-176, and
direct hydrogen bonding is observed in the case of acyclovir. Hydrogen
bonding with Gln-125 involves a conformational shift of the side chain, as well
as 180° rotation of the amide.

However, the determination of the way a molecule binds in the active site
of an enzyme is only the first step in the drug discovery process. Analysis 
of the structural factors influencing the affinity of the compounds for the
enzyme should be followed by calculations of binding energies in function of
conformation, which may lead to a quantitative explanation of activity in 
function of binding strength. This model may then be used for further drug
discovery. These studies have been performed with a series of 5-substituted 2¢-
deoxyuridine substrates of the HSV-1 TK [30]. More than 80 percent of the
total interaction energy of thymidine comes from the interaction with only six
residues, namely the four hydrogen bond partners Glu-83, Glu-225, Gln-125,
and Tyr-101 and residues Tyr-172 and Met-128, which sandwich the nucleoside
base by means of stacking interactions. Substitution of the 5-methyl group of
thymidine by a bulkier, unsaturated group such as a thiophene has no signif-
icant effect on the major binding interactions involving the base and sugar
moieties. The 5-substituent is positioned in a small pocket and the accessible
portion of this pocket is mainly formed by Tyr-132 (a small displacement of
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Figure 25.7 Top: Stereo view of the binding of aciclovir to TK (molecule I), showing
active-site residues and intermolecular hydrogen bonding. Bottom: Stereo view of the
binding of penciclovir to TK (molecule I) superimposed on difference Fourier map
contoured at 3s density.
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Tyr-132 is needed to enlarge this pocket to accommodate the bulky sub-
stituent). The observed affinity differences of 18 different 5-substituted 2¢-
deoxyuridines was rationalized based on a binding energy–affinity relationship
study. Interaction energies between substrate and enzyme, under the form of
nonbonded van der Waals and electrostatic forces, were calculated for each
complex and for each experimental setup to provide a measure of the tight-
ness of binding. In order to account for possible differences in hydrophobic-
ity between the compounds, free energies of solvation for each of the 18
substrates were also calculated. The differences in solvation-free energy
between the 18 compounds can be largely attributed to the different substi-
tution patterns of position 5. The best correlation was found for the case where
the dielectric constant is treated as a distance-dependent function and where
only the residues positioned within 3Å of the substrate were allowed to relax.
The least-squares equation for this particular case can be given by

in which IE stands for interaction energy in kJ/mol, DGsol is the solvation free
energy of the substrate in kJ/mol, RT is expressed in kJ/mol, and IC50 is

ln . .IC IE sol50 0 177 51 9( ) = + +DG RT
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Figure 25.8 Stereo view of the active site of the TK:BVDU complex (molecule I)
overlaid on the active site of the TK/ganciclovir complex after alignment of enzyme
molecules. Intermolecular hydrogen bonding is shown for the TK/BVDU complex.



expressed in mM. A plot of this equation is given in Fig. 25.9. It is clear that
the affinity for this series of 5-substituted 2¢-deoxy uridine substrates can be
improved either by increasing the side chain’s interaction energy or by increas-
ing the side chain’s hydrophobicity (Fig. 25.10 and Fig. 25.11).

Is there room for improvement? As the acyclic guanosine analogs are not
readily taken up orally, their oral bioavailability has been improved by for-
mulating them as prodrug forms (valaciclovir, famciclovir, and valganciclovir).
The success obtained with acyclovir, valaciclovir, and famciclovir in the treat-
ment of HSV and VZV infections has impeded further progress in this area.
Yet, brivudin, which is considerably more potent than acyclovir and penci-
clovir as an anti-VZV agent, represents an important alternative for the treat-
ment of VZV infections. Although brivudin is active in the nanomolar
concentration range against VZV replication, its potency can still be super-
seded by bicyclic furopyrimidine nucleoside analogs bearing a long alkyl or
alkylaryl side chain attached to the furane ring [35, 36]. The mechanism of
action of these exquisitely potent and selective anti-VZV agents remains to
be elucidated, although there is no doubt that their specificity for VZV is gov-
erned by the virus-encoded thymidine kinase.

Within the class of the guanosine analogs, several new congeners have been
described, namely A-5021 [37, 38] and the d- and l-enantiomers of cyclohex-
enylguanine [39]. As far as it has been determined, these compounds seem to
have an activity spectrum and mode of action similar to that of acyclovir, but
further studies seem warranted to verify whether these new guanosine analogs
may be endowed with an extended spectrum of activity [i.e., against HHV-6,
-7, and -8, which are not (particularly) sensitive to acyclovir or brivudin] or
increased in vivo efficacy, or improved pharmacokinetics, or other properties
that make them worth pursuing.
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In addition to the viral DNA polymerase, the HSV DNA helicase–RNA
primase, an enzyme composed of the HSV gene products UL5, UL8, and UL52
that in terms of the viral DNA synthesis process precedes the DNA poly-
merase activity, has been identified as an attractive target for the design of new
inhibitors of HSV-1 and HSV-2 infection: BILS 179BS and BAY 57-1293 are
two examples of such helicase [40, 41]. These compounds exhibited remark-
able in vivo efficacy in animal models of HSV-1 and HSV-2 infection, com-
bined with excellent oral bioavailability. The antiviral activity of BAY 57–1293
was quoted as superior to all compounds currently used to treat HSV infec-
tions [42]. These data obviously validate the use of helicase–primase inhibitors
for the treatment of HSV infections but leave us with the question of whether
this strategy would also work with herpesviruses other than HSV or with DNA
viruses at large.

Reverse Transcriptase Inhibitors

As is evident from Figure 25.1, the reverse transcriptase plays an essential role
in the replicative cycle of retroviruses such as HIV, as it ensures the formation
of proviral DNA that will then be integrated into the host cell genome and
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pocket is as found in the crystal structure; the new pocket after a small position shift
of Tyr-132 is also shown.



passed onto all the progeny cells resulting from the once infected parent 
cell. The substrate (dNTP) binding site of HIV reverse transcriptase (RT) 
has proven to be an attractive target for nucleosidic HIV inhibitors: No less
than six nucleoside analogs—zidovudine (azidothymidine, AZT), didanosine
(dideoxyinosine), zalcitabine (dideoxycytidine), stavudine (didehydro-
dideoxythymidine, d4T), lamivudine (3¢-thiadideoxycytidine), and abacavir—
have been licensed as anti-HIV drugs (Fig. 25.2,Table 25.1), and several others
such as emtricitabine [43], amdoxovir [44], BCH-10652 [(±)-2¢-deoxy-3¢-
oxa-4¢-thiocytidine, dOTC) [45], 5-fluoro-substituted dOTC [46], 5-fluoro-
substituted d4C (reverset) [47], its l-counterpart (elvucitabine, ACH-126443)
[48], and alovudine (MIV-310, the 3¢-fluoro counterpart of AZT) [49] are in
(advanced) clinical development. All these dideoxynucleoside analogs act
according to a similar “recipe”:As exemplified for AZT (Fig. 25.6b), they must
be phosphorylated intracellularly consecutively by three cellular kinases, a
nucleoside kinase, a nucleoside 5¢-monophosphate kinase, and a nucleoside 5¢-
diphosphate kinase, to the corresponding 5¢-triphosphate derivative, before
the latter can interact, as a chain terminator, with the reverse transcription
(RNA Æ DNA) reaction. One of the mechanisms by which resistance to AZT
may arise is through removal of the chain-terminating residue, a kind of repair
reaction involving pyrophosphorolysis, that may be regarded as the opposite
of the reverse transcriptase reaction. Not all chain terminators are readily
removed, for example, the acyclic nucleoside phosphonate derivative tenofovir
(PMPA; Fig. 25.2) is not (see below), and, in this sense, PMPA should be less
prone to resistance development than the regular nucleoside analogs.

Lamivudine is different from the other anti-HIV nucleosides because it has
the l-configuration. Natural nucleosides and most of their antiviral analogs
possess the d-configuration. The biological activity of a nucleoside is depen-
dent on the nature of the base moiety: Thus the aglycon moiety at position C1
is considered as absolutely necessary. As the nucleosides have to be phos-
phorylated to become active, the presence of a hydroxylmethyl group at posi-
tion C4 is likewise a prerequisite for biological activity. Thus, the configuration
of the C1 and C4 atoms of a nucleoside is of crucial importance. The differ-
ence between a d-nucleoside and an l-nucleoside in the dideoxy series is in
fact not very pronounced. When the base moiety and the hydroxymethyl group
are considered as reference points, the ring oxygen function is situated on 
the backside in d-nucleosides and on the front side in l-nucleosides, opposite
to the C2–C3 bond (Fig. 25.12) [50]. d- and l-dideoxynucleosides overlap 
very well. Therefore, it is not surprising that antiviral activity has been found
in the series of l-dideoxyribonucleoside (e.g., l-5-dideoxyribocytosine, l-
fluorodideoxycytosine, l-oxathiolane series). These are mainly cytosine nucle-
osides, which may be a reflection of the kinases involved not being very selec-
tive. Indeed, similar antiviral activity of d- and l-dideoxynucleosides is not a
general rule, as demonstrated by carbovir, where the antiviral activity is more
dependent on the stereochemistry of the carbocyclic ring. Abacavir can be dis-
tinguished from the other anti-HIV nucleosides because it is a carbocyclic
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nucleoside analog. It can be considered as a prodrug of the phosphates of 
(-)carbovir, and a correlation has been demonstrated between carbovir tri-
phosphate formation and anti-HIV activity. Abacavir, however, does not show
the same toxicity as carbovir. It allows the nucleoside carbovir, which caused
problems in animals, to be bypassed. The pharmacokinetic, distribution, and
toxicity profile of abacavir is distinct from and improved over that of (-)car-
bovir. Structurally, abacavir belongs to the carbocyclic nucleosides, which
means that the ring oxygen atom is replaced by a methylene group. As a result,
the anomeric center is removed, as is the stereoelectronic influence of the ring
oxygen atom. The structure–activity relationship (SAR) of carbocyclic nucle-
osides is therefore different from that of normal nucleosides.

The first phosphorylation step that converts the 2¢,3¢-dideoxynucleoside
analogs to their 5¢-monophosphate can be considered as the bottleneck in the
overall metabolic pathway leading to the formation of the active 5¢-triphos-
phate metabolites. If certain dideoxynucleoside analogs (e.g., 2¢,3¢-dideoxyuri-
dine) are not active against HIV under conditions where others are, this stems
from their poor, or lack of, phosphorylation at the nucleoside kinase level.
Therefore, attempts have been made at constructing prodrugs of 2¢,3¢-
dideoxynucleoside 5¢-monophosphate that deliver the 5¢-monophosphate
derivatives on cellular uptake, which can then be converted to the correspond-
ing 5¢-di- and 5¢-triphosphate derivatives.This approach thus bypasses the initial
kinase dependency and has been concretized by the design of the phospho-
ramidate [51,52] and cyclosaligenyl [53,54]prodrugs of d4T 5¢-monophosphate.
Both prodrugs were found to efficiently deliver within the cells d4T 5¢-
monophosphate, which, after conversion to its 5¢-triphosphate, afforded anti-
HIV activity under conditions where the nucleoside (due to inefficient
phosphorylation) did not. It remains to be established whether this nucleoside
kinase bypass strategy also yields increased antiviral efficacy in vivo.

All the aforementioned 2¢,3¢-dideoxynucleoside analogs, in their 5¢-triphos-
phate form, act as competitive substrates/inhibitors with respect to the natural
substrates (dNTPs) at the catalytic site of HIV RT, and, as HBV uses a similar
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Figure 25.12 Molecular overlap of d- and l-dideoxynucleosides showing the subtile
difference in sugar orientation between both optical antipodes.



RT in its life cycle, all these compounds may be expected to inhibit HBV repli-
cation as well. This premise has been borne out particularly for lamivudine,
which is currently licensed for the treatment of chronic HBV infections. Such
an extended activity spectrum cannot be anticipated for a second class of RT
inhibitors, referred to as NNRTIs (for nonnucleoside reverse transcriptase
inhibitors), which interact with an allosteric, nonsubstrate binding (“pocket”)
site on the RT of HIV-1. This binding pocket is located at about 10Å distance
from the substrate-binding site (Fig. 25.13) [55]. This pocket does not exist in
unliganded RT and does not occur in RTs other than HIV-1 RT, or, if it does,
only the HIV-1 RT pocket offers the required allowances for interactions with
the NNRTIs: that is, stacking interactions with the aromatic amino acids Y181,
Y188, W229, and Y318; electrostatic interactions with K101, K103, and E138;
van der Waals interactions with L100, V106, Y181, G190, W229, L234, and
Y318; and hydrogen bonding with the main-chain peptide bonds [56]. A model
for the interaction of a representative NNRTI, the thiocarboxanilide UC781
(Fig. 25.2), with HIV RT is shown in Fig. 25.14 [57].

The NNRTIs are notorious for rapidly eliciting virus–drug resistance result-
ing from mutations at amino acid residues that surround the NNRTI-binding
site. In the clinic, the most prominent mutations engendering resistance to
NNRTIs are the K103N and Y181C mutations. While, at present, only three
NNRTIs (i.e., nevirapine, delavirdine, and efavirenz) have been formally
licensed, and several others, that is, UC781 [57], capravirine (S-1153, AG 1549)
[58], dapivirine (TMC 125) [59], DPC083 [60], SJ-3366 [61], and ( + )-calano-
lide [62], are in clinical development, it is obvious that in the future design of
new NNRTIs, not only potency and safety but also resilience to drug resis-
tance mutations should come into play [63]. It is noteworthy that some amino
acids, such as W229 and Y318 that surround the NNRTI binding site, do not
seem apt to mutate, or if they do, they lead to a “suicidal” loss of RT activity
[64]. Such immutable amino acids may be prime targets for the rational design
of new NNRTIs.

Acyclic Nucleoside Phosphonates

The acyclic nucleoside phosphonates can be conceived as acyclic nucleoside
analogs extended by a phosphonate moiety. The phosphonate group is equi-
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valent to a phosphate group, but unlike phosphate, phosphonate can no longer
be cleaved through esterases that would normally convert nucleoside
monophosphates back to their nucleoside form. Consequently, acyclic 
nucleoside phosphonates may be expected to show a broadened antiviral
activity spectrum as compared to that of the acyclic nucleoside analogs (acy-
clovir, . . .) and dideoxynucleoside analogs (zidovudine, . . .). On the one hand,
they should be active against those DNA viruses that do not encode for a spe-
cific viral thymidine kinase (TK) or protein kinase (PK) or have become resis-
tant to the nucleoside analogs through TK or PK deficiency. On the other
hand, they should also be able to bypass the nucleoside kinase reaction that
limits the activity of the dideoxynucleoside analogs against retroviruses (HIV)
and hepadnaviruses (HBV).

These premises were fulfilled on both scores, albeit by different types of
acyclic nucleoside phosphonates: cidofovir (HPMPC), as to the broad-
spectrum activity against DNA viruses; and adefovir (PMEA) and teno-
fovir (PMPA, Fig. 25.2), as to the activity against retro- and hepadnaviruses.

Although their eventual activity spectrum is different, both types of com-
pounds share a common strategy in their mode of action: They both need two
(instead of three) phosphorylation steps to be converted to their active
(diphosphorylated) metabolites, which then act as chain terminators in the
DNA polymerase reaction [HPMPC (Fig. 25.6c)] or reverse transcriptase reac-
tion [PMEA, PMPA (Fig. 25.6d)]. For HPMPC to shut down viral DNA syn-
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Figure 25.14 Interaction of HIV-1 RT with UC781. Features stabilizing the complex
between the human immunodeficiency virus 1 (HIV-1) reverse transcriptase (RT) and
the nonnucleoside reverse transcriptase inhibitor UC781 (Fig. 25.2). The hydrogen
bond with K101, and the two methyl group–aromatic ring interactions are shown
explicitly. Other main hydrophobic contacts are shown with bold lines; minor ones are
shown with faint lines [53]. Standard CPK coloring is used.



thesis, the incorporation of two consecutive HPMPC units is required [65],
whereas for PMEA one such incorporation suffices [66]. In both cases, the
acyclic nucleotides remain stably incorporated, presumably because the phos-
phonate group prevents repair enzymes excising these nucleotides.

The “era” of the acyclic nucleoside phosphonates started with the descrip-
tion of the broad-spectrum anti-DNA virus activity of the adenine derivative
HPMPA [67]. These nucleotide analogs are isopolar and sterically similar to
the natural nucleotides. It is rather surprising that none of the furanose nucle-
osides with a 5¢-phosphonate moiety exhibit appreciable antiviral activity,
which might be partly due to inefficient cellular uptake, partly due to dimin-
ished affinity for the metabolizing or target enzymes. The acyclic nucleotide
analogs, however, demonstrate antiviral activity, although the structural
window with respect to biological activity is rather narrow. Potent antiviral
activity has been found mainly in the HPMP (hydroxypropoxymethylphos-
phonate) series and PME (phosphonomethoxyethyl) series. The hydroxyl
group in the HPMP series may be replaced by a fluorine or hydrogen atom.
The PME pyrimidine derivatives do not show inhibitory effect on viral multi-
plication. Phosphonomethylether nucleosides have unusual pharmacokinetic
properties. They are very slow to pass biological membranes presumably due
to the negatively charged phosphonate moiety. This charge also entails the low
oral bioavailability of the phosphonates. Nucleosides phosphonates are not
taken up into cells by the nucleoside transport mechanism. There limitations
can successfully be addressed by utilizing a prodrug strategy, that is, pivaloy-
loxymethyl, isopropyloxycarbonyloxymethyl, or hexadexyloxypropyl esters.
When chemically or enzymatically deacylated, the hydroxyalkyl phosphonate
quickly decomposes to release the phosphonic acid and the corresponding
aldehyde or ketone. Based on stability, solubility, and improved oral bioavail-
ability, the bis(POC) derivative of tenofovir and the bis(POM) derivative of
adefovir were selected for development and have now been approved for the
treatment of HIV and HBV infections, respectively.

The cytosine compound, cidofovir (HPMPC), which appeared to be less
harmful to the host in preliminary toxicity experiments, was developed as an
antiviral drug [68] and approved for clinical use in the treatment of CMV
retinitis in AIDS (acquired immunodeficiency syndrome) patients. Cidofovir
also holds great potential for the treatment of several other DNA virus in-
fections, namely TK-deficient HSV and VZV infections that are resistant to
acyclovir (or brivudin), and herpesvirus infections at large (EBV, HHV-6,
HHV-7, HHV-8), human papillomavirus (HPV) infections [i.e., pharyngeal,
esophageal, and laryngeal papillomatosis, plantar and genital warts (condylo-
mata acuminata), and cervical intraepithelial neoplasia], polyomavirus infec-
tions (i.e., progressive multifocal leukoencephalopathy), adenovirus infections
(i.e., epidemic keratoconjunctivitis), poxvirus infections [i.e., smallpox,
monkeypox, cowpox, orf, molluscum contagiosum (for the role of cidofovir in
the treatment of poxvirus infections, see also Refs. 69–71)]. Adefovir and teno-
fovir, the two other protagonists from the acyclic nucleoside phosphonate
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group, have in the mean time progressed, both in their oral prodrug 
forms, adefovir dipivoxil and tenofovir disoproxil (with fumarate added 
as salt), to final licensing for the treatment of HBV and HIV infections,
respectively.

In contrast to all other antiviral drugs, acyclic nucleoside phosphonates have
a particularly long intracellular half-life (one to several days), thus allowing
infrequent dosing (only once daily for adefovir and tenofovir, or once weekly
or every other week for cidofovir), and do not easily lead to resistance, even
after prolonged treatment (for more than one or two years). No drug meta-
bolic interactions are known for the acyclic nucleoside phosphonates, which
means that they can readily be added onto any drug (combination) regi-
men, as has been particularly shown for tenofovir in the treatment of HIV
infections.

Inhibitors of Processes Associated with Viral RNA Synthesis

Gene expression (i.e., transcription to viral RNA) of the genome of retro-
viruses such as HIV is not possible without integration of the proviral DNA
into the host chromosome (Fig. 25.1). Thus the enzyme involved—integrase—
has been considered as an attractive target for chemotherapeutic intervention.
Numerous integrase inhibitors have been described [72, 73]; of those none,
however, with sufficient specificity to be further pursued as an integrase-
targeted drug. The problem with integrase inhibitors is that, while they could
be effective in an enzyme-based assay, their anti-HIV activity in cell culture
may be masked by cytotoxicity. And even if selective anti-HIV activity in cell
culture is noted, caution should be exercised in unconditionally attributing this
activity to inhibition of the integration process, as the compounds concerned
may well owe their anti-HIV activity to an action targeted elsewhere. This has
proven to be the case for the anionic compounds zintevir [7] and l-chicoric
acid [74], two integrase inhibitors that owe their anti-HIV activity primarily
to an interaction with the viral envelope gp120, and thus fall in the category
of the polyanionic inhibitors of virus adsorption (see Section 25.2). Up till now,
the only compounds that qualify as genuine integrase inhibitors are diketo
acid derivatives (i.e., L-731,988 and L-708,906) [75–77] and pyranodipyrimi-
dine (PDP) derivatives (i.e., V-165) [78]. These compounds were found to
inhibit HIV-1 replication in cell culture, on the one hand, and to inhibit the
strand transfer function of the integrase (the other catalytic function of the
enzyme being endonucleolytic cleavage of the terminal dinucleotide GT from
the 3¢-end), on the other hand. These two events could be causally linked as
mutations in the HIV-1 integrase conferred resistance to the inhibitory effects
of the compounds on both strand transfer and HIV-1 infectivity [75]. Clinical
trials with the diketo acid derivatives (S-1360 and L-870180) have recently
been initiated.

At the transcription level, HIV gene expression may be inhibited by com-
pounds that interact with cellular factors that bind to the long terminal repeat
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(LTR) promoter and that are needed for basal-level transcription, such as 
NF-kB inhibitors [79], but greater specificity may be expected from those 
compounds that specifically inhibit the transactivation of the HIV LTR pro-
moter by the viral trans-acting transactivator (Tat) protein. The Tat protein
interacts specifically with a responsive element, called TAR, located at 
the beginning of the viral messenger RNA (mRNA) transcribed from the 
LTR promotor, thereby enhancing (“transactivating”) the transcription 
process. Several compounds have been described as inhibitors of the tran-
scription process, for example, fluoroquinolines [80] and bistriazoloacridone
derivatives such as temacrazine [81]. The latter was found to block 
HIV-1 RNA transcription starting from the HIV LTR promoter without inter-
fering with the transcription of any cellular genes. The peptide analog
CGP64222, which is structurally reminiscent of the amino acid 48–56 sequence
RKKRRQRRR of the Tat protein, was originally designed to act as a Tat
antagonist [82]. However, although CGP64222 is able to interact with the 
Tat-driven transcription process, its anti-HIV activity in cell culture is medi-
ated primarily by an interaction with CXCR4, the co-receptor for X4 HIV
strains [83].

Viral RNA transcription could also be affected by targeting cyclin-
dependent kinases (cdks), which are required for the replication of many
viruses (including HIV). Indeed, flavopiridol, a typical inhibitor of cdks (par-
ticularly cdk9, which is involved in the Tat-driven transcription process), has
proven to be effective in blocking HIV infectivity [84].

Capping and methylation of HIV pre-mRNAs are coupled to the elonga-
tion by polymerase II. Binding of the capping enzyme and cap methyltrans-
ferase to polymerase II depends on phosphorylation of its carboxyl-terminal
domain. It has been recently demonstrated that the co-transcriptional capping
of HIV mRNA is stimulated by the Tat protein, consequently to its binding to
the capping enzyme [85]. These findings implicate capping as an elongation
checkpoint critical to HIV gene expression and thus corroborate earlier obser-
vations that S-adenosylmethionine-dependent methylations play an impor-
tant role in the Tat-dependent transactivation of transcription from the LTR
promoter [86]. They also offer an explanation for the inhibitory effects
observed with S-adenosylhomocysteine hydrolase inhibitors (see Section 25.8)
on Tat-dependent transactivation and HIV replication [86].

One of the virus infections in the greatest need of antiviral therapy is HCV,
and, here, two specific enzymatic functions associated with viral RNA synthe-
sis could be envisaged as targets for the design of new antiviral agents, namely
the nonstructural protein 3 (NS3)-associated helicase and the nonstructural
protein 5B (NS5B) RNA-dependent RNA polymerase. Crystal structures of
both enzymes are available [87–89], and both enzymatic activities have been
characterized in sufficient detail [90, 91] to facilitate the development of effec-
tive HCV chemotherapeutics. For the helicase, there is no precedent, but for
the RNA polymerase there is, and the experience gathered from the studies
with the HIV RT inhibitors may be of paramount importance when targeting
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the HCV RNA polymerase, especially if, as it appears [91], this enzyme shows
similar kinetics to the HIV RT. Meanwhile, the first indications of compounds
targeted at the NS5B polymerase (i.e., the benzimidazole derivative JTK-003)
have appeared [89].

25.5 VIRAL PROTEASE INHIBITORS

Viral proteases play a critical role in the life cycle of many different viruses,
including retroviruses such as HIV, herpesviruses, picornaviruses (rhino), and
flaviviruses such as HCV, and hence viral proteases have been favored as
targets for antiviral agents [92]. Their role is essentially based upon the 
cleavage of a newly expressed precursor polyprotein into smaller, mature viral 
proteins, termed functional (if endowed with enzymatic activity) or structural
(if being part of the virion structure). For example, in HIV replication, HIV
protease cleaves the gag and gag-pol precursor proteins to the structural 
proteins (p17, p24, p9, p7) and functional proteins (protease, reverse tran-
scriptase/RNase H, and integrase). HIV protease inhibitors have been tailored
to the peptidic linkages (e.g., F-P, F-L, and F-T) in the gag and gag-pol pre-
cursor proteins that are cleaved by the protease, and have been extensively
modeled in the active site of the enzyme. All protease inhibitors that are cur-
rently licensed for the treatment of HIV infection, namely saquinavir, rito-
navir, indinavir, nelfinavir, amprenavir, and lopinavir, share the same structural
determinant (Fig. 25.2), that is, an hydroxyethylene core (instead of the normal
peptidic linkage) that makes them nonscissile, “peptidomimetic,” substrate
analogs for the HIV protease. The hydroxyethylene hallmark is also present
in the azadipeptide atazanavir (BMS-232632) [93], expected to be licensed
soon for the treatment of HIV infection.

The HIV protease belongs to the aspartyl enzymes and has a dimeric struc-
ture (Fig. 25.15) [94]. The monomeric units, both identical 99-residue polypep-
tides, each contribute symmetrically to the catalytic site, and the enzyme is a
C2-symmetric dimer. The protease is unique in its specificity, being able to
hydrolyze almost any peptide bond, given an optimal distribution of amino
acids in P4 through P4¢. The hallmark of the aspartyl proteases is the presence
of two catalytic b-carboxyl groups from the side chains of two aspartyl residues
brought into close proximity by the protein fold. In the case of the dimeric
HIV-1 protease, each monomer chain donates a single Asp residue at position
25 in the polypeptide chain (Asp25 and Asp25¢). One of the Asp is more acidic
(pKa 3.4 to 3.7) than the other Asp (pKa 5.5 to 6.5). The HIV protease partici-
pates in general acid–general base catalysis where one of the catalytic Asp is
protonated and the other is not. The nucleophile in catalysis is, most prob-
ably, an activated water molecule. The mechanism is given is Scheme 25.1. The
amide hydrate is considered as the transition state. This mechanism is relevant
for inhibitor design, that is, making HIV-1 protease inhibitors as transition-
state mimics (nonhydrolysable isosters with tetrahedral geometry).
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In the enzyme, the catalytic triads, Asp25-Thr26-Gly27, and Asp25¢-Thr26¢-Gly27¢

lie on the floor of the cavity with the catalytic Asp25 and Asp25¢ in near 
coplanar orientation. The ceiling of the catalytic site is composed of a pair of
six-amino-acid segments (-Ile47-Gly-Gly-Ile-Gly-Gly52 . . .) and of the corre-
sponding region 47¢–52¢, in the other monomer, which forms the flap. The flaps
are flexible structures and they play an important role in substrate and
inhibitor binding. Upon binding the inhibitors, the HIV-1 protease undergoes
a conformational change, where the flaps move from an open conformation
to a conformation where the ligand is embraced. A water molecule with
approximate tetrahedral coordination bridges the P2 and P1¢ carbonyl groups
of the inhibitor to the amide groups of Ile50 and Ile50¢ of the flaps via hydro-
gen bonds. The hydroxyethylene group of the transition-state inhibitor is 
normally aligned with the catalytic carboxylates of Asp25 and Asp25¢.

The core structure for tight binding of an inhibitor consists of four side
chains corresponding to the substrate residues P2–P2¢. In the first protease
inhibitor that has reached the market, saquinavir, it was observed that the
hydroxyethylamine transition-state mimetic was readily adapted to the P1¢

proline containing substrate sequence and that the activity of the inhibitor
could be markedly improved in potency when the amino acid proline at the
P1¢ site was replaced by the (S,S,S)-decahydro-isoquinoline-3-carbonyl group.
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Figure 25.15 Interaction of HIV protease with KNI272. Ribbon diagram of human
immunodefiency virus (HIV) protease complexed with the peptidomimetic protease
inhibitor KNI272; derived from the crystal structure [94]. The inhibitor is shown as a
space-filling model, and the two active-site aspartic acids are shown as sticks; both have
standard CPK coloring.
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An interesting example of de novo drug design is the cyclic urea mozenavir
(DMP-450) as a nonpeptidic inhibitor of HIV-1 protease [95], where the struc-
tural water linking the flap residues Ile50 and Ile50¢ is displaced (Fig. 25.16). This
is an energetically favorable process. The carbonyl group replacing the struc-
tural water molecule is part of a cyclic urea because this function is an excel-
lent hydrogen bond acceptor. The diol moiety is hydrogen binding to Asp25

and Asp25¢. The other substituent ensures high complementarity with the
enzyme subsites. However, the virus was able to mount considerable resistance
against this compound, which was not further developed, also because of poor
oral bioavailability in humans and highly variable blood levels. Mozenavir is,
perhaps, one of the nicest examples of rational drug design, attesting that the
most “rational” approaches may fail at the end because of (unpredictable) lack
of clinical relevance.

The HIV protease inhibitors can be designed using a stepwise approach of
lead optimization. This is demonstrated here by the discovery of saquinavir.
The discovery of saquinavir started with the identification of a protected
dipeptide as a weak enzyme inhibitor. An increase in potency was obtained
by introduction of a P2 asparagine residue (Fig. 25.17). The replacement of
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the Z group (in the C-terminal tButylester analog) by a 2-quinolinyl 
group gave a compound that inhibited HIV-1 at nanomolar concentrations
(~20nM). A systematic investigation of proline replacement led to the dis-
covery of the decahydroisoquinoline substituent as optimal C-terminal (IC50:
2.7nM). An increase in potency was obtained by combining both substituents,
leading to the synthesis of saquinavir, which inhibits both HIV-1 and 
HIV-2 with IC50 values <1nM. The compound has a low but sufficient oral 
biovailability.

The HIV protease inhibitors (PIs) have proven to be valuable therapeutics
in drug combination schedules [HAART (highly active antiretroviral
therapy)] with NRTIs and NNRTIs, in the treatment of HIV infections. Yet,
they are met by compounding factors such as difficulties in drug adherence,
drug–drug interactions, overlapping resistance patterns, and long-term side
effects such as lipodystrophy and cardiovascular and metabolic disturbances
(i.e., diabetes). This has prompted the search for new, nonpeptidic inhibitors
of HIV protease, with (instead of the peptidomimetic hydroxyethylene core)
cyclic urea, 4-hydroxycoumarin, l-mannaric acid, or 4-hydroxy-5,6-dihydro-2-
pyrone (Fig. 25.2) [as in tipranavir (PNU-140690)] as the central scaffold 
[97, 98]. Such compounds should show little, if any, cross-resistance with the
peptidomimetic inhibitors [99]; their in vivo efficacy, pharmacokinetics, and
short- and long-term safety profiles remain to be established.

Whether the PI approach would be as successful for tackling herpes-,
picorna-, and flaviviruses, as it turned out to be for HIV, remains to be seen.
While the HIV protease is an “aspartate” protease, herpesvirus proteases
belong to the “serine” proteases with SHH as the catalytic triad [100]. Several
nonpeptidic inhibitors of herpesviral protease (i.e., CMV protease, which is
also referred to as assemblin because of its role in the CMV assembly process)
have been described, for example, thieno[2,3-d]oxazinones [101], aryl hydro-
xylamine derivatives [102], monobactams [103], pyrrolidine-5,5-trans-lactams
[104], and 1,4-dihydroxynaphthalene and naphthoquinones [105]. While a
useful exercise at targeting the herpesviral protease, all these efforts should
be viewed as a prelude to further investigations on the in vitro and in vivo
inhibitory effects of these compounds on virus replication.

Further advanced is the structure-assisted design of mechanism-based,
irreversible, inhibitors of human rhinovirus 3C protease (a “cysteine” protease
that is involved in the proteolytic cleavage of the viral precursor polyprotein
to both capsid and functional proteins required for RNA replication).
This work has yielded a wealth of compounds with potent activity against 
multiple rhinovirus serotypes [106–111]. Of the human rhinovirus 3C protease
inhibitors, AG7088, which was shown to inhibit rhinovirus replication 
even when added late in the virus life cycle [112], and ruprintivir [113] 
have proceeded to clinical trials for the prevention and treatment of the
common cold.

The HCV protease is a “serine” protease that is encoded by the nonstruc-
tural NS3 protease domain and is responsible for the proteolytic cleavage of

1168 STRATEGIES IN THE DESIGN OF ANTIVIRAL DRUGS



the nonstructural NS3, NS4A, NS4B, NS5A, and NS5B from the viral polypro-
tein (the NS4A protein then binds to the NS3 protein and enhances its 
proteolytic activity). The HCV NS3-4A protease is remarkably similar to the
pestiviral NS3-4A protease [as found in BVDV (bovine viral diarrhea virus)]
[114] and has been intensively pursued as a target for the design of inhibitors.
Again, as for the herpesviral serine protease, several inhibitors, both 
peptide-based [115, 116], nonpeptidic [117], and macrocyclic [89], of the HCV
NS3-4A protease have been identified, but as there is no cell culture assay
available for HCV, their activity against HCV infectivity could not be assessed.
Given the similarities of the HCV and BVDV NS3-4A proteases, it would
seem justifiable to evaluate putative HCV protease inhibitors for their activ-
ity against BVDV replication, for which cell culture assay systems have been
established. In addition, HCV protease inhibitors, as well as HCV helicase and
polymerase could and should also be evaluated in the subgenomic replicon
system [118].

25.6 VIRAL NEURAMINIDASE INHIBITORS

Influenza virus (both A and B) has adopted a unique replication strategy in
using one of its surface glycoproteins, hemagglutinin, to bind to the target cell
receptor [containing a terminal sialic acid (N-acetylneuraminic acid, NANA)],
and the other surface glycoprotein, neuraminidase, to leave the cell after the
viral replicative cycle has been completed. The viral neuraminidase is thus
needed for the elution of the newly formed virus particles from the cells. In
addition, the viral neuraminidase may also promote viral movement through
the respiratory tract mucus, thus enhancing viral infectivity. Therefore, the
influenza viral neuraminidase has been envisaged as a suitable target for the
design of specific inhibitors. Neuraminidase (sialidase) is a tetrameric glyco-
protein with a subunit molecular weight of 60 kDa. The enzyme is a glyco-
hydrolase cleaving a-ketosidically linked terminal N-acetyl-d-neuraminic acid
residues on the mucosal sialoglycoproteins (Fig. 25.18).

An interesting observation is that 18 of the residues in the active site of
influenza A and B sialidase sequences that have been characterized, are 
conserved. Fifteen of the conserved residues are charged. Eight of the 
strain-invariant active-site residues are positioned to make direct contact with
N-acetyl-d-neuraminic acid bound into the catalytic site, with a further tier of
10 residues that appears to establish a structural scaffold for the catalytic 
site. A stabilized sialosyl cation transition-state intermediate is involved 
when influenza virus sialidase catalyzes the release of N-acetyl-d-neuraminic
acid from a-sialosides. N-acetyl-d-neuraminic acid (as an anomeric 
mixture) inhibits influenza A virus neuraminidase with a Ki of 10-3 M. More
potent inhibitors are those based on the unsaturated transition-state analogs
with a glycal structure (2-deoxy-2,3-didehydro-N-acetylneuraminic acid) 
(Fig. 25.19).
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One of the most important interactions between N-acetyl-d-neuraminic
acid and its unsaturated congener with the enzyme is that between the car-
boxylate of both of these sialic acids and a triargininyl cluster (Arg118, Arg292,
and Arg371). This interaction is important both enzymatically—on binding, the
sugar ring is flattened out prior to the cleavage of the glycosidic bond—and
structurally, the electrostatic interaction between the negatively charged 
carboxylate and the positively charged amine groups of the arginines being a
major contributor to the binding of substrates and substrate-based inhibitors.
Based on modeling experiments, a series of 4-substituted-4-deoxy-N-acetyl-d-
neuraminic acid derivatives were synthesized. The 4-amino analog has a 
Ki of 4 ¥ 10-8 M against influenza virus neuraminidase, which represents an
increase in binding affinity when compared with 2-deoxy-2,3-didehydro-N-
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acetylneuraminic acid (Ki of 4 ¥ 10-6 M). The replacement of the amino group
with the larger more basic guanidino functionality led to an even more potent
inhibitor (Ki of 3 ¥ 10-11 M). The guanidino substituent is situated within hydro-
gen bond distance with two conserved acid residues. Zanamivir selectively
inhibits influenza virus sialidase, while other sialidases from both bacterial and
mammalian sources are not inhibited. The second approach toward new 
sialidase inhibitors has been concentrated on the synthesis of carbocyclic
mimetics and the introduction of a lipophilic substituent in place of the glyc-
erol side chain, which led to very potent orally active compounds (i.e.,
oseltamivir) for the treatment of influenza virus infections.

Computer-assisted drug design, led to the identification of zanamivir
(GG167) as a specific and potent inhibitor of the enzyme and of the in vitro
and in vivo replication of both influenza A and B virus [119]. Zanamivir was
tailored to interact with the conserved amino acid residues within the active
site of influenza A and B virus neuraminidase, and its inhibitory effect on the
enzyme has proved to be predictive of the susceptibility of clinical isolates to
the drug [120]. Meanwhile, zanamivir was shown to be efficacious and safe in
the treatment (by inhalation) of influenza virus infections [121], and the drug
has been licensed for clinical use.

Zanamivir has to be given by inhalation because of its poor oral bioavail-
ability. In attempts to identify potentially orally bioavailable inhibitors, a series
of carbocyclic transition-state-based analogs were developed in which the
polar glycerol and guanidino groups (as present in zanamivir) were replaced
by a lipophilic (3-pentyloxy) side chain and amino group, respectively, to give
GS 4071 [122]. X-ray crystallographic studies showed that these groups of GS
4071 could be accommodated within the active site of the neuraminidase (Fig.
25.20). As aimed for, GS 4071, when administered as the ethyl ester prodrug
(GS 4104), turned out to be orally bioavailable and was found to be effective
in protecting mice and ferrets against influenza infection [123]. Subsequently,
GS 4104 (oseltamivir) was found to be effective and safe in the oral treatment
and prevention of influenza virus infections [124, 125] and has been licensed
for clinical use.

Zanamivir and oseltamivir have paved the way for the development of 
similarly, structure-based, designed neuraminidase inhibitors, such as the
cyclopentane derivative RWJ-270201 (with a comparable, or even better, effi-
cacy profile in the murine influenza model) [126–128] and the pyrrolidine
derivatives A-192558 and A-315675 [129–131]. The clinical potential of RWJ-
270201, A-192558, and/or A-315675 in the prevention and/or treatment of
influenza virus infections in humans still needs to be established.

25.7 IMP DEHYDROGENASE INHIBITORS

IMP dehydrogenase is a key enzyme in the de novo biosynthesis of purine
mononucleotides: It is responsible for the NAD-dependent oxidation of IMP
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(inosine 5¢-monophosphate) to XMP (xanthosine 5¢-monophosphate), which
is then further converted to GMP, GDP, and GTP, and from GDP, via dGDP,
also to dGTP. Inhibitors of IMP dehydrogenase may be expected to affect both
RNA and DNA synthesis, via reduction of the intracellular pools of GTP 
and dGTP, respectively. Although IMP dehydrogenase is a cellular target,
inhibitors targeted at this enzyme may be expected to preferentially inhibit
viral RNA and/or DNA synthesis, as there is an increased need for such 
syntheses in virus-infected cells.

IMP dehydrogenase can be targeted by two types of inhibitors: competitive
or uncompetitive with respect to the normal substrate, IMP. To the first 
category belongs ribavirin, which has been officially approved for clinical 
use as an aerosol for the treatment of RSV infections and in combination with
interferon-a for the treatment of HCV infections.

To the second category belongs mycophenolic acid (Fig. 25.2), an immuno-
suppressing agent, which has been approved as its morpholinoethyl ester
prodrug, for the prevention of acute allograft rejection following kidney trans-
plantation. The X-ray crystal structure of IMP dehydrogenase, complexed with
mycophenolic acid at the active site, has been reported at high resolution 
(2.6Å) [132]. New congeners of both ribavirin (Fig. 25.2) (i.e.,EICAR) [133] and
mycophenolic acid (i.e.,VX-497) [134] have an activity spectrum as broad as rib-
avirin, but considerably greater potency. This activity spectrum encompasses
both DNA and RNA viruses, and among the latter, picorna-, toga-, flavi-,
bunya-, arena-, reo-, rhabdo-, and, particularly, ortho- and paramyxoviruses.
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Figure 25.20 Interaction of influenza neuraminidase with oseltamivir. The picture
shows binding interactions of the neuraminidase inhibitor oseltamivir (Fig. 25.2) with
influenza neuraminidase, derived from the crystal structure.



Mycophenolic acid has marked activity against yellow fever virus and, in
addition, markedly potentiates the inhibitory effects of acyclic guanosine
analogs (acyclovir, penciclovir, ganciclovir) against HSV, VZV, and CMV
infections, which could be of great clinical utility in organ transplant recipi-
ents subject to these infections [135]. Also, mycophenolic acid potentiates 
the activity of guanine-derived dideoxynucleoside analogs, such as abacavir,
against HIV [136], which may be further exploited as a new combination strat-
egy in the treatment of HIV infections.

While IMP dehydrogenase inhibitors should, in their own right, be further
explored for their potential in the treatment of various (+)RNA and (-)RNA
virus infections, including hemorrhagic fever virus infections, current interest
is mainly focused on their use in combination with (pegylated) interferon-a
in the treatment of HCV infections. This stems from the successful responses
that have been seen following treatment of chronic hepatitis C with ribavirin
in combination with interferon-a (in patients who did not respond to inter-
feron alone) [137].

Recently, ribavirin was shown to act as an RNA virus mutagen, forcing
RNA viruses into a lethal accumulation of errors, dubbed “error catastrophe”
[138, 139]. The antiviral activity of ribavirin may then result from the lethal
mutagenic effect following incorporation of ribavirin into the viral genome,
and, obviously, this lethal mutagenesis may be enhanced by the inhibitory
effect of ribavirin (in its 5¢-monophosphate form) on IMP dehydrogenase and
the consequent decrease in cellular GTP pools (as mentioned above). The
ability of ribavirin to force RNA viruses into error catastrophe has so far been
shown only with poliovirus [138, 139], and it remains to be verified whether
the theory also holds for other RNA viruses (i.e., HCV) and other ribavirin
analogs (i.e., EICAR).

25.8 S-ADENOSYLHOMOCYSTEINE HYDROLASE INHIBITORS

S-adenosyl-l-homocysteine (AdoHcy, SAH) hydrolase is a key enzyme in
methylation reactions depending on S-adenosylmethionine (SAM) as the
methyl donor, including those methylation reactions that are required for the
maturation of viral mRNA. In particular, (-)RNA viruses are critically
dependent on these methylations for the stability and functioning of their
mRNA. All capped, methylated structures consist of a N7-methyl guanosine
residue linked at the 5¢-hydroxyl group to the 5¢-end of the mRNA strand by
a triphosphate linkage. Most 5¢-capped methylated structures also contain a
methyl group on the 2¢-hydroxy group of the penultimate nucleotide (Fig.
25.21). This 5-capped, methylated structure has been shown to protect mRNA
form 5¢-end nuclease digestion. Methylation of the capped structure increases
the affinity for ribosome binding to the 5¢-end of this mRNA during 
formation of the translational initiation complex. Uncapped or undermethy-
lated viral mRNA is less effectively translated into viral proteins. Both
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guanine-7 methyltransferase and nucleoside-2¢ methyltransferase coded by
vaccinia virus require AdoMet as a methyl donor (Fig. 25.22). SAH is both a
product and inhibitor of the methyltransferase reactions; however, SAH is
rapidly hydrolyzed by SAH hydrolase into homocysteine and adenosine,
and this prevents the accumulation of SAH that would otherwise lead to an
inhibition of the SAM-dependent methylation reactions.

Mammalian AdoHcy hydrolase is a homotetramer containing one NAD+

per subunit. The first step in the enzymatic reaction involves oxidation of the
3¢-hydroxyl group of S-adenosyl-l-homocysteine to form 3¢-keto-AdoHcy,
resulting in the conversion of NAD+ to NADH. The 3¢-keto group increases
the acidity of the C-4¢ proton, allowing for abstraction of this proton by a base
in the active site of the enzyme. Subsequently, b-elimination of homocysteine
results in the formation of the intermediate 3¢-keto-4¢,5¢-didehydro-5¢-
deoxyadenosine. Addition of water to the 5¢-position of this intermediate
affords 3¢-keto-adenosine, which is then reduced by the enzyme-bound
NADH, resulting in the formation of adenosine and regeneration of NAD+.
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Inhibitors of the SAH hydrolase may be expected to lead to an accumulation
of SAH, and consequent inhibition of the methylation reactions. Again, as
noted for IMP dehydrogenase, SAH hydrolase is a cellular target, but as virus
replication increases the need for such methylations, SAH hydrolase inhibitors
may confer selective antiviral activity that may well vary from one virus to
another depending on their individual methylation needs.

Various adenosine analogs, that is, carbocyclic adenosine, carbocyclic 3-
deazaadenosine, neplanocin A, 3-deazaneplanocin A, and their 5¢-nor deriva-
tives, have been described as potent inhibitors of SAH hydrolase [140].
Carbocyclic adenosine and replanocin A belong to the first generation of
AdoHcy hydrolase inhibitors. Carbocyclic adenosine is a reversible, competi-
tive inhibitor with a Ki of 5nM. Neplanocin A, in contrast, is an irreversible,
tightly binding inhibitor with a Ki of 8.4nM. Neplanocin A inactivates the
hydrolase by a “cofactor depletion” mechanism, converting the NAD+ cofac-
tor to its inactive form (NADH) with simultaneous oxidation of neplanocin A
to 3¢-keto-neplanocin A. This 3¢-keto derivative is tightly bound to the NADH
form of the enzyme (Fig. 25.23). Unfortunately, inhibitors of the first genera-
tion have a common problem of cellular toxicity, which precludes the clinical
use of these compounds as antiviral agents. In attempts to design more spe-
cific inhibitors of AdoHcy hydrolase, two different approaches have been 
followed. One approach is the replacement of the adenine moiety with 3-
deazaadenine, resulting in 3-deazaaristeromycin and 3-deazaneplanocin A.
Another approach involves removing of the 4¢-hydroxymethyl substituent,
which would preclude 5¢-phosphorylation by adenosine kinase and deamina-
tion by adenosine deaminase (Fig. 25.24).

These compounds are indeed not substrates for either adenosine deami-
nase and adenosine kinase, but they retain potent inhibitory activity against
AdoHcy hydrolase. Inhibition of AdoHcy hydrolase by 3-deazaneplanocin
and 3-deazaaristeromycin was reported to be reversible and competitive, with
Ki values of 0.05 and 3nM, respectively. In contrast, the 5¢-nor derivatives have
been shown to inactivate AdoHcy hydrolase irreversibly. These inhibitors
serve as substrates for the enzyme’s oxidative activity, resulting in reduction
of the enzyme-bound NAD+ to NADH. The reaction stops at this point 
since these inhibitors are not substrate for the “hydrolytic activity” of the
enzyme. These second-generation AdoHcy hydrolase inhibitors exhibit 
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broad-spectrum antiviral activity, whereas their cytotoxicity is considerably
lower than that of the parent compounds. A third type of mechanism-base
inhibitors of AdoHcy hydrolase are defined as compounds that use the
hydrolytic activity of the enzyme to convert a prodrug to a potent drug in the
active site of the enzyme, from which (E)-5¢,6¢-didehydro-6¢-deoxy-6¢-halo-
homoadenosines are representative examples [141].
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All SAH hydrolase inhibitors possess a characteristic antiviral activity 
spectrum, encompassing, in particular, poxviruses, (±)RNA viruses (reo) and
(-)RNA viruses (bunya-, arena-, rhabdo-, filo-, ortho-, and paramyxoviruses).
This includes a number of hemorrhagic fever viruses such as Ebola 
hemorrhagic fever. In fact, a mouse model for Ebola hemorrhagic fever 
has been developed [142], and the SAH hydrolase inhibitors carbocyclic 3-
deazaadenosine [143] and 3-deazaneplanocin A [144] were found to protect
the animals against an otherwise lethal Ebola virus infection. SAH hydrolase
inhibitors thus offer real potential for the treatment of hemorrhagic fever virus
infections.

25.9 CONCLUSION

The strategies reviewed here for interfering with the key events in the viral
replicative cycle have the potential to target virtually all important human
viral pathogens. Several such strategies, namely those aimed at viral DNA syn-
thesis, viral polyprotein cleavage, and viral release from the cells (through the
viral neuraminidase) have already provided a number of effective and useful
therapeutics for the treatment of herpesvirus (HSV-1, HSV-2, VZV, CMV),
retrovirus (HIV), hepadna (HBV), and influenza virus infections. Further
improvements along these lines, following the same approaches, may in the
future, yield more efficacious and more selective antiviral compounds. This
should by no means detract from other approaches, not addressed here, that
may also be envisaged to target viral compounds or virus-associated events,
such as agents that specifically bind to the picornaviral capsids (i.e., ple-
conaril), or the HIV nucleocapsid p7 [i.e., 2,2¢-dithiobisbenzamides (DIBAs)],
or the influenza virus A matrix [adamantanamine derivatives (i.e., amanta-
dine)], or glycosylation inhibitors (i.e., deoxynojirimycin derivatives), or anti-
sense oligonucleotides or ribozymes targeted at selected viral mRNAs, or gene
therapy approaches, or immunotherapy, and so forth. Whatever approach or
strategy is followed to combat virus infections, the highest profit is likely to be
expected if two or more of these different strategies are combined, especially
in the treatment of chronic virus infections such as HIV, HBV, and HCV.
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ABBREVIATIONS AND GLOSSARY

ACS acute coronary syndromes
AML acute myelogenous leukemia
ALL acute lymphoblastic leukemia
Bcr-Abl Abelson tyrosine kinase fused to the breakpoint cluster

region
bFGF basic fibroblast growth factor
CDK cyclin-dependent protein kinase
CDKI CDK inhibitor
Csk C-terminal Src kinase
DYRK dual specificity, tyrosine-phosphorylated and regulated

kinase
EGF epidermal growth factor
EGFR EGF receptor
Erb estrogen receptor subtype b
ERK extracellular signal-regulated protein kinase
FDA U.S. Food and Drug Administration
FGF fibroblast growth factor
FGFR FGF receptor
Flk-1/KDR fetal liver kinase-1/kinase insert domain containing

receptor (VEGFR-2, VEGFR type 2)
Flt-1 fms-like tyrosine kinase-1
GSK3 glycogen synthase kinase 3
HER human epidermal growth factor receptor
IC50 50% inhibitory concentration
IR insulin receptor
IRK insulin receptor kinase
IRS insulin receptor substrate
JAK Janus kinases
JNK c-jun N-terminal kinase
KDR kinase insert domain containing receptor
Lck lymphocyte kinase
MAP mitogen-activated protein
MAPK mitogen-activated protein kinase
MAPKK MAP kinase kinase
MEK-1 MAPK/ERK kinase 1
MKK MAP kinase kinase
mTOR mammalian target of rapamycin
NGF nerve growth factor
NRTK nonreceptor tyrosine kinases
PDGF platelet-derived growth factor
PDGFR PDGF receptor
PKA protein kinase A; cAMP-dependent protein kinase
PKC protein kinase C
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PKI protein kinase inhibitor
PTK protein tyrosine kinase
PTP protein tyrosine phosphatase
RA rheumatoid arthritis
Ras rat sarcoma virus oncogene
Rb retinoblastoma tumor suppressor gene
RTK receptor tyrosine kinase
S DNA synthesis stage
SAPK stress-activated protein kinases
SH2 Src homology 2
STKs serine/threonine kinases
Tek/Tie-2 tunica internal endothelial cell kinase type 2
Tie-1 tunica internal endothelial cell kinase type 1
TNF tumor necrosis factor
VEGF vascular endothelial growth factor

26.1 PHOSPHORYLATION IN SIGNAL TRANSDUCTION
PATHWAYS

Approximately 2 percent of eukaryotic genes encode protein kinases (PKs)
[1, 2]. Approximately 518 PKs are predicted in the human kinome based on
the information from the human genome sequence [3]. PKs have essential
roles in cell-signaling pathways by interacting with extracellular ligands such
as growth factors and hormones and transmitting signals across the cell mem-
brane to the cytoplasm and the nucleus. Signal transduction is mediated by
PKs through catalyzing the transfer of the g-phosphoryl group from adeno-
sine triphosphate (ATP) to the hydroxyl group of defined tyrosine (Tyr), serine
(Ser), and/or threonine (Thr) residues in various critical protein substrates
(Fig. 26.1). These amino acids are usually located in the consensus sequences
on the protein substrate. Phosphorylated protein substrates have distinct 
functional properties in many different cell-signaling pathways. Abnormal
phosphorylation is often a cause or consequence of diseases. In addition to the
signals arising from receptor–ligand interactions as seen with growth factors,
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Figure 26.1 General scheme for phosphorylation and dephosphorylation reactions
catalyzed by PKs and PPs, respectively. PKs phosphorylate the hydroxyl group of
amino acids (AA-OH = tyrosine serine, or threonine) on the protein substrate in the
presence of Mg2+ and ATP. PPs reverse the phosphorylation reaction by cleaving the
O–P bond in phosphoproteins, to generate the free hydroxyl group in proteins.



environmental factors such as mechanical deformation by cell stretch or shear
stress will activate PKs. On the other hand, protein phosphatases (PPs) remove
the phosphate groups from distinct phosphoproteins in a reverse reaction to
counterbalance the phosphorylation reaction.

26.2 CLASSIFICATION OF PROTEIN KINASES

Although 518 members of the human protein kinase superfamily can be clas-
sified into at least 7 distinct groups and many families and subfamilies [3], PKs
are usually divided into two large families based on their substrate specifici-
ties: protein tyrosine kinases (PTKs) (e.g., Src tyrosine kinases, Bcr-Abl) and
serine/threonine kinases (STKs) [e.g., mitogen-activated protein kinases
(MAP kinases), protein kinase C (PKC), protein kinase A (PKA)] (Fig. 26.2).
PTKs such as Src kinases and several of serine/threonine kinases such as 
MAP kinases play a crucial role in signal transduction pathways and regulat-
ing various cellular functions (e.g., proliferation, differentiation). Several
serine/threonine kinases such as cyclin-dependent kinases (CDKs) are
involved in cell cycle checkpoint control.
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It is estimated that there are approximately 100 PTKs. PTKs are subdivided
into two families: receptor tyrosine kinases (RTKs; e.g., growth factor 
receptor kinases) and nonreceptor tyrosine kinases (NRTKs; e.g., Bcr-Abl,
Src) [4]. RTKs are transmembrane cell surface proteins that are activated 
by the binding of ligands to their extracellular domains. The binding leads to
receptor oligomerization and phosphorylation/activation of the intracellular
domains by inducing autophosphorylation. Activated and phosphorylated
intracellular domains then activate downstream signaling proteins such 
as NRTKs in the cytoplasm [4]. RTKs include the receptors for ligands,
such as insulin (insulin receptor kinase; IRK), and many growth factors, such
as epidermal growth factor (EGF), basic fibrobalst growth factor (FGF),
platelet-derived growth factor (PDGF), vascular endothelial growth 
factor (VEGF), and nerve growth factor (NGF). NRTKs include members 
of the Src family, Fak, Jak, Abl, and Zap70. NRTKs can be regulated and 
activated by different mechanisms such as RTKs and other cell surface 
receptors such as receptors of the immune system and G-protein-coupled
receptors [4].

26.3 GENERAL MECHANISTIC FEATURES OF PROTEIN
PHOSPHORYLATION BY PROTEIN KINASES

To design protein kinase inhibitors (PKIs), it is important to understand the
mechanistic features of the particular target kinase. Although 518 PKs share
a conserved catalytic domain in sequence and structure, the catalysis and phos-
phorylation reaction is regulated differently by these enzymes. There is still an
incomplete understanding of the mechanisms used by PKs in the phosphory-
lation reaction. The phosphorylation reaction occurs in the active site of PKs
by the formation of a ternary complex consisting of a protein substrate,
MgATP, and a PK [5]. ATP and protein substrate bind to ATP and substrate
binding sites, respectively, in the catalytic domain of kinases. The transfer of
the phosphoryl group takes place directly from ATP to the protein substrate
through dissociative or associative mechanisms in a three-step process: (1) the
initial binding of substrate to a preformed PK–ATP complex, (2) the transfer
of phosphoryl group to hydroxyl group, and (3) the release of phosphorylated
protein from the PK–ADP (adenosine diphosphate) complex (Fig. 26.3). In a
fully dissociative mechanism, the bond between g-phosphorus and ADP
(leaving group) is broken in the transition state before the formation of the
bond between the nucleophile (tyrosine, threonine, or serine) and phosphorus.
In an associative mechanism transition state, a significant amount of bond is
formed between the nucleophile and phosphorus, before the complete bond
breakage between the phosphorus and the leaving group [6–8]. The distinc-
tion between the associative and dissociative mechanisms may be critical in
designing transition-state and mechanism-based inhibitors of PKs. Inhibitors
can be designed that could potentially inhibit the binding of ATP (ATP
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binding site inhibitors), protein substrate (substrate binding site inhibitors), or
both (bisubstrate analog inhibitors).

26.4 GENERAL STRUCTURAL FEATURES OF PROTEIN KINASES

The three-dimensional structures of several individual PKs have been deter-
mined by X-ray crystallography. Protein Data Bank (PDB) comprises over 160
PKs, protein kinase mutants, and protein kinase : ligand complexes. This wealth
of structural information of PKs and PK–ligand complexes can be used for
structure-based rational design of novel and effective PK inhibitors. For
example, it has been shown from these structures that the backbone carbonyl
and amide groups of the protein backbone located in the hinge region of ATP
binding site potentially form three hydrogen bonds with ATP binding site
inhibitors through two hydrogen bond acceptors and one hydrogen bond
donor [9]. The detailed information about protein kinase structures and the
interaction mode with their inhibitors have been reviewed extensively else-
where [4, 10–13] and is beyond the scope of this chapter. Some of the crystal
structures of the kinase domain of several RTKs and NRTKS that are clini-
cally important include IRK [14], insulin-like growth factor-1 receptor [15],
c-Src tyrosine kinase [16, 17], FGFR (FGF receptor) [18, 19], VEGFR [20],
lymphocyte kinase (Lck) [21, 22], hematopoetic cell kinase (Hck) [23, 24],
Bruton’s tyrosine kinase (BtK) [25], and Abl kinase [26].

All PKs have an ~260-amino-acid conserved kinase domain folding into two
structurally dissimilar lobes, N-terminal and C-terminal domains that are
joined by a linker peptide coil [27]. The kinase domain is responsible for 
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catalytic activity and the phosphorylation reaction. The N-terminal domain of
PKs or nucleotide binding site is generally ~90 amino acids, which recognizes
and binds ATP utilized by all kinases. Many of the amino acid residues com-
prising the nucleotide binding pocket are highly conserved forming five b
strands (b1 to b5) and at least one conserved helix (aC). The C-terminal lobe
is predominantly a-helical and is not conserved among kinases varying in size,
sequence, and topology containing the substrate binding groove, activation
loop, and catalytic residues [28] (Fig. 26.4). The transfer of the phosphoryl
group takes place directly between ATP and protein substrate in the kinase
domain. In addition to kinase domain, RTKs comprise of multidomain 
membrane-spanning proteins.

Discussing more detailed structural features of all PKs is beyond the scope
of this chapter. Cytoplasmic nonreceptor kinases contain several other
domains in addition to the kinase domain. One of the well-studied examples
is Src kinases that are potential drug targets and can serve as an example for
the interesting structure and function that PTKs possess.

Src family kinases share common structural motifs and are made up of 
five components/domains: N-terminal or the fatty acid acylation domain,
which targets the kinases to the plasma membrane, Src homology 3 (SH3), Src
homology 2 (SH2), kinase domain (catalytic, including ATP and substrate
binding sites), and CT noncatalytic regulatory domain (see Fig. 26.4) [17]. SH3
and SH2 are protein–protein interaction domains that have both adaptor 
and regulatory functions [17] by binding to their respective ligands [29]. SH3
domains are ~60 amino acids in length and bind proline-rich regions of several
signaling proteins [16, 23, 30]. SH2 domains are modules of approximately 100
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amino acids that have evolved to recognize and bind to phosphotyrosine
sequences located on proteins [17, 31] in response to extracellular signals
[31–33]. The phosphotyrosyl group binds in a deep phosphotyrosine binding
pocket of SH2 domain where it is stabilized through a large number of hydro-
gen bonds and electrostatic interactions with positively charged amino acids.
In addition to stabilizing the inactive conformation of the kinases, the SH2
domain mediates interactions of the Src family kinases with other cellular 
proteins such as FAK, p130cas, p85, PI3K, and p68sam [34–37] propagating down-
stream signaling by recruiting the SH2 domain-containing protein to its proper
signaling complex and/or by altering its enzymatic activity. Inappropriate sig-
naling through Src kinases has been linked to many pathological conditions,
providing an impetus to understand the mechanism of SH2 domain recogni-
tion and to design SH2 domain binding inhibitors [29].

26.5 ACTIVATION OF PROTEIN KINASES

The activity of PKs is tightly regulated because of their central role in signal
transduction [12, 14, 38]. Different kinases utilize various mechanisms to
become activated such as transphosphorylation of specific residues within the
activation loop in IRK, and the human Lck kinase [22, 39–43] leads to a dra-
matic conformational change in the structure of kinase. The conformational
change exposes the substrate binding site for substrate binding by reposition-
ing the key catalytic residues that are involved in binding to protein substrate
and catalytic reaction. Another mechanism for regulation of kinase activity is
phosphorylation sites N- and C-terminal to the kinase domain as seen in
EphB2 receptor kinase domain [44]. Both of these mechanisms have been
seen in Src family kinases [14, 16, 23, 45]. There are two major Src phospho-
rylation sites that have opposite effects on Src activity, Tyr416 and Tyr527.
Tyr416, an autophosphorylation site, is located in a region called the activa-
tion loop of the kinase catalytic domain, which is ordered as an a-helix in inac-
tive Src [17]. Phosphorylation of Tyr416 enhances Src activity. Tyr527 is located
in the C-terminal tail of the molecule and, when phosphorylated by another
PK called C-terminal Src kinase (Csk), binds to the SH2 domain of Src [17,
23]. Phosphorylation of Tyr527 by Csk leads to the kinase inactivation. This
interaction locks the c-Src molecule in an inhibited closed conformation. Dis-
placement of SH2 and/or SH3 domains, either by C-terminal tail dephospho-
rylation or by competitive binding of optimal SH2/SH3 domain ligands, allows
the kinase domain to switch from a closed to an open conformation [17]. The
kinase reactivation by different pTyr-containing peptides related to phospho-
tyrosine–glutamic acid–glutamic acid–isoleucine (pYEEI) known to bind the
SH2 domain of Src has been demonstrated [46–49]. Src is known to be acti-
vated by SH2-mediated interaction with autophosphorylated PDGF receptor
[50], and by dual SH3/SH2 interactions with sequences in the focal adhesion
kinase FAK [51] and Sin [52]. In the inactive conformation of Src kinases, the
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SH2 and kinase domains lie in opposite sides. A dramatic structural reorien-
tation between the SH2 domain and the active site regions will occur upon the
activation of the enzyme. In the active conformation, the SH2 domain is posi-
tioned closer to the active site region in a manner that promotes substrate
binding in kinase domain [23, 53].

26.6 PROTEIN KINASES IN HUMAN DISEASES

Protein kinases are involved in most aspects of normal cellular signaling 
pathways and function and numerous biological events, such as apoptosis,
differentiation, cell growth, and metabolism; therefore, aberrant kinase activ-
ity is believed to contribute to several diseases such as cancer [2, 54], diabetes
[55, 56], cardiovascular [57], neurodegenerative [58] and inflammatory disor-
ders [59, 60], and restenosis [61].

Protein kinase family has now become one of the most important targets
for anticancer drug discovery since overexpression and enhanced PK activity
have been directly associated with cell transformation, carcinogenesis, and
many forms of human cancer [2, 54]. v-Src, a protein tyrosine kinase, was dis-
covered more than 26 years ago as the first oncogene [62]. Since then it has
been reported that over 80 percent of the oncogenes and proto-oncogenes
involved in human cancers encode PTKs [2].

Activation or inhibition of a kinase in a specific disease state is not suffi-
cient to consider it as putative therapeutic targets since dysregulation can be
a consequence of the disease and may not be a contributing factor to disease
pathology. Additional evidences such as genetic or physiological/cell biologi-
cal data are needed to implicate a PK as a cause and not the effect of the
disease and as an attractive target.

26.7 IMPORTANT PROTEIN KINASES AS THERAPEUTIC
TARGETS

Herein, some of the PKs validated as targets for drug discovery are introduced.
We will discuss a number of inhibitors developed against some of these kinases
in Section 26.9.

Protein Tyrosine Kinases

Protein tyrosine kinases are enzymes that catalyze phosphorylation of tyro-
sine in many proteins by the transfer of the g-phosphoryl group from ATP.
While tyrosine phosphorylation represents a minor subset of protein phos-
phorylation in the cell in terms of level, it is involved in several cellular
responses such as mitogenesis [63], differentiation [64], migration [65], and
survival [66]. Two subfamilies of PTKs (RTKs and NRTKs) are discussed here.
Typically, RTKs are linked to growth factor receptors and NRTKs are associ-
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ated with the protein products of proto-oncogenes, such as v-src [67]. PTKs
serve as molecular targets for many of the investigational new agents.

Receptor Tyrosine Kinases The RTKs play instrumental roles in cancer
development and have been well studied and extensively explored in anti-
cancer drug discovery in the last decade. RTKs include EGF and its receptor
(EGFR), tunica internal endothelial cell kinase type 1 (Tie-1), tunica internal
endothelial cell kinase type 2 (Tek/Tie-2), VEGF and its receptor (VEGFR-2
or Flk-1/KDR), bFGF and its receptor (FGFR), and PDGF and its receptor
(PDGFR). EGFR, bFGFR, VEGFR, and PDGFR kinases are discussed here.

EGF Receptor Tyrosine Kinases The EGF stimulates the proliferation of a
large variety of cells such as epithelial cells and fibroblasts [68] by binding to
and activating the EGFR and initiating intracellular signaling [68–70]. The
EGF receptor kinases are also known as the EGF family of type I tyrosine
kinases or ErbB tyrosine kinases. All four members in this family of RTKs,
HER-1 (c-ErbB1/EGFR), HER-2 (c-ErbB2/neu), HER-3 (c-ErbB3), and
HER-4 (c-ErbB4) [71, 72], are closely homologous and share common struc-
tural features such as an extracellular ligand binding domain and a cytoplas-
mic tyrosine kinase domain.

The EGFRs are implicated in the development and progression of certain
human tumors [73], including head and neck, colon, breast, lung, prostate, and
ovarian cancers. All EGFR kinases are frequently overactive in cancer cells.
HER-1 is significantly overexpressed in a large variety of epithelial cancers,
such as lung and breast cancers [74]. HER-2 (Neu, ErbB2) was identified in
1985 and soon became an attractive target for anticancer drug design since it
is overexpressed, most commonly by gene amplification, in a number of human
malignancies, including gastric, breast, colon, ovarian, and non-small-cell lung
carcinoma [74]. Several pharmaceutical companies are interested in the devel-
opment of agents targeting EGFR kinases.

VEGF and bFGF Receptor Tyrosine Kinases Two other important growth
factor receptor targets are VEGFR-2 or Flk-1/KDR [75, 76] and bFGF-R,
which have been associated to tumor angiogenesis. VEGFR-2 and FGFR are
expressed exclusively in endothelial cells [75]; thus, they are very attractive
targets for design of angiogenesis inhibitors. Some studies indicated that
immunoneutralization of FGF had little or no effect on tumor angiogenesis
[77, 78]. In spite of this FGFR has been explored in several diseases such as
cancer, diabetic retinopathy, atherosclerosis, and rheumatoid arthritis [19]. The
role of VEGF as a key regulator of angiogenesis has been confirmed [79].
There are two VEGF receptor tyrosine kinases:VEGFR1 (Flt-1) and VEGFR-
2. There is now a general consensus that VEGFR2 is the major key mediator
of the mitogenesis and angiogenesis in endothelial cells and is activated by
binding of VEGF, a mitogen-specific protein for vascular endothelial cells [75].
It is proposed that the antiangiogenic therapy through inhibition of the
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VEGFR is a safe and well-tolerated approach in treatment of cancer patients
and may selectively target the tumor-associated vessels and reduce tumor-
induced edema.

PDGF Receptor Tyrosine Kinases The PDGFRs have been reported to be
overexpressed in many cancers of mesenchymal of glial origin and, thus, can
also be a valuable target for these types of malignancies [80, 81]. The role of
Flt-3, a member of the PDGFR tyrosine kinase family, in a variety of cancers,
especially acute myelogenous leukemia (AML), has been clearly demon-
strated [80].

Nonreceptor Tyrosine Kinase Inhibitors The NRTKs include about one
third of all PTKs and are found in cytoplasm signaling downstream of RTKs.
Several important targets for anticancer drug design have been identified in
the last 10 years by studying the NRTK subfamily [82] such as Bcr-Abl and
Src family of kinases.

Bcr-Abl The Abelson PTK (c-Abl) is a nuclear protein tyrosine kinase with
the unknown biological function. c-Abl is proposed to function in sensing the
integrity of the genome and promoting programmed cell death. Bcr is a 
multifunctional cytosolic serine–threonine kinase that may play a role in reg-
ulating the activity of the Rho subfamily of small G proteins. The Philadelphia
chromosome is formed by a reciprocal translocation between chromosome 9
and 22, resulting in the formation of a novel hybrid gene, which produces 
Bcr-Abl (the breakpoint cluster region fused to the Abelson leukemia virus),
an oncoprotein responsible for Philadeliphia chromosome-positive chronic
myelogenous leukemia (CML). This chromosome is found in more than 95
percent of patients with CML and about 15 to 20 percent of patients with adult
acute lymphoblastic leukemia (ALL) [83] making Bcr-Abl an excellent target
for the drug discovery activity against these types of cancer. Unlike c-Abl and
Bcr, Bcr-Abl is both cytosolic and nuclear.

Src Kinases The Src family of PTKs, Src, Yes, Lck, Fyn, Lyn, Fgr, Hck, Blk,
Frk, and Yrk are NRTKs [84, 85] found widely expressed in mammalian cells.
Src tyrosine kinases, v-Src and c-Src, are prototypes of this well-established
superfamily of PTKs. The Src family of PTKs has become key targets for both
basic research and drug discovery over recent years. Src has significant struc-
tural homology to all nine other proteins in this superfamily. Enhanced Src
tyrosine kinases activity has been directly linked to T-cell activation, mito-
genesis, differentiation, cell transformation, and oncogenesis [54].

The Src exists as an intriguing therapeutic target for drug discovery with
respect to cancer. Src has been associated with several different cancers includ-
ing colon [86] and breast [87] cancers for which transformed phenotypes have
been correlated with Src mutations and/or overexpression [54, 84, 88] of Src
tyrosine kinase activities [89]. Src has also been implicated in the development
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of osteoporosis and inflammation-mediated bone loss [90–93]. Src plays 
multifunctional roles in osteoblast and osteoclast activities. In osteoblasts,
Src recently has been shown to be a negative regulator of osteoblast functional
activity and implicated as a mediator of sex steroid-induced antiapoptotic 
signaling in osteoblasts [94, 95]. In osteoclasts, Src is important for osteoclast
motility, activation (ruffled border formation), survival, and adhesion by 
mediating various signal transduction pathways [96–99]. Src is involved in
bone remodeling (resorption and formation) and bone-related diseases,
such as osteoporosis, rheumatoid arthritis, periodontal disease, Paget’s 
disease, hypercalcemia of malignancy, and metastasis of certain cancers to
bone [85].

Lyn activity is elevated in patients with acute myelogenous leukemia. Lck
is a positive activator in T-cell signaling, and its activation is involved in
autoimmune diseases such as rheumatoid arthritis [100]. Thus, Src kinases are
important targets for drug discovery in several diseases such as bone-related
diseases, cancer, and autoimmune diseases [54, 88, 100–104].

Serine/Threonine Kinases

MAP Kinases (ERK, JNK, p38 MAPKs) Exposure of cells to external
stresses and extracellular stimuli such as ischemia/reperfusion [105, 106] will
activate several members of the mitogen-activated protein kinase (MAPK)
family, followed by other downstream signals [107, 108]. MAP kinases are
STKs that are activated by dual phosphorylation of threonine and tyrosine
residues of the Thr-X-Tyr segment in a loop located adjacent to the active site
[108–110]. Prototypic members of the family present in mammalian cells
include (1) extracellular signal-regulated kinases (ERK1/2; also known as
p44/42 MAPK), (2) c-jun N-terminal kinases [(JNKs; also called stress-
activated protein kinases (SAPKs)], (3) ERK5/big MAP kinase 1 (BMK1),
and (4) p38 MAPKs. Each of these subgroups plays distinct roles in cell growth
and differentiation. Each MAP kinase is phosphorylated by specific upstream
kinases. Phosphorylated and activated MAP kinases move to the nucleus and
regulate the phosphorylation of various substrates such as transcription factors
(Fig. 26.5), which are involved in regulating the expression of specific sets of
genes and thus mediate a specific response to the stimulus [111–116].

One important pathway causing the activation of MAPKs is the Ras-
dependent MAPK cascade that is activated by growth factors (Fig. 26.5). The
uncontrolled activation of this pathway by the overexpression of particular
growth factor receptor tyrosine kinases or their mutation to constitutively
active forms is now known to cause cancer. Ras activation begins its down-
stream signaling through association with the Raf (a serine/threonine kinase).
The GTP (guanidine triphosphate)-bound dependent interaction of Ras with
Raf is required for Raf kinase activation. Activated Raf phosphorylates and
activates downstream kinases such as mitogen-activated ERK-activating
kinase (MEK) and MAPK, respectively [117].
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Cyclin-Dependent Kinases (CDKs) Cell cycle is tightly regulated by
members of the CDK family and cyclin regulatory subunits [118, 119]. CDKs
are a family of STKs that are important in controlling entry into and pro-
gression through the cell cycle, and their activity is regulated at several levels
[120] such as the binding of each CDK to a specific cyclin partner. As cells
respond to the presence of mitogens, they enter the cell cycle, and the level of
cyclin D1 increases leading to the activation of CDK4 and CDK6. These
kinases phosphorylate the retinoblastoma tumor suppressor protein pRb,
thereby abrogating its inhibition of members of the E2F family of trans-
cription factors. The inhibition of the transcription factors triggers a program
of gene expression that results in entry into the S phase of the cell cycle.
The deregulation of the pRb pathway and CDK4 are important in cancer 
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Figure 26.5 Classical Ras-MAPK pathway and potential sites as drug targets. The
binding of growth factors to extracellular domains of RTKs activates tyrosine kinase
activities in their intracellular domains, which, in turn, activate the Ras cascade. Acti-
vation of Ras leads to sequential phosphorylation and activation of a series of enzymes
involved in MAPK cascade that finally transmit the stimulatory external signals
received from cytoplasmic membrane into the nucleus. Growth-factor-induced activa-
tion of pathway often leads to cell cycle progression. All MAPKs are part of a three-
tiered cascade whereby a MAPKKK (in this case Raf-1) activate the downstream
kinases MAPKKs (in this case MEK1/2), which, in turn, activate MAPKs (in this case,
ERKs). Several MEK inhibitors discussed in text are shown here.



progression [121]. Tumors may express abnormally high levels of the cyclin D1
protein, contain multiple copies of the cyclin D1 gene [122], or contain muta-
tions or deletions of the pRb gene [123–125].

Protein Kinase C (PKC) and Protein Kinase A (PKA) The PKC super-
family is a member of STKs that are stimulated by Ca2+, phospholipid, and dia-
cylglycerol and play a critical role in intracellular signal transduction for cell
proliferation and differentiation, gene expression, the control of cell differen-
tiation and growth, and vascular permeability and proliferation. Thus, PKC
enzymes are involved in cardiovascular disease, cancer, ischemia, inflamma-
tion, and central nervous system (CNS) disorders [126]. The mammalian PKC
family consists of 12 different isosymes as a, bI, bII, g, d, e, z, h, q, i, l, and m
that are classified into 3 subfamilies of novel, conventional, and atypical on
the basis of their cofactor requirements [127]. PKC isoforms have specific cel-
lular localization in various tissues and cell types [128] and distinct and in some
cases opposing roles in cell growth and differentiation [129, 130]. For example,
the induction of b isoform in response to hyperglycemia in aortic, cardiac,
retinal, and renal tissues is shown to be associated with diabetic manifesta-
tions, such as neuropathy, nephropathy, angiopathy, macular edema, retino-
pathy, and cardiomyopathy [131, 132]. Increased levels of PKC have been
associated in several cell lines including lung [133], gastric carcinomas [134],
and breast [135] with malignant transformation. However, no clear relation-
ship has been observed in vivo. For example, with PKCb expression being
found to increase, remain the same, or decrease in colon tumors when com-
pared with normal epithelium [136].

The PKA family represents another group of STKs and has at least two 
isoforms, type I and type II [137] and is known to mediate cyclic adenosine
monophosphate (cAMP) effects and is involved in many endocrine and
nonendocrine cell responses. The PKA holoenzyme is a tetramer consisting of
a dimeric regulatory subunit (R2) and two monomeric catalytic subunits (C2).
Both PKC- and PKA-mediated signaling cascades have crucial roles in glial
cell proliferation and differentiation [138, 139].

Rho Kinase The ROCKs, or Rho kinases, are STKs that are involved in a
variety of biochemical signal transductions in the cells. In addition to
cytoskeleton rearrangement, cell migration, motility, proliferation, and neurite
outgrowth, this enzyme has a crucial role in cardiovascular function such as
smooth muscle contraction through calcium sensitization, an event that 
controls vascular vessel tone [140, 141]. Thus, ROCK inhibitors have been
designed as therapeutic agents for cardiovascular diseases.

Phosphoinositide 3-kinase (PI3K) The PI3K has a protein kinase fold.
Upon growth factor receptor stimulation, the PI3K family of enzymes is
recruited and produces 30 phosphoinositide lipids that act as second messen-
gers by binding to and activating diverse cellular target proteins [142]. For
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example, the production of the phosphoinositide polyphosphate PI(3,4,5)P3,
or PIP3, by PI3K has critical roles in pathways governing apoptosis, differen-
tiation, cell proliferation, and migration; hence, abnormal regulation of PIP3
levels and the levels of their lipid products are associated with a variety of
cancer types.

It is believed that resistance to radiation treatment in a number of cancers
is due to activation of the PI3K pathway, suggesting that inhibition of PI3K
could be an important strategy to reduce resistance in cancer radiation 
treatment [143].

Glycogen Synthase Kinase 3 (GSK3) The GSK-3 is another cytosolic STK
found in two closely related isoforms (a and b) with high homology (ca. 90
percent) at the catalytic domain [144] but distinct functional roles. Both iso-
forms are expressed ubiquitously in mammalian tissues. GSK3 is one of 
many signaling components downstream from the insulin receptor (IR). For
example, GSK-3b plays a critical role in cancer (via angiogenesis, apoptosis,
and tumorigenesis), CNS function (via the proteins tau and b-catenin), and
glucose homeostasis [145]. Insulin-dependent glycogen synthesis is activated
by the inhibition of GSK-3-dependent phosphorylation leading to lower
plasma glucose. Thus, GSK-3b is a potential target for inhibitor design and
treating type II diabetes [132, 146]. Additionally, due to critical roles of GSK-
3 in cancer and CNS function, GSK inhibitors may have therapeutic potential
for treating neurodegenerative diseases, bipolar disorder, stroke, and cancer
[147]. Several potential inhibitors have been recently reviewed [148].

26.8 PROTEIN KINASES AS TARGETS FOR INHIBITOR DESIGN

Many reviews of protein kinase inhibitor discovery have appeared over the
past 14 years [4, 11, 12, 38, 149, 150], and several central themes have emerged.
This chapter will focus on inhibitors directed against critical molecular targets
discussed above that are approved or are in clinical trials.

General Overview of Protein Kinase Inhibitors (PKIs)

A number of agents have been approved by FDA as PKIs. These inhibitors
include small molecules such as STI-571 (Gleevec) [151], ZD-1839 (Iressa)
[152], and Sirolimus (Rapamycin) [153] and monoclonal antibodies such as
Herceptin (Trastuzumab) [154], Erbitux (Cetuximub) [155, 156], and 
Bevacizumab (Avastin) [79] (Tables 26.1 and 26.2).

Several other PKIs are in clinical trials that target different stages of signal
transduction such as binding to RTKs, intracellular signaling, and cell cycle
regulation [150, 157, 158]. There are several issues to be considered in design-
ing PKIs. First, the inhibitors must exhibit selectivity against a family or a
member of PKs. Second, the PKs in different systems should be monitored
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since modulation of the same PK by an inhibitor may have beneficial effects
and deleterious effects in two different systems. For example, inhibiting a PK
required for triggering apoptosis could reduce ischemia-induced cell death in
terminally differentiated cardiomyocytes but might also promote tumor for-
mation in other organs or cell types [159]. Finally, even selective inhibition of
a dysregulated PK in a particular disease state may be deleterious in a long-
term use for other systems in which that same PK is not dysregulated but
instead serves essential functions. For example, Herceptin (Trastuzumab,
Genentech) is a monoclonal antibody that inhibits overexpressing cell surface
HER2 tyrosine kinase receptor in patients with breast cancers. On the other
hand, inhibition of HER2 by herceptin can cause severe cardiac dysfunction
in some women receiving the therapy, suggesting a critical role for this recep-
tor in cardiomyocyte survival [154, 159].

The comprehensive discussion of the structure–activity relationships of
PKIs is beyond the scope of this chapter. For more details, readers can refer
to some recent excellent reviews [13, 150, 157, 160–171]. Monovalent ligands
targeting the ATP binding site, the substrate binding site, and the SH2 domain
of clinically important PKs and some of novel approaches in designing PKIs
such as allosteric binding site and bisubstrate analog inhibitors are discussed
here.

ATP Binding Site Inhibitors The PKs can be inhibited by compounds com-
peting with ATP for binding to ATP binding site on the enzyme molecule. In
general, ATP binding site inhibitors contain a rigid, largely planar structure,
an aromatic ring system to complement the ATP binding pocket, and a hydro-
gen bond donor–acceptor pair. These groups of compounds exhibit similar
hydrogen bond attachment points at the interlobe linker (hinge region)
through their chemical scaffolds [172]. These hydrogen bond interactions are
complemented with an additional stabilizing network of hydrophobic interac-
tions between the planes of their aromatic ring systems and hydrophobic
amino acid side chains in the binding pocket [28].

Selectivity and potency have to be considered in designing ATP binding site
inhibitors. In recent years, considerable progress has been made to increase
specificity and potency of inhibitors toward PKs. This strategy has led to the
development of two drugs, Iressa and Gleevec [60]. Several other compounds
are in advanced clinical trials.

Selectivity These compounds have structural similarities with ATP and bind
to the enzyme instead of ATP; therefore, the kinase cannot phosphorylate pro-
teins and signaling halts. ATP binding site inhibitors of PKs were initially
thought to be unsuitable drug targets. The high degree of structural conser-
vation in this binding site within all PKs led to the initial belief that highly
selective small-molecule PKIs targeting the ATP pocket would be difficult to
generate [158, 173–177].
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Since the kinase protein family contains approximately 518 members, the
discovery of highly specific kinase inhibitors has been slow, but substantial
progress has been made. Indeed, contrary to initial concerns, there is sufficient
sequence and conformational diversity in ATP binding site [177] to identify
selective ATP-competitive inhibitors. The screening of unbiased chemical
libraries has led to identification of several relatively selective ATP competi-
tors [178, 179]. Several different kinds of inhibitors directed toward the ATP
binding site [160, 161, 180–182] are now in clinical development as anticancer
agents (Tables 26.1 and 26.2), immunosuppressant (Rapamycin) [153], neu-
rodegeneration [CEP-1347 (KT7515)] [183], and antidiabetic neuropathy
(LY333531) [184, 185]. ATP binding site inhibitors have structure diversity and
include purines, quinazolines, pyrazolopyrimidines, pyrrolopyrimidines, pyri-
dopyrimidines, maleimides, oxindoles, phthalimides, isoquinoline, naphthyridi-
nones, quinolines, and several other classes of compounds [160, 161, 180]. Some
of these compounds have shown potent inhibitory action against particular
kinases (Ki in nanomolar–picomolar range) [150, 160, 180–182] and can even
distinguish between closely related tyrosine kinases (e.g., between Src kinases)
[186, 187] and so are very promising drug leads. Although selective lead
inhibitors competitive with ATP have been identified for specific PKs indicat-
ing that the initial belief was misguided, however, the process is still labor
intensive mainly due to the high structural homology between protein kinase
active site regions.

One approach to achieve selectivity is to change the substitution patterns
in one category of the PKIs. This strategy has been used in the case for 
several benzopyranone-containing compounds (flavonoids) (e.g., flavopiridol,
quercetin, genistein, apigenin, desmal, and PD98059) (Fig. 26.6). Flavonoids,
in general, are competitive inhibitors with respect to ATP and lack selec-
tivity for PTKs over STKs [188, 189]. By establishing the structure–activity
relationships of flavonoids, relatively selective inhibitors have been identified
[163, 190]. Flavopiridol is a CDK inhibitor (e.g., CDK1, CDK2, CDK4,
and CDK7) in clinical development [191]. Genistein has been shown to 
inhibit tyrosine kinases such as the EGFR and pp60src, but scarcely to 
inhibit the activity of serine and threonine kinases such as cAMP-dependent
kinases [192, 193]. PD98059 (2¢-amino-3¢-methoxyflavone) is a potent, selec-
tive, and cell-permeable inhibitor of MAP kinase kinase (also known as
MAPK/ERK kinase or MEK kinase) by selectively blocking the activity of
MEK and/or inhibiting the phosphorylation and activation of MAP kinase
[194–199].

In general, the goal is an IC50 that is at least 100-fold lower for the target
kinase over other enzymes. Sometimes it is necessary to develop not entirely
selective inhibitors. For example, the antiangiogenic compound SU6668 elicits
potent antiangiogenic and proapoptotic effects in vivo by inhibition of KDR,
FGFR1, and PDGFRb receptors [81]. In cancer, a combination of CDKs
inhibitory and antiapoptotic (e.g., Akt) effects by a drug targeting Bcr-Abl
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could be beneficial for anticancer effects. However, a p38-MAPK inhibitor for
treatment of inflammatory diseases cannot be tolerated to inhibit CDKs or
Akt because of enhanced toxicity.

Potency The PKs and a plethora of many nonkinase enzymes utilize ATP as
a common substrate with different Km values. The ATP binding site inhibitors
must have sufficient potency to compete with the high ATP concentration (2
to 10mM) in vivo [158]. Enzymes with a low Km for ATP could be inhibited
if ATP binding site inhibitors do not bind to the target kinase with an
extremely high affinity: several orders of magnitude higher than that of ATP.
In vivo, the inhibitor will be present in concentrations typically in the mid to
high nanomolar range, whereas the intracellular concentration of ATP is mil-
limolar. As a result, the ATP-binding-site-directed inhibitors usually exhibit a
significantly lower potency under in vivo conditions than they do in vitro.

Substrate Binding Site Inhibitors Inhibitors competing with the peptide or
protein substrate for binding to substrate binding sites have also been
described [180, 200–202]. These peptides are frequently in the form of
uncharged phenylalanine analogs [13, 203] and comprise of peptides contain-
ing the substrate consensus motif to generate greater specificity. PKs exhibit
more sequence diversity in substrate binding site and peptide and protein sub-
strate recognition; therefore, peptide-based substrate binding site inhibitors
with high specificity might be easier to discover, and they might prevent phos-
phorylation of some substrates but not others. These peptide-based inhibitors
do not need to compete with physiologic ATP. Despite generating high selec-
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tivity toward PKs, substrate peptide-based inhibitors have relatively weak
inhibitory performance (Ki in the high micromolar range) compared to the
most potent ATP analogs [180]. There are issues such as bioavailability and
susceptibility to proteolytic degradation that have to be considered when
designing these inhibitors. Some closely related PKs exhibit overlapping speci-
ficities with respect to small peptides. Other than peptide-based inhibitors, no
small organic molecules have been discovered to show a competition pattern
at the protein–substrate binding site of PKs, possibly due to the fact that the
substrate binding groove is relatively solvent exposed and shallow.

Allosteric Inhibitors Regions outside the ATP binding site such as the acti-
vation loop can be used and accessed for designing inhibitors. Binding of
inhibitors to this region may cause significant conformational changes in their
target kinases [28]. These compounds are likely to be more selective than com-
pounds that simply compete directly with ATP alone. For example, BIRB 796,
a slow-binding inhibitor of p38 MAP kinase, was designed based on structure
optimization of several compounds and their mode of binding with P38 MAP
kinase in the crystal structure. BIRB 796 binding to a region that is normally
occupied by the phenylalanine of the Asp-Phe-Gly (“DFG”) motif converts
the enzyme to a catalytically inactive conformation by changing the confor-
mation of the active site [204]. Gleevec, a recently approved drug against
CML, interacts with the aromatic side chain of the conserved phenylalanine
of the DFG motif and displaces the activation loop from its normal position,
resulting in trapping the unactivated form of c-Abl [28] (PDB codes 1FPU
[26], 1IEP [205]).

SH2 Domain Inhibitors SH2-containing targets in PTKs have been the
subject of great interest by several researchers [206]. Ligands that antagonize
the Src SH2 domain-dependent protein–protein interactions may provide pos-
sible therapeutic agents [29, 207–210]. SH2 domains generally recognize spe-
cific short peptide motifs containing a phosphorylated Tyr (pTyr) in the context
of specific residues found within 3 to 5 amino acids C-terminal to the pTyr
[31]. The Src SH2 domain has been the subject of intensive research. The SH2
inhibitors will be discussed when considering Src kinase inhibitors (Section
26.9) in greater details.

Bisubstrate Analog Inhibitors Bisubstrate analog inhibitors could be
designed to enhance specificity and potency of PKIs. Bisubstrate analog
inhibitors are designed to mimic two natural ligands that simultaneously asso-
ciate with two essential binding sites of kinases. The combination of two sub-
strates required by the target enzyme into a single molecule by an appropriate
linker makes it less likely that both components will be recognized by other
enzymes; therefore, enhanced enzyme specificity may be expected [211]. Addi-
tionally, if one of the substrates demonstrates specific binding to its binding
pocket, a greater selectivity may arise [212, 213]. Using bisubstrate analog
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inhibitors for PKs allows converting a low-affinity peptide substrate to a selec-
tive and moderately potent inhibitor for these enzymes with affinities at a low
micromolar–high nanomolar range.

In general, an optimal bisubstrate analog inhibitor for PKs should have the
following properties. The inhibitor should (1) inhibit the binding of both
natural substrates to their binding pockets particularly by competitive inhibi-
tion, (2) be designed based on the distance, geometry, and orientation of
natural substrates and their essential chemical scaffolds during the transition
state, (3) enhance specificity against one particular PK, and (4) show optimal
physico-chemical properties, bioavailability, and low toxicity. During the last
16 years, many different approaches have been examined for the possibility of
using bisubstrate analog inhibitors against PKs [214]. These strategies fall into
four categories: (1) sulfonamides and sulfonylbenzoyl derivatives [186,
215–217], (2) carboxylic acid derivatives [218–220], (3) phosphodiester deriv-
atives [221], and (4) dipeptidyl derivatives [53, 222, 223]. The first three cate-
gories target ATP binding site and substrate binding site of PKs. The last
category of compounds was designed to target SH2 and SH3 domains or the
SH2 domain and substrate binding site. None of these strategies have all the
characteristics for an optimal bisubstrate analog inhibitor for PKs, but sub-
stantial progress has been made in this direction.

Most bisubstrate analogs have been designed to mimic the phosphate donor
(ATP) and the acceptor components (Ser-, Thr-, or Tyr-containing peptides)
based in part on mechanistic and structural features of a predicted transition
state for PKs. We synthesized a potent and selective peptide–ATP bisubstrate
inhibitor (Ki = 370nM) that binds to ATP binding site and substrate binding
site of the IRK (Fig. 26.7) that behaved as a competitive inhibitor versus both
ATP and peptide substrates based on the kinetic analysis. A specific distance
(5.7Å) between these two components was required to achieve potent 
inhibition [224]. The X-ray crystallographic studies indicated that both the
nucleotide and peptide portions of the bisubstrate inhibitor were binding to
ATP and protein substrate binding sites, respectively (Fig. 26.7). The bisub-
strate analog inhibitor was only a modest inhibitor against Csk since the pre-
ferred substrate peptide sequence for Csk is quite different from IRK.

Alternative Strategies in Designing Protein Kinase Inhibitors

A number of alternative strategies have been developed for designing PKIs
including substrate docking site, irreversible, and molecular chaperone
inhibitors. In addition to substrate binding site, it has been shown that MAP
kinases [225–227] and Csk [228] employ remote-docking-based mechanisms
for substrate recognition. We anticipate that elucidation of the substrate 
recognition mechanisms will reveal novel approaches in developing protein
substrate-competitive inhibitors.

A number of irreversible inhibitors of the erbB family of protein tyrosine
kinases have been designed [229] based on the reaction of the nucleophilic
Cys thiol in ATP binding site with Michael acceptor groups in the inhibitors
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such as CI-1033 (PD183805) [230] and EKB-569 [231] that are now in clinical
trials.

Molecular chaperones such as heat shock protein 90 (Hsp90) are involved
in stabilizing the conformation of PKs [232]. A number of compounds such as
geldanamycin, radicicol, and 17-AAG have been studied as Hsp90 inhibitors
and indirect PKIs [232–234]. It remains to be seen if any of these strategies
will translate to potential therapeutic agents.

26.9 SELECTED INHIBITORS OF PROTEIN KINASES ON
MARKET OR IN CLINICAL TRIALS

Tables 26.1 and 26.2 show most of the PKIs currently in clinical trials or on
the market for several diseases. There are two types of inhibitors, monoclonal
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antibodies (mAbs), which are directed at the extracellular domain of various
RTKs, and small-molecule inhibitors. Most of PKIs are targeted against
cancer, but several PKIs are designed for the treatment of a number of chronic
conditions, including inflammatory and cardiovascular diseases. Both active
and inactive protein kinase structures have been used in inhibitor binding
studies. Detailed discussion of all these inhibitors is beyond the scope of this
chapter. Herein several PKIs approved or in advanced phases of clinical
studies are discussed based on validated target enzymes.

Receptor Tyrosine Kinase Inhibitors

Recently, considerable effort in cancer drug discovery has been directed at the
growth factors and growth factor receptors. There are two approaches for
designing inhibitors against RTKs, targeting the extracellular ligand binding
and intracellular kinase domains. Several agents such as antibodies have been
designed to disrupt phosphorylation sequence by competing for receptor
binding. Alternatively agents have been designed to prevent tyrosine kinase
autophosphorylation. Several of the compounds developed as RTK inhibitors
target more than one closely related receptor from this family.

Targeting the Extracellular Domains of EGFR It has been found that com-
pounds that interfere with EGF binding to its receptor have utility as antipro-
lifereative agents [235]. HER-2 receptor is a member of the EGFR family of
RTKs that is involved in cell proliferation and differentiation in developing
embryo and in adult tissues. It is known that cancerous breast cancer tissues
overexpress the HER2 receptors on the cell surface, triggering the cell divi-
sion and multiplication in tumor growth. Approximately 30 percent of all
women with metastatic breast cancer overexpress the HER2 protein [236]. The
HER2 extracellular domain has a constitutively open structure based on
shown structural studies [237]. Genentech Inc. developed the humanized mon-
oclonal antibody Trastuzumab directed against the extracellular domain of
HER-2. The mAb received an approval of the FDA in 1998 under the name
Herceptin that binds to HER2 receptor sites on the surface of breast cancer
cells, blocking the receptor sites, and preventing the tumor growth by inter-
rupting the growth signal to intracellular domains. The structure of HER2
receptor in complex with Herceptin Fab shows that Herceptin binds HER2 on
the C-terminal portion of domain IV (Fig. 26.8). Herceptin proved to be effec-
tive in 15 percent of patients with HER2-overexpressing metatstatic breast
cancer [154].

Chimeric antibody Erbitux (Cetuximub) developed by Imclone is another
antibody that blocks the extracellular domain of ErbB1 and prevents signal-
ing that triggers colorectal tumor growth. Erbitux was approved in February
2004 for the treatment of metastatic colorectal cancer [155, 156]. Other
promising EGFR antibodies include Thermacin h-R3 (Cima-her) for the treat-
ment of head and neck tumors in combination with radiotherapy.
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Targeting the Intracellular Domains of EGFR Several potent EGFR
inhibitors that bind to the intracellular kinase domain of EGFR are currently
on the market or in clinical trials as anticancer agents (Table 26.1). Among
these are ZD1839 (Iressa, gefitinib, Fig. 26.9), developed by AstraZeneca, and
OSI-774 (Tarceva, Fig. 26.9), co-developed by OSI Pharmaceutical, Roche, and
Genentech.

ZD1839 showed marked efficacy against several cancers, for example,
prostate cancer and non-small-cell lung carcinoma [238], in human clinical
trials and is approved by FDA for the treatment of metastatic non-small-cell
lung cancer [239]. Clinical studies with this and other EGF receptor antago-
nists have not been uniformaly successful [240, 241]. For example, pulmonary
toxicity was observed in several patients [242]. ZD1839 exhibited specificity
for the growth inhibition of EGF-stimulated cells as compared to non-EGF-
stimulated cells in cell cultures of KB human tumors tyrosine kinases with an
IC50 of 0.08 to 0.09 mM and 3.64mM, respectively. ZD1839 did not exhibit any
significant inhibitory effect on other related kinases such as MAPK, PKC, and
KDR [238].

OSI-774 (Tarceva, erlotinib), an orally active and reversible potent inhibitor
of EGFR tyrosine kinase with an IC50 of 2nM, has shown promising results in
clinical trials in patients with non-small-cell lung carcinoma, head and 
neck, prostate, and cervical cancers (29 to 34 percent disease stabilization)
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[243]. OSI-774 is currently in phase III clinical trials for several cancers 
such as pancreatic cancer and non-small-cell lung cancer. Structural studies
have shown that OSI-774 binds to ATP binding site of [243] in the active form
of EGFR [244].

A dual inhibitor of the HER-1 and HER-2 tyrosine kinases developed by
Novartis, PKI116 is in phase I clinical trials against head and neck, breast,
prostate, urinary, bladder, ovary, gliomas, and gastrointestinal tract cancers
(Fig. 26.9). PKI116 had IC50 values in the nanomolar range for the inhibi-
tion of the intracellular domain of HER-1 and HER-2 tyrosine kinases 
[245]. GW2016 (Fig. 26.9) is a dual tyrosine kinase inhibitor of ErbB-2 and
EGFR developed by GlaxoSmithKline for the treatment of solid tumors 
[246].

VEGFR and FGFR Inhibitors Several RTKIs have been designed to
inhibit angiogenesis [247] as VEGFRIs that have application in anticancer
drug development. In angiogenesis the new blood vessels are formed for solid
tumors [248].

Bevacizumab (Avastin; rhuMab VEGF), an anti-VEGF humanized 
antibody developed by Genentech, has been approved by the FDA as an
antiangiogenic anticancer drug and as a first-line therapy for metastatic col-
orectal cancer. Bevacizumab has a long terminal half-life of 17 to 21 days in
humans [79].

The indolin-2-one family of antiangiogenic molecules, SU5402, SU5416, and
SU6668 (Fig. 26.9), are potent inhibitors of VEGFR tyrosine kinase activity.
Members of this family have a functionalized methylpyrrole ring attached to
C3. The structure of the inhibitor SU5402 (Fig. 26.9) bound to FGFR1 tyro-
sine kinase domain (Fig. 26.10) [19] identifies the orientation of this ring in the
complex. Specificity of SU5402 for FGFR1 derives in part from a hydrogen
bond between the carboxyl function of SU5402 and the side chain of Asn568 at
the end of the hinge (Fig. 26.10).

SU5416 (Fig. 26.9) was developed by Sugen Inc. (Pharmacia) as a highly
potent antiangiogenic antitumor agent that advanced to phase III clinical 
trials against glioma, Kaposi’s sarcoma, and colorectal cancers by selectively
targeting VEGFR-2 [248]. SU5416 enters the endothelial cells and binds 
to intracellular domains of VEGFR. SU5416 failed to exhibit efficacy in 
combination with chemotherapy [249]. Clinical trials for SU5416 have been
halted by Pharmacia recently, but it remains a valuable biological tool for
study of signal transduction pathways involving VEGF and its receptor
(VEGFR).

SU6668, a close analog of SU5416, is another clinical angiogenesis inhibitor
developed by Sugen Inc. (Fig. 26.9) and is undergoing various phase I clinical
trials against advanced solid tumors. SU6668 is less selective than SU5416 and
inhibits two other tyrosine kinases including EGFR and PDGFR in addition
to VEGFR2 [81, 250, 251].
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PTK787/ZK222584 (Fig. 26.9) developed by Novartis/Schering has been
introduced to target the VEGFR family [252–256] such as VEGFR1 and
VEGFR2. PTK787 is effective in combination therapy against solid tumors
but has limited success in monotherapy. PTK787 is in phase III clinical trials
for colorectal cancer and is one of the most selective VEGFR kinase inhibitor
described to date [257–259].

Other nonselective inhibitors targeting several RTKs such as VEGFRs,
PDGFR, c-kit, and Flt-3 have been introduced [260]. These compounds are in
several stages of clinical trials and have to be monitored for their toxicity
profile because of their nonselective inhibitory effects. Bay 43–9006 (Fig.
26.9), an RAF kinase inhibitor and a nonselective inhibitor of RTKs includ-
ing VEGFRs, is currently in phase III trials for metastatic renal-cell carcinoma
[79]. PD173074 (Fig. 26.9) is another nonselective inhibitor of RTKs that is 
a potent inhibitor of the type-1 FGFR tyrosine kinase (FGFR-1) and 
VEGFR-2 tyrosine kinases [261].

CEP-7055, a water-soluble prodrug of CEP-5214 (Fig. 26.9), is currently in
phase I clinical trials as an antiangiogenic antitumor agent. CEP-7055 was
reported to be a potent inhibitor of all three types of VEGF receptor tyro-

1220 PROTEIN KINASE INHIBITORS IN DRUG DISCOVERY

Figure 26.10 Crystal structure of the tyrosine kinase domain of FGFR1 (ribbon) in
complex with SU5402 inhibitor (ball-and-sticks vectors) (PDB code 1FGI) [19]. The
hydrogen bonding is shown between the carboxyl function of SU5402 and the side
chain of Asn568.



sine kinases,VEGFR-1, -2, and -3 tyrosine kinases, with IC50 values in nanomo-
lar range and inhibited tumor formation and growth up to 90 percent in a
variety of human tumor models [262]. The prodrug CEP-7055 shows a similar
pharmacodynamic of the drug CEP-5214 but has a better pharmacokinetic
profile.

PDGFR Inhibitors SU6668 has been shown to be (Fig. 26.9) a nonselective
PDGFR tyrosine kinase inhibitor since it also inhibits both VEGFR-2 and
EGFR tyrosine kinases at similarly low concentrations [81, 251]. Recently,
CT53518 (also known as MLN518) (Fig. 26.9) developed by Millenium Phar-
maceuticals as a potent inhibitor of Flt-3, entered clinical trials against AML
with impressive clinical results. CT53518 delays disease progression in a mouse
model of Flt-3-associated AML and is proapoptotic in a human AML cell line
[260].

Nonreceptor Tyrosine Kinase Inhibitors

Bcr-Abl Inhibitor STI-571 (Fig. 26.11), an ATP binding site inhibitor devel-
oped by Novartis, is very potent against tumorigenic fusion protein Bcr-Abl
as described by Druker and co-workers [187, 263]. This compound was
approved by the FDA in May 2001 for the treatment of CML under the name
Gleevec (Glivec, imatinib mesylate) [181, 182], as the first small-molecule
PTKI. Detailed pharmacological profile of STI-571 has been extensively
reviewed [150, 157, 245, 264]. The drug induces 100 percent remission in the
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prefully malignant chronic phase of the disease, but in advanced phases such
as aggressive blast stage of the disease tends to be relatively short-lived, due
to the development of de novo resistance to the drug by BCR-ABL gene
amplification, multiple-point mutations within the kinase domain of Abl, and
reactivation of the tyrosine kinase activity of the Bcr-Abl oncoprotein [242,
265, 266]. Azam et al. [242] proposed that point mutations cause steric hin-
derance of drug occupancy and allosteric destabilization of the autoinhibited
Abl conformation. Three other kinases have been reported to be inhibited by
Gleevec: the stem cell factor receptor (c-Kit), Abl-homolog Arg, and PDGF
receptor [267, 268]; therefore, its use for the treatment of gastrointestinal
stromal tumors in which c-Kit is overexpressed by mutation has been explored
[269–271].

An inactive distinct conformation of Bcr-Abl is targeted by STI-571,
making it more selective than other PTKI inhibitors. The pyridine and the
pyrimidine rings of the drug are surrounded by a hydrophobic pocket in the
ATP binding site (Fig. 26.11). The nonaromatic scaffold of the molecule is
between the activation domain and the C helix, locking the kinase in an inac-
tive conformation [26, 205]. The aspartic acid of the DFG motif in the activa-
tion domain cannot coordinate the magnesium at the catalytic site due to
flipping of aspartic acid and phenyl alanine in this motif in the inactive con-
formation. The gatekeeper residue in Abl is Thr315, to which Gleevec hydro-
gen bonds. A bulkier nonpolar residue replaces the threonine in many other
kinases such as Src kinases; hence access to the pocket by STI-571 is blocked
in these kinases [272]. A number of other kinases use this extra space created
by Thr315 that is not used by ATP for competing selectively with ATP [273–275].

PD173955 is a more potent inhibitor of Abl than Gleevec [205]; however,
it can bind to both active (Fig. 26.12) and inactive conformations of Abl. There-
fore, PD173955 is a less selective inhibitor than Gleevec [276].

Src Kinase Inhibitors Although no drug has been approved as Src kinase
inhibitor yet, research efforts in this direction have advanced significantly in
recent years utilizing structure-based design, combinatorial chemistry, and
high-throughput screening in designing numerous potent Src inhibitors with
varying chemical structures [166]. It is hoped that Src inhibitors will soon
emerge as useful therapeutics for cancer therapy. As mentioned in Section
26.4, Src kinases are made up of five components/domains: N-terminal, Src
homology 2 (SH2), Src homology 3 (SH3), kinase (catalytic, including NT and
CT lobes), and C-terminal noncatalytic domain (Fig. 26.4). Currently, ATP
binding site is an important target for the design of Src kinase inhibitors
through an ATP-competitive inhibition mechanism. Substrate binding site and
SH2, SH3 domains have also been employed as important targets for Src
kinase inhibition [29, 277].

Src SH2 Domain Inhibitors Antagonizing the protein–protein interactions
of SH2 domains with activated receptors using peptides and peptidomimiet-
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ics, has been pursued to inhibit the signaling pathways. For example,
tetrapeptide pYEEI, a peptide with high affinity (Kd, 100nM) for the Src SH2
domain [31], has two major interactions, that is, (i) electrostatic interactions
between the pTyr phosphate moiety of the peptide and Arg residues embed-
ded within a deep positively charged phosphotyrosine binding pocket (P site)
on the SH2 domain and (ii) hydrophobic interactions between the lipophilic
Ile side chain of the consensus sequence peptide and the hydrophobic pocket
(P + 3 site) of the SH2 domain [278]. The crystal structure of pYEEI in
complex with the Src SH2 domain reveals a very characteristic binding mode
that can be described as a two-pronged plug engaging a two-hole socket (Fig.
26.13) [279]. The EE motif lies across the flat surface of the protein and plays
the role of a linker delivering the two residues pTyr and Ile to respective
binding pockets [280–282]. Tyrosyl motif-based analogs directed against pTyr
binding pocket of the SH2 domain usually mimic highly charged phosphate
functional groups, since recognition of ligands by SH2 domains mimics the
electrostatic interactions of two negative charges and the ester oxygen for
phosphate in phosphotyrosyl residues with positively charged amino acids, aA
and bB arginine residues, located in pTyr binding pocket [283, 284]. Addi-
tionally pTyr residues themselves are not suitable for inhibitor design, due to
the enzymatic liability of the phosphate esters to protein tyrosine phos-
phatases and the poor bioavailability of the doubly ionized phosphate 
moieties. The design of SH2 inhibitors has focused on peptidomimetic 
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modifications of cognate peptide sequences [285]. SH2-domain-directed 
pTy mimetics include phosphonate-based pTyr mimetics such as phospho-
nomethylphenylalanine (Pmp) and its analogs [286–294], carboxylic-acid-
based pTyr mimetics such as malonyltyrosine or phenylalanine analogs and
their derivatives such as carboxymethyl phenylalanine [292, 295–298], and
uncharged pTyr mimetics [299], and conformationally constrained peptides
[300]. Several of these inhibitors could enhance the kinase catalytic activity by
switching the closed inactive to the open active conformation [46–49] by dis-
rupting the intramolecular interactions between the Tyr527-phosphorylated C-
terminal tail and the SH2 domain. As a result, side effects might appear by
the Src SH2 domain inhibitors. Much more attention has to be paid to the
outcome of the Src SH2 inhibition and possible kinase activation.

Src Protein Substrate Binding Site Inhibitors Development of peptide
inhibitors based on the peptide substrate motifs has been reported [301, 302].
The identified inhibitors are highly selective for p60c-src over other closely
related Src family PTKs such as Lck and Lyn. However, with few exceptions,
most of the inhibitors identified by this approach are only moderately potent
with IC50 values in the micromolar range [13]. The substrate site targeted
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moiety, CIYKYYF, is reported to be one of the most potent peptides devel-
oped against p60c-src PTK (IC50 = 0.5mM) [303]. However, no structural, kinet-
ics, and mechanistic studies have been proposed to confirm whether this
peptide binds to the substrate binding site.

Src ATP Binding Site Inhibitors There exists a plethora of templates avail-
able to design ATP binding site inhibitors as Src kinase inhibitors [166, 304].
Although there are no Src inhibitor drugs on the market yet, several compa-
nies (e.g.,Wyeth/Ayerst, Novartis,Ariad, Pfizer, Sugen/Pharmacia) are actively
engaged in this area of drug discovery to create therapeutic agents as Src
inhibitors for both osteoporosis and cancer treatment. AP22408 was devel-
oped as a bone-targeted Src kinase inhibitor that exhibited high affinities for
hydroxyapatite and potent in vitro inhibition of Src-dependent, osteoclasts-
mediated bone resoption [102, 304–306].

Several nonselective experimental compounds such as natural products
(herbimycin A, radicolol, geldanamycin) [307–309], pyrazole[3,4-d]pyrimidine
(PP1), PP2, SKI606, PD173955, PD180970, and SU6656 (Fig. 26.14) have been
used for targeting the Src family of kinases. PP1 and PP2 may not be an
optimal choice as Src family kinase inhibitors since they do not discriminate
between different members of the Src family. For example, PP1 and PP2
inhibit Lck with IC50 values of 50 to 60nM. On the other hand, PP1 and PP2
also inhibited Csk, SAPK2a/p38 with IC50 values of 520 to 1430nM) [310].
The compound SU6656 is reported to inhibit Lck with an IC50 of 0.04 mM as
one of the most potent Lck inhibitors [179, 311]. A number of these com-
pounds also inhibit Bcr-Abl, leading to cell cycle arrest and apopotosis of
various Bcr-Abl-positive cell lines tested [312, 313]. For example, PP1 inhibits
c-Abl (IC50 = 30nM) [310]. No molecules that demonstrate high selectivity
between different Src family kinases have been identified so far. The natural
product damnacanthal (Fig. 26.14; IC50 for Lck, 17nM) was 20- and 7-fold more
selective for Lck over Fyn and Src, respectively [314]. The 3-(N-phenyl)car-
bamoyl-2-iminochromene (Fig. 26.14) [315] inhibited c-Src (IC50 =120nM),
was < 285-fold more selective over Lyn, 570-fold more selective over Fyn, and
18-fold more selective with respect to Lck [310].

In general many of the Src kinase inhibitors published so far lack sufficient
specificity desirable for clinical application or even pharmacological tools.
Only few inhibitors have been tested without provoking toxicity in animal
models. Src kinases inhibition seems to be still attractive since their inhibition
might influence several important characteristics of tumorigenesis [84].

Serine/Threonine Kinase Inhibitors

Serine/threonine kinases represent attractive targets for designing PKIs and
therapeutic intervention. For example, the inhibition of various CDKs has
been used in cancer treatment [316–318]. Fasudil (Fig. 26.15) is in the clinic
and approved for treatment of cerebral vasospasm [319]. It has a significant
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vasodilatory effect attributed to its potent inhibition of Rho-kinase signaling
to myosin light-chain kinase. Some of important serine/threonine kinase
inhibitors are discussed here.

MAP Kinase Inhibitors Three families of stress-activated MAPKs are the
p38-MAPKs, JNKs, and ERKs. We will describe important MAP kinase
inhibitors in some detail.

P38 MAPK Inhibitors P38 MAP kinase such as p38a is activated in response
to cellular stresses, growth factors, and cytokines. Activated p38a activates
other kinases that phosphorylate heat shock proteins and transcription
factors. Several proinflammatory and inflammatory cytokines, such as tumor
necrosis factor-a (TNF-a) and interleukin 1b, are activated by increased activ-

1226 PROTEIN KINASE INHIBITORS IN DRUG DISCOVERY

O

P
P

O
OH

OH

O

HO OH

NHAc

O NH2

O

AP22408

O

O
O

HO

O

Cl
OH

Radicicol

O

N
H

MeO

Me

MeO MeO Me Me
OCONH2

OMe
Me

O

O

Herbimycin A

N

NH

ONNMe

CNMeO

Cl

MeO
ClSKI606

N
H

N
H

O
S

O

OMe2N

SU6656

N
H

O

MeO
Me

OH

OMeMe

O

O
Me

Me

O

O

NH2

OMe

Geldanamycin

N

N
N

N

NH2

R

PP1  R = Me
PP2  R = Cl

OMe
CHO

OH

O

O
Damnacanthal

O NH

O

NH

OH

OH

3-(N-Phenyl)carbamoyl-2-iminochromene

N

N NN
H

MeS OCl

Cl

PD173955

N

N NN
H

Me OCl

Cl

PD180970

F

Figure 26.14 ATP binding site inhibitors as Src Kinase inhibitors.



ity of p38 MAPK. These cytokines have been implicated in a number of dis-
eases associated with inflammation, suggesting that p38 selective inhibitors
could be used as therapeutic agents for the treatment of a number of inflam-
matory diseases such as rheumatoid arthritis [59, 167], autoimmune diseases
[320–330], cancer, diabetes, and acute myocardial infarctions [331–336]. Two
members of the p38 MAPK family, p38a and p38b, are activated by ischemia.
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Hence, the inhibition of p38-MAPKs might have therapeutic applications for
treating acute coronary syndromes (ACS) [159]. Several companies have
developed p38 inhibitors [337–340].

BIRB 796, a diaryl urea, [204, 341] (Fig. 26.15) is a selective and potent p38a
inhibitor currently in phase IIb/III clinical trials for the treatment of rheuma-
toid arthritis and Crohn’s disease. BIRB 796 binding to the Phe residue in the
conserved DFG motif of activation loop induces a large conformational
change in the enzyme. The enzyme with modified conformation cannot bind
to ATP [204]. In p38a this residue is much smaller, allowing access for inter-
action by BIRB 796, but the entry to this pocket is blocked by bulky gate-
keeper amino acid side chains such as Phe80 in CDK2 and Asp or Glu residues
in most MAPK family members.

As described above, MAPKs regulate the production of cytokines and
chemokines and upregulation of adhesion molecules on endothelial cells [159,
342]; hence, preventing the release of inflammatory cytokines and chemokines
is a potentially promising strategy for the treatment of ACS. VX-702 
(structure not disclosed) is a p38MAP kinase inhibitor in phase II clinical trials
for ACS [343]. p38 MAP kinase inhibition by VX-702 leads to degradation 
of the cytokine messenger ribonucleic acids (mRNAs), including those coding
for interleukin (IL)-1/ß, TNF, IL-10, IL-6, interferon (IFN), MIP1/ß, and 
IL-8 [159].

SB203580 [59, 332, 344], SB202190 [178], and SB239063 [345] (Fig. 26.15)
are potent and specific ATP-competitive inhibitors of p38 MAP Kinase.
SB239063 [345], a selective p38 MAP kinase inhibitor, was reported to have
beneficial effects in the intact rat model of ischemia-reperfusion (I/R) injury,
produced a dramatic reduction in the myocardial inflammatory response by
reducing upregulation of P-selectin and intercellular adhesion molecule, and
reduced neutrophil accumulation within the ischemic zone [159].

JNK Inhibitors Upstream activators of the MAPKs such as JNKs can be tar-
geted to inhibit MAPK signaling [346]. This approach might reduce toxicity
MAPKs. JNKs are activated by at least 12 different MAPK kinase kinases
(MAPKKKs) and 2 MAPK kinases (MAPKKs), hence inhibiting JNKs can
block signaling of all of these MAPKKKs and MAPKKs. JNK was suggested
to be an attractive target for the treatment of chronic inflammatory disease,
apoptotic cell death, and cancer [347]. SP600125 (Fig. 26.15), an inhibitor of
JNK, was reported to prevent the expression of several anti-inflammatory
genes in cell-based assays [347–349] but is a relatively weak and nonselective
inhibitor [179]. The development of more selective JNK inhibitors will be
needed to determine whether designing of specific and potent inhibitors of
JNK is possible.

ERK Inhibitors The protein kinases MAPK ERK kinase (MEK)1/2, which
is involved in activating the ERK family of MAPKs (Fig. 26.5), and mTOR
(mammalian target of rapamycin) have critical roles in cell cycle progression.
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ERK inhibitors, such as U0126, PD184352, and rapamycin/sirolimus (Fig.
26.15), are in clinical trials for the treatment of a variety of cancers [350].
U0126 and PD184352 are noncompetitive ATP binding site inhibitors that
maintain kinases in an inactive state by preventing their phosphorylation by
upstream activating kinases such as Raf. Rapamycin also inhibits the protein
kinase mTOR [351] and is currently used successfully as an immunosuppres-
sant and an inhibitor of in-stent restenosis [153].

CDK Inhibitors A number of groups have identified CDK inhibitors. The
inhibition of CDK2 should arrest cells in G1 phase and prevent them from
entering the cell cycle. Therefore, inhibitors of CDK2 may have utility in the
treatment of proliferative diseases such as cancer and psoriasis [352–364].

Flavopiridol (L86-8275, HMR1275) (Fig. 26.6), a synthetic flavonoid analog,
is a CDK1, CDK2, and CDK4 inhibitor in clinical trials as a cancer therapy
and is the first CDK inhibitor that is not competitive with ATP. Flavopiridol
has shown activity in phase I and phase II trials with unknown mechanism
[365]. It is not yet clear if the antiproliferative properties of flavopiridol are
due to its ability to inhibit transcription through CDK9/cyclin T, its inhibition
of cell cycle CDKs or through action on other targets.

Indirubin (Fig. 26.16) proved to be an inhibitor of CDK2 and CDK5/p25
[366]. Aminothiazole-based compounds are relatively selective CDK2
inhibitors compared with CDK1 and CDK4. The results of phase I clinical
trials with BMS 387032 have recently been reported, and phase II trials are
planned [367]. Olomoucine (Fig. 26.16) was one of the first CDK inhibitors to
be developed [368]. Two of its derivatives, roscovitine [369] and purvalanol
[370] (Fig. 26.16), are more potent ATP-competitive inhibitors of CDK1,
CDK2, and CDK5 and have been used extensively to inhibit these PKs in cell-
based assays. Roscovitine and purvalanol inhibit CDK2 activity with IC50

values of 0.25 and 0.l mM, respectively. Roscovitine inhibited DYRK1A with
an IC50 of 3.1 mM but had little effect on the other tested PKs. Purvalanol A
is a 2.5-fold more potent inhibitor of CDK2 but is less selective than roscov-
itine and inhibits DYRK1A, ribosomal S6 kinase 1 (RSK1), ERK2, Lck, and
Csk [179]. R-roscovitine (CYC202) is currently undergoing phase II clinical
trials for advanced breast cancer and stage IIIB/IV non-small-cell lung cancer
in combination with standard chemotherapy regimes [371].

PKC Inhibitors The important role of PKC in cancer renders it a potentially
suitable target for anticancer therapy. Several PKC inhibitors, such as UCN-
01 and LY-317615 (Fig. 26.16), are now in clinical trials as anticancer agents
[372]. Ruboxistaurin (LY-333531) (Fig. 26.16) is a selective inhibitor of PKC-
b that is in phase III clinical trials for the treatment of macular edema, neu-
ropathy, and diabetic retinopathy [373].

The microbial alkaloid staurosporine (Fig. 26.16) is an antiproliferative
agent and potent inhibitor of PKC. Staurosporine is a competitive inhibitor of
PKC’s conserved ATP binding site. Staurosporine has poor specificity for PKC
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and its isoforms and has inhibitory activity toward STKs and PTKs [374]. Stau-
rosporine derivatives such as PKC412 (N-benzoyl-staurosporine) [375] and
UCN-01 (7-hydroxystaurosporine) [376, 377] exhibit improved selectivity, with
a potentially better therapeutic index in vivo and have been reported to
enhance the effects of other cytotoxic agents.

The bryostatins have been shown to have promising antineoplastic and
immunomodulatory activity in preclinical models. Bryostatin I (Fig. 26.16) is
the prototype of this class of agents [378]. Bryostatins are potent activators of
cPKC and nPKC subfamilies. However, in the presence of activating ligands,
such as the tumor-promoting phorbol esters, bryostatins act as antagonists
[379] possibly due to differential isoform activation [380] or nuclear translo-
cation [381].

Antisense oligonucleotides have been developed to achieve PKC isoform-
specific inhibition by inhibiting expression of target mRNA sequences.
ISIS3521, an antisense phosphorothioate oligonucleotide to PKCa, has been
investigated in a phase I trial [382].

Rho-kinase Inhibitors Inhibition of Rho-kinase helps blood vessels to relax
and increases the blood supply to cardiac tissue. Fasudil (HA1077) (Fig. 26.15)
progressed to human clinical trials in the early 1990s. It was approved in Japan
in 1995 for the treatment of cerebral vasospasm. Fasudil had no marked side
effects over a 2-week period when given by intravenous injection. At micro-
molar concentrations, HA1077 inhibits several PKs, such as the Rho-depen-
dent protein kinase ROCK, but it is unclear whether its clinical efficacy results
from inhibition of this or other PKs, or whether it is due to a nonkinase effect.
ROCK can constrict blood vessels by inhibiting smooth-muscle myosin 
phosphatase. A recent structure determination [383] of PKA in complex with
Fasudil and with a more potent Rho-kinase inhibitor H-1152P (Fig. 26.16),
which differs by only two methyl groups, demonstrated characteristic binding
within the ATP site. It is suggested that it is the combination of residues at the
ligand binding site, which generates a uniquelyshaped inhibitor binding pocket
that confers selectivity.

PI3K Inhibitors The structure of Wortmanin (Fig. 26.16), a selective PI3K
inhibitor, in complex with PI3K has been reported [384]. By inhibition of
PI3K, Wortmanin has been shown to inhibit osteoclasts-induced bone resorp-
tion in vitro [385]. mTOR is a downstream target of the PI3K pathway that
plays a role in control of cellular growth, size, and cell proliferation. Its direct
inhibitor rapamycin (Fig. 26.15) (386) was the first agent to be identified used
as an immunosuppressive agent. A related compound CCI779 is in clinical
phase II for renal and glioblastoma cancer in which the level of phos-
phatidylinositol-3,4,5-triphosphate is elevated [387].

GSK3 Inhibitors A number of small-molecule inhibitors of GSK3 for the
treatment of type 2 diabetes have been proposed, including indirubins,
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paullones, hymenialdisine, aminopyrimidines, and aminopyridines such as CT
99021, CT 20026, and maleimides. The discussion of these inhibitors is beyond
the scope of this chapter, but they have been recently reviewed [148].

26.10 PROSPECTS AND FUTURE DIRECTIONS

Approval of several PKIs by FDA has led to the conclusion that, in the future,
several diseases associated with dysregulated PKs can be treated. Herein we
discussed some PKIs approved or in advanced clinical trials. PKs continue to
be considered as molecular targets for cancer and other diseases, including
inflammation, osteoporosis, atherosclerosis, restenosis, and stroke. PKs not
only play roles in the development of diseases but also function in pathways
that regulate the most basic of normal cellular processes; hence, toxicity
remains a major concern. In spite of all this progress, specificity remains an
area of concern for designing PKIs due to PKs structural similarities. Addi-
tionally, it is not possible to test the drugs against all kinases, and side effects
are expected even after approval of drugs by FDA. Despite these obstacles,
PKIs have created a lot of promises for a wide variety of diseases.
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27.1 INTRODUCTION: RNA, THE SUPERLATIVE BIOMOLECULE

From the Isolation of Nuclein to the Chemical and Structural
Characterization of Nucleic Acids

Living organisms are composed of four different types of organic molecules:
sugars, lipids, proteins, and nucleic acids. Nucleic acids were first isolated from
the nucleus of human pus cells by Friedrich Miescher (1844–1895) in the
kitchen of Tübingen’s castle (Germany) in 1868. Friedrich Miescher called this
substance nuclein. He showed that it exists in all type of cells and found that
when prepared from salmon sperm, it was associated to a peptide that he
named protamine. Further fractionation of nuclein allowed the derivation of a
pure product by Richard Altmann (1852–1900) in 1889. Altman named this
product nucleic acid. Meanwhile, Albrecht Kossel (1853–1927, winner of the
Nobel prize for Medicine in 1910) used chemical hydrolysis of nuclein to dis-
cover nucleotides (1885–1901): adenine (A) and guanine (G) are purines;
thymidine (T), Cytosine (C), and uracile (U) are pyrimidines. Kossel demon-
strated that the nucleotides contain pentose. The existence of two different
nucleic acids was seen as early as 1910. One (prepared from yeast and plants)
was found to be sensitive to alkaline lysis and contain A, C, G, and U (Fig.
27.1a), the other (prepared from thymus), was alkali resistant. Phoebus Levene
(1869–1940) a student of Kossel, managed in 1929 to degrade thymus-derived
nuclein using enzymes and demonstrated that it consists of A, C, G, and T, a
demethylated version of U. Levene and Walter Abraham Jacobs (1883–1967)
showed that the pentose of the ACGT nucleic acid, as opposed to that of
ACGU nucleic acid, is a 2¢-deoxyribose. The ACGT nucleic acid was named
deoxyribonuclei-cacid (DNA) and the ACGU nucleic acid ribonucleicacid
(RNA). Research by Tornbjörn Caspersson (1911–1998) and Jean Brachet
(1909–1998) proved that DNA is contained in chromosomes located in the
nucleus and RNA is found principally in the cytosole. In 1953 Jim Watson
(1928–) and Francis Crick (1916–2004) demonstrated that nucleotides are com-
plementary:A pairs with T or U and G pairs with C (Fig. 27.1a). Together with
Maurice Wilkins (1917–) they received the Nobel prize in 1962 for their reso-
lution of the structure of DNA. By the end of the 1950s, the characteristics of
DNA and RNA were well described. Both nucleic acids consist of four
nucleotides but have different subcellular localization. Base composition is U
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for RNA and T for DNA (Fig. 27.1a). Chemical characteristics are deoxyribose
in DNA, hydroxyribose in RNA, which is consequently sensitive to high pH
(Fig. 27.1a). Isomeric structures are furane ring in equilibrium between the 2¢-
endo and 3¢-endo for DNA, although the 3¢-endo form is favored in RNA (Fig.
27.1b). Three-dimensional structures are DNA is usually a double-stranded
molecule with two antiparallel strands associated by interstrand base pairing,
whereas RNA usually consists of one strand where intramolecular base pairing
dictates the secondary and tertiary structure of the molecule. It was only at the
beginning of the 1960s that the hypothesized roles of RNA molecules in gene
expression were being experimentally documented.

Natural Functions of RNA in Cells

At the end of the 1930s, by observing that RNA concentrations are higher in
rapidly dividing cells, Casperson and Brachet presented the first experimental
evidence that cellular RNA was involved in protein synthesis. The RNA-rich
granules (now known as ribosomes and containing ribosomic RNA, rRNA)
observed in the cytosole by Albert Claude were hypothesized by Brachet in
1946 to participate in protein synthesis. This theory was confirmed in the 1950s
by experimental data coming from electron microscopy [1] and pulse-chase
[2] experiments. In 1958, Crick formulated the central dogma of molecular
biology [3]: DNA is transcribed into RNA, which is translated into protein. In
1961, Brenner [4] as well as Gros and co-workers [5] described unstable RNA
molecules (now known as messenger RNA, mRNA), which carry genetic
information from DNA in the nucleus to ribosomes in the cytosole. At the
same time, another intermediate in protein synthesis was identified in the form
of an aminoacyl-RNA (transfer RNA, tRNA) [6–8]. Thus, just a few years after
the publication of “The Central Dogma of Molecular Biology” by Crick [3],
all molecules mediating protein synthesis were identified: mRNA, rRNA, and
tRNA are different forms of RNA molecules necessary in the process of gene
expression.

At the end of the 1960s, another activity of RNA was discovered: double-
stranded RNA structures activate the immune system [9]. More than 10 years
later, a third function of RNA apart from coding–decoding genetic informa-
tion and immunostimulation was reported: RNA can catalyze reactions. The
discovery by Guerrier-Takada and co-workers [10] and Cech and Bass [11] of
catalytic RNA (ribozymes) was acknowledged with a Nobel prize (Chemistry,
1989). Ribozymes can be used to specifically degrade mRNA, thus shutting
down the expression of a defined gene. They can be seen as a catalytic version
of antisense RNA [12] for inhibition of gene expression. The recent discovery
of small inhibitory RNA (siRNA) is a new breakthrough in the world of mol-
ecular biology and molecular medicine [13]. Similarly to RNA antisense and
ribozymes, siRNAs are molecules that naturally evolved to specifically sup-
press the synthesis of a defined protein, and they can be used as genetic tools
to manipulate gene expression.
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On reviewing RNA’s natural functions, it appears that RNA is the only
organic molecule that has the ability to recapitulate all biological activities
necessary for life: containment of genetic information, mediation and regula-
tion of protein synthesis, scaffolding of tri-dimensional structures and enzy-
matic activities. Accordingly, an “RNA world” was suggested as the start of
life 4.2 billion years ago. At that time, self-replicating RNA molecules or RNA
complexes may have been the basis of life. They could have evolved toward
organisms that contained a new type of macromolecule such as DNA (an RNA
derivative that resists basic pH), lipids, and proteins that can potentate the
genetic, structural, and enzymatic activities of RNA. During this evolution,
RNA remained the central player in all biological processes: RNA is the
genome of many viruses [human immunodeficiency virus (HIV), human T-cell
lymphotropic virus (HTLV), hepatitis C virus (HCV), Semliki Forest virus,
etc.]. In cells it is the obligate transient copy of genes that are sent out of the
nucleus (mRNA); it is the main constituent of the whole translation machin-
ery (tRNA and rRNA); it regulates DNA replication (RNA primers for the
production of Okazaki fragments); it modulates gene expression (ribozymes,
siRNA, antisenses RNA); it is used as a matrix to build new DNA sequences
(RNA contained in telomerase complexes); it provides energy (mainly
adenine and guanine in their triphosphate form) and signals infection (double-
stranded or stabilized RNA).

In addition to these characterized activities, we are still discovering new
functions of RNA molecules. For example, microRNAs (miRNA) that are
structurally (short ca. 21 bases double-stranded RNA) and functionally (post-
transcriptional inhibition of gene expression) similar to siRNA but transcribed
from the host instead of being brought by a pathogen are now found to affect
the genome [14–16]. In particular, chromatin structure and DNA methylation
at the locus of a gene targeted by miRNA is modified in a way that transcrip-
tion of the precise gene is inhibited. This discovery together with the demon-
stration that RNA serves as a matrix for DNA synthesis in chromosome’s
telomers challenge Cricks’ central dogma: RNA is not only a product of the
genome but also a feedback modulator of DNA. This brings interesting per-
spectives such as RNA-directed evolution, whereby outside signals would be
materialized into special RNA structures (encoded by the host) capable of
“educating” the genome (modify genes or gene expression). Such an RNA-
mediated evolution of genomes would be a new function of RNA molecules.

Potentially Therapeutic Features of RNA

All the natural functions of RNA have been explored as the basis for thera-
peutics. The capacity of RNA to form defined three-dimensional structures is
exploited in aptamers (Section 27.2), its functions in gene regulation are tested
for the specific control of tumor growth or virus infections (Section 27.3), its
protein-encoding feature is used for gene therapy and vaccination (Section
27.4), and its natural capacity to activate the immune system is used in adjuvant
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formulations (Section 27.5). As shown in Figure 27.2, aptamers and mRNA
approaches can virtually address all kinds of diseases, including pathologies
resulting from inherited genetic defects. Gene interference mediated by siRNA
and ribozymes as well as immunostimulation by RNA should prove to be espe-
cially useful in fights against infectious diseases, allergies, and cancer.

Advantages of RNA-Based Therapies

The main advantages of RNA as an active pharmaceutical ingredient (API) are:

1. Its production and conservation are easy (see Section 27.6).
2. Its half-life can be exactly determined through chemical modifications

(see discussion of natural and modified RNA).
3. As opposed to DNA or proteins, RNA is not immunogenic (no specific

immune response against RNA was reported).
4. Through its versatile activities, RNA can theoretically be an API against

any disease: for correction of pathological genetic defects, prevention 
or cure of infections, treatment of tumors, therapy against degenerative
diseases, and control of allergies.

Natural and Modified RNA

Chemically, RNA is a robust molecule at neutral or acidic pH (the oxygen on
the 2¢ position of the ribose makes it sensitive to basic pH). As opposed to
most proteins, lipids, or DNA, RNA molecules can be heated to more than
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Type of therapeutic RNA Aptamer        Immunostimulating RNA         Ribozyme/siRNA        mRNA

Pathologies Genetic diseases Cancer diseases Viral diseases           Autoimmune diseases

Mode of action Neutralizes the pathogene Stimulates the immune response Corrects the genetic defect

Outside cells

Inside cells Inside cellsInside cells Inside cellsSite of delivery
Outside cells

Figure 27.2 Applications of RNA-based therapies. The four types of therapeutic
RNA are listed; their mode and site of action is shown. They can neutralize the patho-
gene (inhibit virus replication, block the activity of a protein, interfere with the growth
of tumor cells), stimulate the specific immune response (trigger an antitumor, anti-
viral, or antibacteria immune response as well as suppressing allergy or other types of
autoimmunity), or correct defects due to an inherited genetic mutation (mRNA coding
for the wild-type protein in the context of diseases such as cystic fibrosis or siRNA
destroying an mRNA coding for an aberrant protein that has a dominant phenotype).



95°C, frost-thawed, lyophilized, and resuspended in water solutions as many
times as necessary for production, storage, and use.

The main weakness of RNA resides in the ubiquitous presence of ribonu-
cleases (RNases). Many species of RNases are produced by prokaryotic or
eukaryotic life [17]. Some RNases are secreted outside the cells; some are 
resident in the cytosole.The function of secreted RNases is not fully understood
but may be a mechanism to prevent infection by pathogens such as virus-
containing RNA genomes (influenza, Sindbis, HIV, etc.). Alternatively, it was
hypothesized that neighboring cells can communicate through the secretion
and uptake of RNA. In this context, ubiquitous RNases are seen as controllers
of RNA-based intercell communication. In any case, RNases are abundant in
blood, in and on the skin, in cells, as well as in any extracellular spaces, thus ren-
dering RNA-based treatments inefficient compared to those based on DNA.

The principal remedy against RNase activity is the modification of the 
therapeutic RNA backbone (Fig. 27.3). Several chemical modifications made
in synthetic RNA were shown to increase the molecule’s half-life in RNase-
contaminated milieus. Mainly, replacement of the 2¢ oxygen by a fluorine atom,
an ammonium (NH2) or azido (N3) group, replacement of the 2¢-OH by O-alkyl
(methyl, ethyl, propyl, methoxy-ethoxy) or O-allyl groups, replacement of an
oxygen atom in the phosphorus group by a sulfur atom (phosphoro-
thioate backbone), or replacement of the 3¢OH by NH (phosphoramidate 
backbone) are standard chemical modifications that render RNA molecules
resistant toward RNases [18]. These modified compounds are grouped under
the term RNA mimetics. Chemical modifications can interfere with the
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(especially synthetic oligonucleotides) designed for therapeutic use.



expected structural, genetic, immunomodulating or gene expression control
activity of the RNA (see discussions of RNA mimetics through out this
chapter). Partial chemical modification of the therapeutic RNA where only
some residues are modified usually results in a good compromise between
enhanced resistance toward RNases and conservation of biological activity.

Although for some of the modifications (2¢ fluoro, 2¢ amino, 2¢ azido), the
substitution of the 2¢ oxygen by other atoms or chemical groups semantically
turns the fully modified RNA mimetics into DNA, the designation of all these
derivative as RNA molecules is justified by three characteristics:

1. Sensitivity to RNases that usually persists in spite of being severely
reduced.

2. The presence of uridine as one of the bases.
3. The dominant C3¢-endo structure of the pentose. The stabilized C3¢-endo

structure in all RNA and RNA derivatives provides them with an
increased base-pairing thermostability in comparison to DNA. Conse-
quently,RNA–RNA or RNA–DNA hybrids are thermodynamically more
stable than DNA–DNA hybrids. Recently, a method to fix the optimal
C3¢-endo isomeric structure of the pentose was reported: A methylene
bridge connects the 2¢ oxygen to the 4¢ carbon of the sugar [19]. Such struc-
turally fixed furanose rings provide the RNA oligonucleotide (termed
LNA for locked nucleic acid) with not only extreme resistance toward
RNase but also an increased thermostability of base pairing: the melting
temperature of LNA–target RNA duplexes is several degrees higher than
the melting temperature of natural RNA–RNA duplexes.

The capacity of RNA mimetics to outscore natural RNA in therapeutic uses
depends on the influence of the modification(s) on the RNA’s function
(whether aptamers, ribozymes, siRNA, immunostimulating, or mRNA activity
is required), stability, membrane permeation, pharmacokinetic properties, and
biodistribution. The design of an optimal RNA mimetic requires intense
research efforts but has already resulted in the release of one medicament and
several promising new potential drugs that are in clinical trials. The next
section will present the different technologies behind RNA-based therapeu-
tics, the optimization of RNA mimetics for each application, the results of in
vitro and in vivo preclinical or clinical studies, and a look at one of the leading
company that supports the development and commercialization of each ther-
apeutic RNA compound.

27.2 DRUGS BASED ON THE CAPACITY OF RNA TO FORM
DEFINED THREE-DIMENSIONAL STRUCTURES: APTAMERS

Definition of Aptamers

Specific interactions between RNA and proteins have been recognized. They
largely depend on the secondary and tertiary structure of the partially double-
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stranded nucleic acid. As exemplified by tRNAs (see review by Wittenhagen
and Kelley [20]), small alterations in the RNA structure can abrogate selective
association to proteins and hinder the RNA’s functions. Many RNA sequences,
which fold into defined structures, especially stem-loop structures (a double-
stranded stem that holds a single-stranded loop of as little as four and up to
several hundreds nucleotides), control important biochemical processes. For
example, stability or translation of mRNA by stem-loop structures in the
mRNA [21], assembling of ribosomes after precise three-dimensional folding
of the ribosomal RNAs [22] or replication of HIV that is dependent on stem-
loop structures in some precise parts of the HIV RNA genome [23]. The idea
to use RNA molecules, that is, three-dimensional structures generated by the
refolding of an RNA sequence into stem-loop domains, as highly selective
ligands, functionally similar to antibodies, was turned into a process of evolu-
tion (variation, selection, and replication) called SELEX (systematic evolution
of ligands by exponential enrichment) by Tuerk and Gold [24]. At the same
time, Ellington and Szostak [25] coined the name aptamer (from the Latin
aptus: to fit) for such in vitro selected ligands composed exclusively of nucleic
acids. An aptamer is an oligonucleotide that folds into a highly specific and
stable three-dimensional structure due to intrastrand hybridizations that
defined several stem loops structures of different sizes. The characterization of
an aptamer proceeds through two steps represented in Figure 27.4.

Step 1: Selection From a library of random, ca. 30 to 40-mere sequences
flanked by defined ca. 20-nucleotide sequences (one being also a promoter
recognized by a specific RNA polymerase; Fig. 27.4a), oligonucleotides that
can adapt a structure that allows them to bind to an immobilized substrate (a
protein, a nucleic acid, or any type of chemical compound as well as entire
cells [26]) are retained (Fig. 27.4b). The RNA oligonucleotides that cannot
bind to the immobilized substrate are discarded by washing the solid support
with standard salt solutions such as phosphate-buffered saline (PBS). Selec-
tively bound oligonucleotides are eluted from the solid support by using deter-
gents and/or heating and/or chaotropic solutions or releases of the ligand from
the support.

Step 2: Amplification The eluted oligonucleotides are amplified by reverse
transcription polymerase chain reaction (RT-PCR) thanks to the flanking
defined sequences. Subsequently, they are transcribed into RNA and rese-
lected on the immobilized ligand.

Several (usually 10 to 20) rounds of selection/amplification result in enrich-
ment of the random mix with RNA that specifically interact with the immo-
bilized ligand. At the end, these aptamers are reverse transcribed, cloned into
a plasmid, and sequenced. Usually, most molecules are found to have related
sequences or at least a common core sequence. This core sequence can be pro-
duced by in vitro transcription of an engineered plasmid or by chemical syn-
thesis. Its specific binding to the ligand used for selection can be verified and

APTAMERS 1267
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further studied by standard biochemical tests [e.g., enzyme-linked immunosor-
bent assay (ELISA) or Biacore]. Aptamers have affinities for their cognate
“antigen” equal or superior to those obtained with antibodies (Kd values in
the subnanomolar range). Since the whole process is done in vitro starting
from a synthetic library of about 1014 different oligonucleotide sequences,
aptamers can recognize any kind of ligands, whereas the isolation of high-affi-
nity antibodies may be hindered by tolerance to self (especially for proteins
conserved through evolution such as heat shock proteins). The possibility to
produce large amounts of aptamers by chemical synthesis is another attrac-
tive characteristic of this technology in comparison to antibodies.

Aptamers can be DNA or RNA oligonucleotides. However, thanks to the
following properties of RNA:

1. Its natural catabolism
2. The possibility to control its half-life in different physiologic milieus

through the introduction of chemical modifications
3. Its lack of immunogenicity
4. The fact that it cannot modify the host genomes
5. The lack of systemic effects after in vivo application (as opposed to DNA

oligonucleotides especially if they contain the so-called CpG motifs)

RNA aptamers are the safest version for therapeutic use. A large number 
of aptamers specific for a broad range of defined ligands have been isolated
and characterized. Their inventory is presented in the aptamer database:
http://aptamer.icmb.utexas.edu/ [27].

RNA Mimetics Suitable for Aptamer Function

Usually, the SELEX process is performed with 2¢fluoro pyrimidine RNA. The
T7 RNA polymerase used during the amplification step is permissive to the
integration of 2¢fluoro UTP and 2¢fluoro CTP [28]. Since most natural RNases
recognize pyrimidines [29], the 2¢fluoropyrimidines RNA are more resistant
than natural RNA and are consequently preferred both for the in vitro selec-
tion and for direct in vivo application. The modifications used during the selec-
tion process may be required not only for the stability but also for the
high-affinity binding of the aptamer to its ligand [30]. Indeed, if the 2¢fluoros
are involved in the determination of the precise three-dimensional structure
of the RNA, their replacement with OH or other groups may modify the func-
tional characteristics of the aptamer. Nevertheless, it was shown in several
cases that on top or instead of the 2¢fluoro substitutions, some modifications
such as a phosphoramidate backbone [31], 2¢-amino or 2¢-O-methyl [32] sub-
stitutions as well as LNA nucleotides [33] enhance the stability of aptamers
without reducing their function. Increasing the resistance of aptamers toward
nucleases by any one of or a combination of the possible modifications is an
empirical process and must be individually tested as it may result in a decrease
or an increase of the affinity of RNA to its target molecule.
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Preclinical and Clinical Utilization of Aptamers

Potentially therapeutic aptamers have been described in diverse medical fields
such as vascular biology, immunology, brain disorders, and infectious diseases
[34, 35]. The selected molecular target of the aptamer may be outside the cells,
for example, an extracellular receptor, a hormone, or a growth factor. In these
cases, no transfection reagents are needed for aptamer applications. Of special
interest for therapeutics and diagnostic use are the characterized aptamers
that recognize HIV gp120 [36], thrombin [37], CTLA-4 [38], the surface
protein from trypanosome [39], or prion (the pathogenic form of the prp
protein: prpsc) [40]. Each of these has direct pharmaceutical potential.

The first step toward the preclinical utilization of an aptamer is the defini-
tion of the minimal active sequence. Due to criteria of high-quality pro-
duction, aptamers should not be longer than 40 bases (oligonucleotides longer
than 40 bases are difficult to produce and to separate from N-1 contaminants).
The second step is defining the chemical modifications that will provide the
optimal stabilization with no loss of function.

With such minimal and stabilized oligonucleotides, preclinical tests can be
conducted to test for efficiency in vivo. Several aptamers passed these tests
and are now in human phase I and II trials. One aptamer, the anti-VEGF (vas-
cular endothelial growth factor) pegylated aptamer (Macugen), went success-
fully through a phase III clinical trial and is now approved as a drug. VEGF
known for inducing blood vessel permeability is an extracelluar growth factor
required for neovascularisation. VEGF exists in 5 different isoforms. One of
them, isoform 165, plays an important role in the abnormal blood vessel
growth and leakage associated with several pathologies including the eye
disease subfoveal choroidal neovascularization (CNV) secondary to age-
related macular degeneration (AMD). This disease can lead to vision loss. In
animal models, anti-VEGF agents have inhibited blood vessel formation and
leakage. In humans, VEGF concentrations in the eyes correlates with wet
AMD or diabetic macular edema (DME). Both AMD and DME are diseases
of the retina that can lead to blindness. A 2¢-fluoropyrimidine RNA aptamer
capable of binding and of specifically inhibiting (blocks binding to its recep-
tor) VEGF isoform 165 was characterized [41]. In a pegylated version [addi-
tion of polyethylene glycol (PEG) increases the size of the therapeutic RNA,
preventing clearance of the molecule from the injected site], it showed long
bioavailability (several weeks after intravitreal injection, [42]), good safety
profile, and efficacy in human clinical trials [43, 44]. This anti-VEGF aptamer,
called Macugen, is the first RNA oligonucleotide licensed as a drug.

Lead Company: Eyetech Pharmaceuticals, Inc.

Eyetech Pharmaceuticals, Inc. is a biopharmaceutical company that special-
ized in the development and commercialization of novel therapeutics to treat
diseases of the eye (see www.eyetech.com). Eyetech is traded on the
NASDAQ National Market System under the symbol EYET. Its initial public
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offering of 6,500,000 shares at a price of $21.00 per share was in January 2004.
Today Eyetech is a company with over 150 employees with locations in New
York, New Jersey and Massachusetts.

MacugenTM (Pegaptanib sodium injection), the anti-VEGF pegylated
aptamer, Eyetech’s lead product, is BEING developed for diseases of the eye
together with Pfizer. By docking to and blocking the function of VEGF, it
interferes with the development of abnormal vessel growth and leakage seen
in neovascular (wet) age-related macular degeneration (AMD) and diabetic
retinopathy.

In the United States, it is estimated that as many as 15 million people suffer
from some form of AMD and that there are more than 1.6 million cases of
wet AMD. Approximately 200,000 new cases of wet AMD arise each year in
the United States. Although wet AMD represents approximately 10 per cent
of all AMD cases, it is responsible for 90% of the vision loss associated with
AMD. A majority of wet AMD patients experience severe vision loss in the
affected eye within months to two years after diagnosis of the disease. Because
AMD generally affects adults over 50 years of age, it is expected that the inci-
dence of AMD will increase significantly as the baby boom generation ages
and overall life expectancy increases.

MacugenTM has also been studied in patients with DME (diabetic macular
edema). In the United States, there are approximately 500,000 people suffer-
ing from DME, with approximately 75,000 new cases each year. It is expected
that the incidence of DME in the United States will increase as the number
of people with diabetes increases. Because the existing treatments for both
wet AMD and DME have significant limitations, there is a significant unmet
medical need for a new therapy for these diseases.

In 2001, Eyetech initiated two Phase II/III pivotal clinical trials of Macugen
for the treatment of wet AMD. It involved 117 medical centers and enrolled
patients with subfoveal wet AMD: 578 patients in the North American trial
and 612 patients in the international trial. Patients received one intravitreal
injection of macugen EVERY SIX WEEKS. The primary efficacy endpoint in
these trials was the proportion of patients losing less than 15 letters, or three
lines, of visual acuity on the eye chart from baseline after 54 weeks. Based on
the analysis of the data from the two trials, the primary efficacy endpoint was
met. Macugen was approved as a drug against AMD in 2004.

Meanwhile, a phase II placebo controlled trial was done in the context of
DME. Three doses were tested: 0.3mg, 1mg and 3mg every six weeks for at
least twelve weeks and endpoints were measured after 30 weeks. Results
showed statistical significance for all doses, with the highest efficacy for the 
0.3mg dose, similarily to the AMD trial.

IN ADDITION TO AMD and DME, MacugenTM may prove to be efficient
in the treatment of retinal vein occlusion (RVO), a condition that is also char-
acterized by high VEGF levels, abnormal blood vessel growth and blood vessel
leakage. RVO occurs when the circulation of a retinal vein becomes
obstructed, causing blood vessel bleeding and leakage in the retina. Laser
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therapy is sometimes used to treat this condition, but with limited efficacy. A
phase II trial with MacugenTM started in May 2004.

27.3 SYNTHETIC RNA FOR GENE REGULATION: ANTISENSE,
RIBOZYMES, AND SIRNA

Antisense and Ribozymes

Definition of Antisense and Ribozymes The first RNA molecules found to
be capable of suppressing gene expression were antisense RNA [45]. They
consist of a short linear antiparallel copy of the target mRNA. Through
hybridization to the mRNA, antisense RNA specifically block translation [5].
This process is not reversible: One antisense RNA inhibits the translation of
one mRNA molecule. For an efficient suppression of gene expression an
excess of the antisense molecules compared to the targeted mRNA in the
cytosole is necessary [46, 47]. Systemic delivery of synthetic antisense RNA
oligonucleotides is not expected to result in a high concentration of the the-
rapeutic molecule in the cytosole of all target cells. Thus, it would probably
not be efficient in vivo for complete gene suppression. The antisense approach
best suits local delivery and utilization of the more stable DNA oligonu-
cleotides [48]. As far as RNA-based therapies are concerned, efficient in vivo
suppression of gene expression can be obtained with the catalytic version of
antisense RNA: the ribozyme. This type of molecule can specifically catalyze
the cleavage or religation of a target RNA and, as opposed to antisense mol-
ecules, are recycled. Ribozymes were discovered in the early 1980s by Cech
and Bass [11]. Their characterization arose from the studies of a self-splicing
intron from Tetrahymena thermophilia [49]. Further studies by Altman’s group
also pointed to the existence of natural ribozymes capable of specifically cleav-
ing target RNA [10]. Since these initial results, ribozymes were found in
several organisms (eukaryotes, viruses, bacteria) in different forms [50]: ham-
merhead, hairpin, Neurospora Varkud satellite, hepatitis delta virus, self-splic-
ing group I and group II introns, and Rnase P-ribozymes. They were shown to
be capable of performing different kinds of activities such as transesterifica-
tion or hydrolysis. Furthermore, in vitro selected ribozyme can catalyze the
synthesis of nucleotides [51] or the creation of amide bonds [52]. The attempts
toward development of therapeutic ribozymes are mainly based on two forms
of naturally occurring ribozymes: hammerheads and hairpins. Hammerhead
ribozymes were isolated from viroid RNA [53]. Their enzymatic core is ca. 40
nucleotides in length and consists of two substrate binding arms and a con-
served catalytic domain (Fig. 27.6). Hammerhead ribozymes can cleave the
phosphodiester bond of a target RNA after a UA, UU, or UC dinucleotide
sequence (AUC and GUC triplets are optimal [54]). Hairpin ribozymes were
discovered in tobacco ringspot virus satellite RNA. They are usually designed
to cleave the phosphodiester bond located 5¢ to a GUC sequence in the target
RNA [55]. The catalytic part of hairpin ribozymes contains a domain 
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Hammerhead ribozyme Hairpin ribozyme

3’  N’N’N’N’X U N’N’N’ 5’

5’  N N N N   A N N N  3’
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G
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G 
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U

R
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N-N’
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A

A
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C
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Figure 27.6 Representation of hammerhead and hairpin ribozymes. N is any
nucleotide, N is a nucleotide complementary to N, X is any nucleotide but G, Y is a
pyrimidine, R is a purine nucleotide complementary to Y. The arrow represents the site
of cleavage on the target RNA. Adapted from Jen and Gewirtz (2000).

composed of a loop (two single-stranded RNA sequences of several bases)
flanked by double-stranded structures and a single-stranded sequence that will
recognize the target RNA (Fig. 27.6). The complex between hairpin and target
RNA should also be structured in a loop flanked by double-stranded
sequences. The cleavage happens in the single-stranded sequence of the loop
in the target RNA. The single-stranded parts of hairpins (contained in the
loops) are very conserved and necessary for the ribozyme’s activity [56]. Both
hairpin and hammerhead ribozymes require metal ions for their catalytic
activity. As far as cleavage activity is required, hammerheads are preferred to
hairpins because they are naturally prone to be more efficient in hydrolysis
than transesterification (religation), whereas hairpin ribozymes are as efficient
for both reactions. This is one of the reasons why the ribozymes that are being
designed, improved, produced, and actually used in therapeutic settings are 
hammerheads.

RNA Mimetics Suitable for Hammerhead Ribozyme Function In order to
be protected from quick degradation by ubiquitous RNases, synthetic ribo-
zymes must be modified. A great variety of available modified nucleotides
(listed in Natural and Modified RNA and described in Fig. 27.3) were tested
for hammerhead ribozymes function [57–59]. Several modifications at the
single-stranded catalytic site of the hammerhead inhibit its function. On the
contrary, nuclease-resistant nucleotides such as 2¢-fluoro, 2¢-amino, 2¢ alkyl, or
allyl derivatives can be used at all positions involved in the recognition of the
targeted sequence. There, a phosphorothioate backbone can bring further 



stability. In addition, the 3¢ extremity of the molecule can be occupied by a
modified nucleotide that will prevent degradation by 3¢–5¢ exonucleases.
Through these modifications, the serum half-life of modified hammerhead
ribozymes could be increased to more than 10 days as compared to less than
1min for the unmodified version.

Preclinical and Clinical Utilizations of Hammerhead Ribozymes The first
step toward the clinical use of hammerhead ribozymes is the characterization
of the optimal accessible target sequence stretch in the mRNA to be cleaved.
Messenger RNA or virus RNA genomes fold into complex, heterogeneous,
and relatively unpredictable structures. Moreover, they associate with many
proteins. Thus, a small part of the targeted RNA is exposed for recognition by
ribozymes. To identify these sequences, a combination of computer prediction
and RNAse H-sensitivity assay was developed [60]: Synthetic DNA oligonu-
cleotides are incubated with the targeted mRNA; then, RNAse H is added. It
will cleave the RNA only if the DNA probe could hybridize to it. Thus, the
study of the integrity of the RNA will indicate if the sequence complementary
to the DNA probe is accessible (RNA is cleaved) or not accessible (RNA is
not cleaved). Only accessible sequences are considered as potential targets for
ribozymes. Alternately, some random approaches were developed where
optimal ribozymes are selected from libraries of active ribozymes (containing
a hammerhead core catalytic sequence) having randomized substrate recog-
nition arms [61–63]. Once the optimal target sequence is identified, the best
RNA-stabilizing strategy is tested: At permissive positions (all positions
involved in the recognition of the target RNA), 2¢ modified nucleotides replace
the natural nucleotides and a phosphorothioate backbone is included. Such
RNase-resistant hammerhead ribozymes can to some extent spontaneously
enter cells and show gene-suppressing activity in vitro in cell culture and in
vivo after local [64] or systemic delivery [65]. In 1998, the first synthetic
ribozyme ANGIOZYME entered a human clinical trial. It is a chemically sta-
bilized RNA oligonucleotide capable of specifically cleaving the mRNA
coding the high-affinity receptor for the vascular endothelial growth factor
(VEGFR-1) [65]. Through blockade of angiogenesis by downregulation of
VEGFR-1 expression, the ribozyme is expected to reduce tumor growth.
Indeed, ANGIOZYME was shown to inhibit tumor growth in several mouse
models. Daily intravenous or subcutaneous application resulted in detectable
plasma levels of the synthetic RNA ribozyme [66]. Subsequently, it was tested
in human phase I trials and proven to be nontoxic at doses up to 300mg/m2

administered intravenous or subcutaneous. ANGIOZYME was further eval-
uated in a phase II monotherapy trial involving breast cancer patients. Forty-
five late-stage metastatic cancer patients with progressive disease were treated
with doses of 100mg/m2 ANGIOZYME by daily subcutaneous injections.
Most patients continued to progress as shown by computed tomography (CT)
scans 6 weeks after the first injection. Nevertheless, the activity of the
ribozyme could be recorded by a significant decrease of the amount of soluble
VEGFR-1 detected in the blood at week 6 (soluble VEGFR-1 is encoded by
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an alternatively spliced mRNA derived from VEGFR-1 encoding premessen-
ger RNA; both forms of the mRNA are recognized by ANGIOZYME). A
phase II trial was conducted in which Angiozyme was used in combination
with a standard chemotherapy (irinotecan/5-fluorouracil/leucovorin: IFL).
Eighty-three colorectal cancer patients with metastatic disease were enrolled.
They received daily subcutaneous injections of 100mg/m2 of ANGIOZYME
in combination with IFL. Again, reduction of soluble VEGFR-1 in the blood
was detectable after several weeks of injection. But, as far as the criteria “time
to progression” is concerned, there was no clear difference between the group
of the ANGIOZYME + IFL-treated patients compared to historical groups
of IFL-treated patients. Nevertheless, since no control group (IFL alone) was
included in the phase II study, definitive conclusions cannot be drawn. Another
trial in tumor patients was performed with a hammerhead ribozyme called
HERZYME and designed to inhibit the expression of the human epidermal
growth factor receptor type 2 (Her2). This receptor is overexpressed in many
carcinomas and drives cell proliferation. Its downregulation due to the
ribozyme’s activity should result in diminished cell growth and in attenuation
of tumor progression. HERZYME was tested in a phase I dose-escalation
study in patients with Her2 overexpressing cancers (subcutaneous delivery).
HERZYME was well tolerated with no significant toxicity, but no biologic
activity was established at the doses tested. The specific efficiency of
ANGIOZYME and HERZYME needs to be further evaluated in random-
ized trials (with placebo or chemotherapy-alone control groups). The third
hammerhead ribozyme that entered clinical trial is called HEPTAZYME. It
was designed to cleave the hepatitis C RNA and reduce viral titers. The HCV
virus is associated to liver cirrhosis and hepatocellular carcinoma. In a phase
II clinical trial, HEPTAZYME has demonstrated a reduction in serum HCV
RNA levels in 10 percent of treated patients. The Heptazyme trial had to be
stopped due to some toxic side effects reported in one animal during toxicol-
ogy studies. As of this writing there is no clinical evidence of the effectiveness
of synthetic ribozymes in the context of any human disease.

One of the Leading Companies: Ribozyme Pharmaceuticals (now SIRNA
Therapeutics) The potential of synthetic ribozymes as drugs has been devel-
oped and exploited by Ribozyme Pharmaceuticals (Boulder, Colorado). The
company has expertise in oligonucleotide process development and manufac-
turing. Ribozyme Pharmaceuticals has established strategic corporate rela-
tionships with Archemix Corporation, atugen AG, Chiron Corporation,
Fujirebio, and Geron Corporation. Ribozyme Pharmaceuticals was listed on
the NASDAq under “RZYM” (now “RNAI”). It has performed studies on
toxicology, biodistribution, biostability, and pharmacokinetic of modified 
synthetic ribozymes. Human clinical trials were sponsored by Ribozyme 
Pharmaceutical in the context of metastatic cancer (the hammerhead
ribozymes ANGIOZYME and HERZYME, which target the mRNA coding
VEGF receptor and epidermal growth factor, respectively) and hepatitis C
infections (the hammerhead ribozyme HEPTAZYME).
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The breakthrough discovery of siRNA [67, 68] led to a reorientation of
Ribozyme Pharmaceuticals’ scientists toward the utilization of this new RNA
tool that is very efficient in gene suppression. Ribozyme Pharmaceuticals is
now SIRNA Therapeutics (since 2003, “RNAI” on the NASDAq) and focuses
primarily on the development and commercialization of siRNA-based treat-
ments. A large part of the intellectual property of SIRNA Therapeutics is
based on the patents and expertise from Ribozymes Pharmaceuticals in the
areas of target validation, RNA synthesis, modifications, and delivery. SIRNA
Therapeutics uses this expertise to develop a new class of siRNA. The
company is in research and/or preclinical development of siRNA-based drugs
capable of treating diseases such as AMD, HCV infection, and cancer (see
www.sirna.com). In the field of oncology, SIRNA Therapeutics announced a
collaboration with Eli Lilly & Company (Lilly) to jointly investigate chemi-
cally modified siRNAs against specific oncology targets provided by Lilly.

Small Inhibitory RNA (siRNA)

Definition of siRNA While engineering transgenic petunia to develop a more
intense purple color than the wild variety, the Jorgensen group [68a] obtained
genetically modified organisms (GMO) that developed white flowers! To
explain these surprising results, they hypothesized a mechanism of posttran-
scriptional gene silencing. Eight years later, Fire et al. described in Caenorhab-
ditis elegans the potential of double-stranded RNA molecules to specifically
induce degradation of homologous single-stranded endogenous mRNA in a
process that they named RNA interference (RNAi [69]). At the turn of the
millennium, Elbashir and co-workers [67, 68] made a breakthrough discovery:
RNAi can be obtained by small (21 to 23mer) double-stranded synthetic RNA
homologous to the target sequence. These small duplex must have 2 bases over-
hanging at their 3¢ ends. They are called siRNA (for small inhibitory RNA) [67,
68]. The generalization of these observations in all tested organisms led to a
revolution in fundamental research and molecular medicine [70, 71].

The advantages of siRNA over long double-stranded RNA molecules is
that they:

1. Can be synthesized chemically.
2. Diffuse in the organism.
3. Do not induce activation of the interferon response pathway [72] (acti-

vation of the protein kinase PKR and of the 2¢,5¢-oligoadenylate syn-
thetase that cause inhibition of translation by phosporylation of 
the translation initiation factor eIF2a and degradation of mRNA,
respectively).

As opposed to ribozymes, RNAi requires housekeeping proteins to perform
gene suppression: the type III RNase termed Dicer and the RISC (RNA-
induced silencing complex, Fig. 27.6). Dicer chops long double-stranded RNA
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into ca. 21-mer double-stranded RNA that possess two nucleotides overhang
at both strands 3¢ ends. In an adenosine triphosphate (ATP)-dependent process,
RISC incorporates one strand from these ca. 21-mer double-stranded RNA.
With that RNA probe, activated RISC recognizes and cleaves RNA molecules
that can pair with the oligonucleotide. Using this mechanism,virtually any RNA
can be specifically destroyed. Eukaryotes probably developed this enzymatic
system for the recognition of double-stranded RNA (characteristic of several
viruses) and destruction of homologous single-stranded RNA. Accordingly,
siRNA can be regarded as the natural mediators of a cell immunity dedicated
to protect the genome against pathogens (viruses or transposons).

Similarly to ribozymes and antisense technologies, the identification of an
optimal target site in the mRNA to be cleaved (optimal sequence of the
siRNA) is a prerequisite to further development of RNAi by siRNA. Although
guidelines and websites are available (see, e.g., http://jura.wi.mit.edu [73] or
EMBOSS at http://bioweb.pasteur.fr/seqanal/interfaces/sirna.html), the charac-
terization of the most active siRNA for the selective degradation of a target
gene requires the synthesis (enzymatically or chemically) and in vitro testing
of several duplexes. Each duplex is introduced into target cells (usually tumor
cells that can easily be transfected) that express the gene of interest and RNAi
is measured by molecular biology tools (the amount of the targeted mRNA
can be quantified by RT-PCR, Northern blot, or gene microarrays) and/or by
biochemistry methods (quantification of the protein translated from the target
mRNA by enzymatic tests when the activity of the target protein can be
directly recorded or by ELISA, Western blots, etc.).

The sequence of a siRNA will dictate its effectiveness and specificity but
will also dictate its sensitivity to RNases. The half-life can vary from minutes
to days. Experimental measurements are the only way to determine the
siRNA’s half-life in physiologic milieus before further clinical development.

As far as therapeutic interventions are concerned, RNAi technology may
translate into antivirus [HIV, human papilloma virus (HPV), hepatitis B virus
(HBV), HCV] or antipathology-related proteins (e.g., oncogene, immunosup-
pressing agents, multidrug resistance transporters) siRNA-based drugs [74].
Although a very promising approach, the use of siRNA in modern medicine
faces limits that must be solved:

1. Off target gene inhibition
2. The induction of stress by the double-stranded RNA structures
3. Inefficient intracellular penetration

The first point is crucial since the specificity of siRNA may not be as high
as initially expected. Study of the global gene expression in siRNA transfected
cells using gene microarrays indicated that a large number of nontargeted
genes are affected by the siRNA. Actually, a complementarity between the
siRNA and the target mRNA of as little as 11 continuous nucleotides is suf-
ficient to trigger recognition and cleavage by the RISC complex [75]. Besides,
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only one of the two strands of the exogenous siRNA (the antisense as com-
pared to the mRNA sequence) should theoretically be used, but both strands
may practically be incorporated into the RISC, thus increasing the possible
cross-recognition of irrelevant mRNA. A better knowledge of the fundamen-
tal mechanisms of RISC activity, especially in the choice of the captured
siRNA strand, may allow a reduction of “off-target” genes affected by siRNA
approaches.

The induction of stress was revealed by Semizarov et al. [76]. Here again,
gene microarray analysis revealed the expression of several stress-related
genes after delivery of siRNA, especially at high siRNA concentrations. Con-
cerning the third point, it was shown that some siRNA can activate antigen
presenting cells similarly to long double-stranded RNA [77, 78]. This phe-
nomenon is mediated by Toll-like receptors [78a].

Altogether, the characterization of the optimal siRNA that will specifically
and efficiently destroy the target mRNA with minimal off-target activity,
highest stability, good biodistribution, and no side effects (immunostimula-
tion) requires intensive experimental in vitro and in vivo testing. Several of
these critical parameters are taken into account in the freely available siRNA
prediction algorhythm available at http://jura.wi.mit.edu/siRNAext/ [73], but in
vivo stability, pharmacokinetics, and biodistributiuon must be tested experi-
mentally for each individual siRNA duplex. Concerning the intracellular deli-
very of exogenous siRNA, refer to Delivery of RNA Molecules for Suppre-
ssion of Gene Expression below.

RNA Mimetics Suitable for siRNA’s Function Contrary to single-stranded
RNA such as ribozymes, the short double-stranded siRNA are usually remar-
kably stable in physiologic milieus. Nevertheless,very large variations in siRNA
half-lives (from several minutes to days) can be attributed to the sequence of
the two oligonucleotides. In the case where further enhancement of the half-
life of the optimal siRNA sequence deduced from in vitro experiments is
required, some of the chemical modifications described in the discussion of
natural and modified RNA can be introduced into the therapeutic siRNA. First,
deoxy nucleotides can replace the two ribonucleotides in the 3¢ overhangs of
each siRNA strand [67, 68]. Modifications such as allylation or alkylation of
some [79] but not all [80] 2¢ OH as well as 2¢fluoro substitutions and LNA
nucleotides [81, 82] are tolerated with minimal or no decrease of siRNA func-
tion. Similarly, phosphorothioate backbones can be used in siRNA strands [81].

Up until now, the tested chemical modifications showed a relatively low
increase in the efficiency of siRNA over time in transfected cells as well as in
vivo [82, 83]. Thus, chemical modifications may not be required in the context
of siRNA therapies. Nevertheless, together with the incorporation of RNase
resistance data into siRNA sequence prediction programs, the usage of some
chemical modifications at key positions may lead to the definition of siRNA
with half-lives of several days or weeks in physiologic milieus. These improve-
ments will result in a reduced dosage and frequency of application of siRNA
for optimal activity in future therapeutic settings.
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Preclinical Evaluation of siRNA Several siRNA with a potential thera-
peutic activity were characterized. For antitumor therapies were identified
siRNA that target growth factors (VEGF) [83a] and antiapoptosis molecules
(Bcl-2) or siRNA that targets the mRNA coding for oncogens such as the
fusion protein Bcr-Abl [83b], the constitutively activated mutated Ras 
proteins or mutants of P53, which dominantly inhibit the tumor suppressing
activity of wild type P53 in ca. 50 percent of human malignancies [83c, 83d].
In the context of infectious diseases, were characterized siRNA specific for
viral genes (HIV, HCV, HBV). Although most reports are limited to the 
definition of the optimal siRNA sequence using in vitro testing in cell culture
systems, several investigations went further to the biodistribution and 
efficiency studies in preclinical setups in mice. Concerning tissue distribution
and pharmacokinetics, Braasch et al. [83] used radioactive iodine to label 
the siRNA. After intravenous injection of naked siRNA in mice, the 
molecule (the radioactivity) localizes in the liver and kidney (peak at 5min
postinjection). Later, a signal is found in the bladder suggesting quick elimi-
nation though urine. Lower amounts of radioactivity are found in lung,
spleen, and heart. Close to no signal can be detected in the brain. Most siRNA
seem to be eliminated from the mouse body in less than 24h but some
detectable amounts of radioactivity remain up to 72h. These data suggest 
that (1) when a continuous inhibition of gene expression is required, injection
of siRNA should be repeated every 24h, and (2) as far as systemic delivery 
is concerned, siRNA-based therapies may be mostly relevant when the 
target gene is expressed in liver or kidneys. For delivery to other organs,
encapsulating siRNA in specific delivery vehicles and/or local delivery could
be envisioned. In agreement with this biodistribution data, Zender et al. [84]
showed in LacZ transgenic mice that systemic application (intravenous deliv-
ery) of siRNA designed to inhibit b-galactosidase expression, induces a 
three- to fourfold reduction in b-galactosidase activity in liver. When using
siRNA capable of cleaving the mRNA coding caspase 8 (a necessary 
mediator of apoptotic cell death), the authors could induce protection of 
hepatocytes against Fas-mediated apoptosis. In this mouse model, acute liver
failure (ALF), similar to the disease observed in patients suffering from 
viral hepatitis, is induced by injection of activators of Fas (either antibodies
against Fas or adenovirus expressing Fas-ligand). Histopathology studies
demonstrated that the anti-caspase-8 siRNA could prevent Fas-induced apop-
tosis in hepatocytes. Song et al. [85] obtained similar protection against
induced ALF by the in vivo delivery of siRNA designed to destroy the Fas-
encoding mRNA. Besides, Sorensen et al. [86] also showed that systemic deliv-
ery of siRNA resulted in selective RNAi. They studied the potential of siRNA
to decrease in vivo the production of tumor necrosis factor (TNF-a) (a major
player in sepsis). Their study demonstrates that intraperitoneal injection of
siRNA specific for the TNF-a encoding mRNA could induce a reduction of
TNF-a production after exposure to lipopolysaccharide (LPS). Moreover,
mice injected with these anti-TNF-a siRNA were protected against a lethal
dose of LPS.
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The results of in vivo studies summarized here provide “proof of concept”
that open the door for pharmaceutical use of siRNA in humans. No human
clinical trial results are yet reported, the technology being too new (described
in 2001) for human studies to be completed. From the results obtained in the
mouse models, it can be expected that new drugs with siRNA as the active
component will prove to be safe and efficient in humans.

One of the Leading Company: Alnylam Pharmaceuticals Three companies
were created to explore and develop siRNA: Ribopharma AG in Germany
(created in 2000; located in Kulmbach, Bavaria, Germany), SIRNA (created
in 2003 from Ribozyme Pharmaceuticals; located in Boulder, Colorado), and
Alnylam Pharmaceuticals (created in 2002, Cambridge, Massachusetts).
Ribopharma AG and Alnylam Pharmaceuticals fused in July 2003 to become
Alnylam Pharmaceuticals. One of the founders of Alnylam Pharmaceuticals
is Thomas Tuschl (Laboratory of RNA Molecular Biology, Rockefeller 
University), who discovered the structure of mammalian inhibitory RNA 
as a researcher at the Max-Planck-Institute for Biophysical Chemistry, in 
Gottingen, Germany. Alnylam Pharemaceuticals owns the first patent issued
on the use of short double-stranded RNAs (siRNAs) to trigger RNAi.
Alnylam Pharmaceuticals develops siRNA-based therapeutics for local (brain
and eye diseases such as Parkinson’s disease and wet AMD, respectively) or
systemic (diabetes, obesity, autoimmune diseases, and cancer diseases) appli-
cations. No human clinical trials are disclosed on the web page from Alnylam
Pharmaceuticals, www.alnylam.com, but such studies can be expected to start
soon.

Delivery of RNA Molecules for Suppression of Gene Expression

Whether antisense RNA or catalytic RNA are used, the intracellular delivery
of the oligonucleotides must be achieved in vivo. The resistance of cell mem-
branes to penetration of nucleic acids limits the efficiency of such therapies.
Still, naked stabilized RNA were shown to spontaneously enter cells in the
context of ribozyme studies [65, 66]. In mice, a method called hydrodynamic
injection consists in a fast (several seconds) intravenous delivery of a large
volume (up to 1mL) of solution containing the therapeutic RNA resulted in
efficient delivery into hepatocytes [84, 85, 87, 88]. Of course, such an applica-
tion method cannot be used in humans. A feasible method is the use of a deli-
very vehicle such as cationic liposomes [78, 89]. In mice, liposomal formula-
tions of siRNA were associated with the clinical manifestations of the thera-
peutic siRNA activity [84, 86]. The problem is that most liposomal
formulations are toxic. Other vehicles such as nanoparticles or microparticles
may prove to be useful for efficient and safe delivery of siRNA. All these vehi-
cles may be targeted to a precise cell type through coating with specific ligands
[90]. Cell penetrating peptides (CPP) are another tool to deliver molecules
intracellularly. CPP can spontaneously cross lipidic membranes and enter
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alone or with an associated cargo (protein or nucleic acid) in the cytosole. They
are derived from diverse proteins such as Antennapedia or HIV TAT proteins
[91]. Electrostatic interaction between an siRNA and a CPP was reported to
result in efficient and specific RNAi in vitro [92]. The optimal (eventually
selective) and nontoxic vehicles for siRNA is undoubtly the most needed tool
for testing and developing efficient siRNA-based drugs. Many experts in this
field as well as the pharmaceutical industry and biotechnology companies have
advanced products that may fulfill the need for efficient delivery of siRNA.
The characterization of their structure (homogeneity, stability, storage), their
safety and efficiency profiles in vivo (preclinical studies, toxicology tests) as
well as the possibility to produce great amounts of them at high quality good
manufacturing practices (GMP) are many of the critical issues that must be
addressed before new siRNA-based drugs are tested in human trials.

27.4 RNA FOR PROTEIN PRODUCTION: mRNA

Definition of mRNA

In eukaryotes, genes are transcribed in the nucleus. This process generates pre-
messenger RNA (pre-mRNA). Pre-mRNA are heavily modified: A cap struc-
ture (7-methyl guanosine triphosphate) is added to the 5¢ end; some parts of
the pre-mRNA (introns) are spliced out; some nucleotides of the pre-mRNA
are changed by a process called editing, and a poly-A tail of usually several
hundred adenine residues is added (Fig. 27.7). Such mature mRNA are
between a minimum of ca. 200 up to several tens of thousands of bases in
length. They exit the nucleus through nuclear pores. Their 5¢ cap structure is
recognized by eukaryotic initiation factors (eIFs) and their 3¢ poly-A tail is
recognized by the poly-A binding protein. Interactions of the 5¢ end and 3¢
end riboproteic complexes induce the beginning of translation by ribosomes.
First, the small subunit of the ribosome will be recruited by the eIFs. It scans
the mRNA until it reaches a AUG start codon (located in a Kozak surround-
ing: A/GNNNATGG) [93]. At this site, the large subunit of the ribosome asso-
ciates to the small subunit and translation begins. Protein elongation continues
until a stop codon (AAU, UGA, or UAG) [94]. For therapeutic use, mature
messenger RNA is being produced by in vitro transcription (Fig. 27.7) thanks
to RNA polymerase: usually T7, T3, or SP6 RNA polymerase derived from
bacteriophages. See Manufacturing of RNA in GMP conditions under Section
27.6 for more details on mRNA production. When introduced into the cytosole
of a cell, such in vitro produced mature mRNA can readily be translated into
proteins. The natural catabolism of mRNA guarantees that the foreign nucleic
acid will be eliminated from the cell’s cytosole. The foreign protein translated
from the recombinant mRNA will be expressed transiently. In a natural situ-
ation (endogenous production) intracellular mRNA has a half-life ranging
from minutes (mRNA coding for proteins that control the cell cycle, e.g.) up
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to weeks (mRNA coding globin proteins in terminally differentiated red blood
cells) [95]. Several nucleotide sequences are known to dictate the transcript’s
half-life [96]. Most of them are located in the 3¢ untranslated region (3¢ UTR)
of the mRNA. For example, the A and U rich elements (AURES) signal to
the cell machinery in normal conditions that the mRNA should be quickly
destroyed [97]. On the other hand, pyrimidine-rich elements such as those rec-
ognized by the so-called a complex (a multiprotein structure expressed ubiq-
uitously) allow the mRNA to be very stable [98]. The deletion of
destabilization sequences such as AURES and the addition of stabilization
sequences such as globin UTRs at the 3¢ end of the cDNA coding for the 
therapeutic proteins enables in vitro production of recombinant mRNA with
enhanced stability [99].

RNA Mimetics Suitable for mRNA Function

Production of messenger RNA in vitro for clinical use depends on the activ-
ity of available purified RNA polymerases. Since only few modified NTPs are
substrates for the RNA polymerases usually used for in vitro transcription (T7,
SP6, and T3 RNA polymerases), the variety of chemical modifications that can
be incorporated into therapeutic mRNA is very reduced in comparison to the
variety of chemical modification available for synthetic RNA made by chem-
ical synthesis. NTPs with modifications such as fluoro, azido, or amino substi-
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Figure 27.7 Production and structure of mRNA in vivo. Genes contained in the 
chromosomes located in the nucleus are transcribed into pre-mRNA. This molecule 
is spliced (excision of introns), capped at the 5¢ end and polyadenylated at the 3¢ end.
Its sequence may be edited. The mature mRNA leaves the nucleus through nuclear
pores and its translated in proteins until its degradation by specific RNases (not
shown).



tutions of the 2¢ OH as well as NTPs with phosphorothioate modification can
be used to synthesize mRNA. These, however, decrease the quality and quan-
tity of the mRNA recovered by in vitro transcription [28] and impair transla-
tion in vivo (Probst et al., submitted). Until now, there was no NTP
modifications that were shown to be permissive to RNA polymerases, to bring
additional stability to the mRNA in regard of RNAse-mediated degradation
and to be permissive to translation by the ribosomes in cells. Consequently,
the mRNA currently used in therapies is nonmodified RNA.

Preclinical and Clinical Utilization of mRNA

A breakthrough discovery was reported by Wolf et al. in 1990: Direct injec-
tion of naked mRNA (as well as plasmid DNA) into mouse muscle led to the
production of the protein encoded by the foreign nucleic acid [100]. This indi-
cates that somehow, and in spite of ubiquitous RNases, some cells can take up
the foreign genetic information and use it for protein production in vivo.
Because mRNA will be only transiently expressed, its utilization for genetic
complementation (expression of a protein that is not produced from the
genome because of inherited mutations) would require a frequent (daily)
delivery of the drug. This aspect of mRNA-based therapies was not yet
addressed since more stable vectors such as plasmid DNA or recombinant
viruses seemed more appropriate. Nevertheless, safety concerns in the field of
DNA-based therapies lead to the reevaluation of mRNA-based therapies for
in vivo gene complementation:Theoretically, a frequent uptake of a safe “gene
therapy” drug is preferable than a single uptake of a therapeutic molecule that
may lead to severe side effects. Indeed, DNA or recombinant viruses may
persist for some hours in some recipients and for years in others and may even
cause cancer (integration of the foreign genetic information at the site of an
oncogen or a tumor suppressor gene), autoimmunity (induction of anti-DNA
antibodies triggering diseases such as lupus erythematosus), or modification
of the human specie (integration of the foreign genetic information into the
patient’s germ cell genomes). Thus, a frequent application of adequately pro-
tected and delivered mRNA may become a safe alternative to DNA-based
gene therapies in the field of genetic complementation.

Meanwhile, starting in the early 1990s, the potential of mRNA for transient
expression of an antigen (a protein against which an immune response would
be therapeutically beneficial) was investigated (for a recent review, see Pascolo
[101]). First, Martinon et al. showed in mice that injection of liposome-
encapsulated mRNA coding for the influenza virus nucleoprotein could trigger
an anti-influenza immune response [102]. Conry et al. [102a] confirmed and
extended these results by using mRNA as the active component of an antitu-
mor immunotherapy (a vaccine whereby immune cells become competent to
specifically kill tumor cells). In their experiments, mice that received 
intramuscular injections of naked mRNA coding for the tumor antigen 
carcinoembryonic antigen (CEA) were resistant to the transplantation of CEA-
expressing tumor cells. In these vaccination studies, delivery of mRNA was
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shown to stimulate all effector cells from the adaptive immune response: cyto-
toxic (CD8+) T-cells capable of direct recognition and killing of target (tumor
or infected) cells, B-cells that can secrete specific antibodies neutralizing the
pathogenic agent, and helper (CD4+) T-cells that orchestrate the immune
response, enhance the activity of all immune cells, and ensure persistence of
long-term memory effector cells. In 2000, two reports confirmed these results
and moreover introduced tumor mRNA libraries as a tool for anti-
tumor vaccination [102b, 102c]. In these studies, the whole tumor mRNA was
injected into mice for vaccination. Such an approach could result in customized
therapies where an antitumor vaccine is to be prepared from patient’s tumors.
Since every tumor expresses a characteristic set of immunogenic proteins spe-
cific for the tumor cells that include mutated (P53, Ras, e.g.) and recombined
(Bcr-Abl, e.g.) proteins as well as the promiscuous “tumor antigens” (tissue-
specific genes such as gp100, tyrosinase, or Melan-A, developmental genes, and
overexpressed genes or oncogens),an autologous antitumor vaccine may be the
most efficient strategy for immunotherapies. In mice, such vaccines trigger an
immune response that specifically recognizes and destroys tumor cells. It pre-
vents the dissemination of a primary tumor (blocking the formation of metas-
tasis) and eventually results in the destruction of existing malignancies by
immune cells (regression of the tumor disease). Recently,Carralot et al. showed
that it is possible to tune the type of immune response triggered by mRNA-
based vaccines to render it optimal for antitumor and antivirus immunothera-
pies [103]. In this study, granulocyte monocytes colony stimulation factor
(GM-CSF), a cytokine used in the clinic for the stimulation of the growth of
certain immune cells, is shown to shift the natural immunity induced by mRNA
injection from a Th2 type (prone to the production of antibodies against the
antigen encoded by the mRNA) to a Th1 type (prone to the proliferation of
cytotoxic T-cells that can specifically kill target cells expressing the protein
encoded by the mRNA vaccine). In anti-viral or antitumor immunotherapies,
the mRNA plus GM-CSF form of mRNA vaccines should be used since mostly
cytotoxic T-cells are required for prevention or treatment of the pathologies.

There are several other methods of mRNA-based vaccination aside from
direct injection of simple mRNA. One consists in ballistic delivery where the
mRNA is loaded on gold particle and delivered to the skin of patients with a
gene gun [104, 105]. Cartouches containing the gold particles coated with
mRNA (mRNA is precipitated on the gold microbeads by ethanol before
being air-dried) are placed in the barrel of the gene gun. Pressing on the trigger
while the gun is pointed to naked skin (ca. 10cm from the skin) will result in
a short release of high-pressured gas through the cartouche (the gene gun
being connected to a helium bottle) that will bring the gold microbeads to the
skin with high velocity. The beads will penetrate the epidermis and the dermis.
Resident cells including antigen-presenting cells (APCs) such as Langerhans
cells will take up the mRNA-coated beads, translate the nucleic acid, and
expose the protein to the immune system to trigger an immune response. The
cost of gold particles and of the gene gun as well as the difficult preclinical
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setting (mice must be well shaved before being vaccinated with gene gun) have
probably limited the utilization of such a promising needleless vaccination
technology (no human clinical studies based on gene gun delivery of mRNA
vaccines has been reported).

Another technology is the injection of autoreplicative mRNA [106–110].
Thanks to an internal ribosome entry sequence (IRES), these mRNA are
bicistronic. They code for two proteins: One protein is the antigen and the
other one is an RNA replicase derived from RNA viruses such as the a viruses
Sindbis or Semliki Forest. After application, the bicistronic mRNA will be
taken up by some cells and will be transcribed into the antigen and the repli-
case. Due to the presence of sequences specifically recognized by the RNA
replicase in the bicistronic RNA, the replicase will multiply the foreign
mRNA, thus generating a large number of proteins: antigen and replicase. This
system guarantees that the antigen will be expressed for a long time and in
high amounts. The uncontrolled persistence of the autoreplicative mRNA in
the host and the potential of such mRNA to recombine with RNA viruses
(creating new viruses) are safety concerns that may limit the use of
autoreplicative mRNA in human vaccination settings.

Instead of direct intraskin delivery of mRNA for vaccination, Boczkowski
and co-workers introduced a method that consists of in vitro delivery of the
mRNA into autologous dendritic cells (DC) [111]. DCs are the most power-
ful APCs for triggering an immune response. Messenger RNA-transfected
DCs produce transiently the antigen encoded by the foreign nucleic acid and
present it in an optimal context to the immune system. DCs can be derived in
vitro from blood using a 1-week-long cell culture protocol whereby monocytes
differentiates into DCs thanks to the cytokines GM-CSF and IL-4 [112].
Afterwards, the DCs are transfected with mRNA (using either simple co-
incubation or active delivery of mRNA by liposomes or electroporation) and
reinfused into the organism (usually by intradermal or subcutaneous injec-
tions). Such a method triggers in mice a strong immune response against the
protein encoded by the transgenic mRNA [111]. It is the most popular mRNA-
based vaccine strategy with more than 40 original publications documenting
its efficiency in different models (tumors and infectious disease, see review
Pascolo [101]). It was transferred from the laboratory to the clinic (phase I/II
studies) with the development of facilities where DCs can be cultured in GMP
conditions. Tumor patients received their own in vitro generated DCs that
were transfected with mRNA coding for prostate specific antigen (PSA) in
patients suffering from metastatic prostate carcinoma [113], coding for CEA
in patients suffering from metastatic colon cancer [114], or coding for the
whole set of proteins from autologous metastasis in patients suffering from
metastatic renal cell carcinoma [115]. In all three reports, the expected anti-
tumor T-cell response could be detected in most patients and some clinical
benefits were recorded. The objective efficacy of the method as an antitumor
or antivirus (HIV, HCV) treatment must be evaluated in large placebo-
controlled trials.
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Lead Company: MERIX Biosciences (now Argos Therapeutics)

MERIX Bioscience, Inc. (http://www.merixbio.com/index.html) was created in
1998 because of the scientific results of Prof. Gilboa. MERIX Bioscience is
headquartered in Durham, North Carolina. According to its intellectual prop-
erty MERIX Bioscience’s therapeutic products are based on the production
and utilization of mRNA-transfected dendritic cells as immunomodulators.
This technology disclosed in the cornerstone article published in 1996 [111]
consists of the in vitro derivation of DCs from patient’s blood, transfection 
of such DCs by defined mRNA (coding for one tumor antigen) or mRNA
libraries (derived from the patient’s tumor), and reinjection of the DCs. Such
a treatment was shown in mice to trigger T-cells that recognize and destroy
specifically tumor cells. Three investigator-sponsored phase I/II human clini-
cal trials indicated that the method owned by MERIX Bioscience is feasible,
nontoxic and, efficient in triggering immunity against the antigens encoded by
the transfected mRNA [113–115]. The impact of such a treatment on the tumor
disease where clinical parameters such as “time to progression” or “time to
death” are compared to control groups must be evaluated in phase IIb or III
trials. MERIX Bioscience has now filed its first company-sponsored investi-
gational new drug application with the FDA. RNA-loaded DC vaccine will be
manufactured at the company’s cGMP-approved vaccine manufacturing facil-
ity in Durham, North Carolina. Using mRNA-transfected DCs, MERIX 
Bioscience develops also treatments against infectious diseases, autoimmune
disorders, and rejections of transplants.

27.5 RNA FOR IMMUNOSTIMULATION: DOUBLE-STRANDED
AND STABILIZED RNA

Definition of Immunostimulating RNAs

There exist two types of immunostimulating RNA: (1) the double-stranded
RNA molecules longer than 40 base pairs and (2) the stabilized single-
stranded RNA that can be as short as 20 nucleotides. In both cases, the RNA
mimics structures specific from pathogens: double-stranded RNA produced
during virus replication (a virus or influenza virus, e.g.) [9] or stabilized single-
stranded RNA similar to those found in viruses with RNA genomes (RNA
molecules condensed and stabilized by cationic compounds such as histones)
[116]. Toll-like receptors (TLR) are a family of molecules conserved through
evolution. They signal infection or “danger” to the immune system [117].
Mammals kept a repertoire of TLR capable of recognizing bacterial proteins
(flagellin is recognized by TLR5), bacterial LPS (recognized by TLR-2 and
TLR-4), bacterial and viral nonmethylated DNA (the CpG motifs recognized
by TLR-9), or RNA from infectious agents: double-stranded or stabilized
single-stranded RNA recognized by TLR3 or TLR-7 and TLR-8, respectively.
These receptors give different activation signals that result in different effec-
tor functions. For example, double-stranded RNA (TLR-3) induces a strong
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upregulation of costimulation molecules (e.g., CD86) at the surface of the
responding cells (TLR-3+) but low cytokine production; meanwhile 
stabilized single-stranded RNA (TLR-7 and -8) induces low upregulation of
costimulation molecules but high cytokine secretion by responding cells. The
stabilized mRNA can be mimicked by phosphorothioate RNA oligonu-
cleotides for the stimulation of TLR-7 or -8 [118, 119]. Thus, chemically 
synthesized double-stranded RNA (usually a polyinosine molecule hybridized
with a polycytosine nucleotide: poly I:C) or single-stranded phopshorothioate
RNA as well as enzymatically produced mRNA complexed to cationic 
compounds are reagents available to trigger the natural mechanisms of
immunostimulation.

Preclinical and Clinical Utilization of Immunostimulating RNA

Double-stranded RNA in the form of polyinosinic-polycytidylic acid (rIn X
rCn or poly I:C) were shown to be potential antitumor drugs in animal models
during the 1970s [120]. When applied locally at the site of tumor transplanta-
tion in rats, they could retard or suppress tumor growth. This phenomenon is
probably a consequence of local immunostimulation that results in the trig-
gering of an antitumor immunity. Unfortunately, poly I:C showed low efficacy
and high toxicity when used in humans. A derived modified compound was
found to have lower toxicity and retained antitumor immunotherapeutic effect
in the 1980s [121]. It consists of a mismatch-interrupted double-stranded
RNA. Mismatches were introduced in the double-stranded structure using the
hybridization between a polyinosinic strand and a polycitidylic strand inter-
rupted every 12 C by uracils [rIn X r(C12,U)n]. This modified double-stranded
RNA was further developed under the name Ampligen. Intravenous injections
of Ampligen (10 to 80mg per dose, twice weekly) were well tolerated in treated
tumor patients. Some stabilization of the tumor disease as well as regressions
were observed [122].

The immunostimulating effects and inherent anti-HIV activity [123] of
Ampligen were also evaluated as therapy in acquired immunodeficiency syn-
drome (AIDS) patients. The AIDS patients received higher doses than the
tumor patients: 200 mg intravenous twice a week. Again, no severe side effects
were recorded. Virus load was decreased and immune response increased
during the treatment. When used in combination with a standard anti-HIV
drug (zidovudine) in a placebo-controlled trial, Ampligen (up to 700mg intra-
venous twice weekly) showed a synergistic benefit: Patients receiving zidovu-
dine with Ampligen showed a reduced tendency in CD4+ cell loss over time
compared to the placebo group that received zidovidine alone [124]. Other
anti-HIV drugs such as abacavir, zalcitabine, didanosine, stavudine, efavirenz,
indinavir, nelfinavir, and amprenavir can also work synergistically with Ampli-
gen in reducing HIV-related pathologies [125].

Since double-stranded RNA and stabilized RNA stimulate different 
receptors and consequently trigger different responses, it would be useful to
compare the therapeutic activities of Ampligen to phosphorothioate oligonu-
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cleotides or condensed mRNA in the context of local (injection in tumors) or
systemic (adjuvant activity) applications. Meanwhile the development of DC-
based therapies where DCs needs to be matured in vitro by contact to a danger
signal before being reinjected offers a new therapeutic development for RNA-
based adjuvant. Maturation of DCs through TLR-3, -7, or -8 may result in the
triggering of the optimal maturation process that would allow the therapeutic
DCs to secrete the required cytokines, express the adequate costimulation
molecules, and acquire the necessary homing receptors that direct the DCs in
lymph nodes. For such application, Ampligen is being tested [126].

Lead Company: Hemispherx Biopharma, Inc.

Hemispherx Biopharma, Inc. (http://www.hemispherx.netl) is based in
Philadelphia, Pennsylvania. It develops drugs for treatment of viral and
immune diseases. Hemispherx Biopharma, Inc. produces Ampligen under
GMP conditions and evaluates its capacity as an adjuvant for anti-HIV drugs
(a phase IIb trial is ongoing in United States) or as a therapeutic against
chronic fatigue syndrome (CFS).

27.6 PRODUCTION OF RNA AND LEGAL ISSUES

Manufacturing of RNA

Oligonucleotides (<80 Nucleotides) Short RNA oligonucleotides (less than
ca. 80 bases) to be used as aptamers, antisense, ribozymes, siRNA, or adjuvants
are produced by chemical synthesis. This process guarantees that the produc-
tion is well controlled and free of any biological products. It can be upscaled
to provide the amounts of oligonucleotide necessary for all phases of clinical
trials and commercialization (with the existing suppliers, up to a ton of
oligonucleotide per year can be produced).

Several methods of synthesis exist. Each is based on the use of building
blocks that consist of nucleotides protected on reactive groups: the 5¢ and 3¢
groups as well as the 2¢ OH (Fig. 27.8a). The most popular method of chemi-
cal synthesis is the “phosphoramidite” method [127]. The building blocks are
nucleotides with an acyl protection of the amine function of the base (for A,
C, and G), a dimethoxytrityl (DMT) group to protect the 5¢-hydroxyl and a 
t-butyldimethylsilyl or a 2¢-O-triisopropylsilyloxymethyl (TOM) group to
protect the 2¢ OH. The 3¢ position has a O-phosphoramidite group. The chemi-
cal synthesis goes from 3¢ to 5¢ (reverse compared to the enzymatic synthe-
sis). The 3¢ residue of the oligonucleotide is attached on a solid support by its
3¢ end. Its 5¢ OH group will make a link with the 3¢ phosphite group of an
added building block in the presence of an appropriate activator (mostly tetra-
zole derivatives). The 5¢ protecting group of the added nucleotide will be
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Figure 27.8 Production of RNA. (a) Chemical synthesis (phosphoramidite method).
The 3¢ residue of the oligonucleotide is attached on a solid support by its 3¢ end. Its 5¢
OH group is linked with the 3¢ phosphite group of an added building block in the 
presence of an appropriate activator (mostly tetrazole derivatives). An acidic treat-
ment will release the DMT group and prepare the nascent oligonucleotide to receive
the next base. At the end of the synthesis, the oligonucleotide is released from the solid
support by basic treatment. The 2¢ protection groups are then removed by a treatment
with tetrabutylammonium fluoride or triethylamine trihydrofluoride. The fully depro-
tected oligonucleotide can be purified by HPLC. (b) Production of long mRNA by in
vitro transcription (e.g., with the T7 RNA polymerase). The recombinant plasmid tem-
plate is purified from bacteria, linearized, and in vitro transcribed to generate mRNA.
The template DNA is eliminated by treatment with DNase. The final mRNA product
can be purified by selective precipitation with LiCl or by anion exchange chromato-
graphy or by selection on size through the PUREmessenger technology.
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Figure 27.8 Continued

cleaved by acidic treatment. The oligonucleotide is ready to be elongated by
another nucleotide building group thanks to the same chain of reactions. The
full-length oligonucleotide can be released from the solid support by basic
treatment with a mixture of ammonia and methylamine (AMA), which will
also deprotect the amine function of the A, C, and G residues. Finally, the
soluble oligonucleotide is treated by tetrabutylammonium fluoride or triethy-
lamine trihydrofluoride to release the 2¢ protections group.

A recently described method uses a new class of silyl ethers to protect the
5¢-hydroxyl in combination with an acid-labile orthoester protecting group on
the 2¢-hydroxyl (2¢-ACE). This set of protecting groups is used with standard
phosphoramidite technology [128].

The fully deprotected oligonucleotide can be purified by adequate high-per-
formance liquid chromatography (HPLC) (anion exchange chromatography
or ion pairing reversed-phase chromatography).

Many companies are offering customized synthesis of RNA oligonu-
cleotides, but only few offer GMP-certified oligonucleotides: Avecia 



(Manchester, United Kingdom; www.avecia.com) can provide hundreds of 
kilograms of GMP-quality, RNA oligonucleotides per year; Girindus 
AG (Kuensebeck, Germany; www.girindus.com), CSS (Craigavon, United
Kingdom; www.css-almac.com), Lonza Ltd (Basel, Switzerland; www.lonza.
com), CureVac (Tuebingen, Germany; www.curevac.com), Ambion (Austin,
Texas, www.ambion.com), and Transgenomic (Omaha, Nebraska; www.
transgenomic.com), among others, can also produce GMP Gligonucleotides.

Long RNA (>80 Nucleotides) Messenger RNAs are always longer than 80
bases (the poly A tail being already at least 30 nucleotides). Their production
requires an enzymatic synthesis. To achieve this, a genetically engineered
plasmid DNA is used as a matrix. It contains a promoter recognized by a 
bacteriophage RNA polymerase (SP6, T7, or T3) located in front of the gene
of interest. A poly-A sequence follows the gene (it should be of at least 30 A
residues for the resulting mRNA to be recognized by the poly-A-binding
protein necessary for translation). A unique restriction site located after the
poly-A tail is used to linearize the plasmid DNA template. Through tran-
scription this matrix generates a large amount of mRNA of a defined size
(runoff transcription that stops at the site where the DNA is linearized). On
the average, a DNA template is transcribed more than 100 times during a 
1-h transcription reaction. The nucleotide mix in the in vitro transcription 
reaction contains an excess of cap nucleotide analog (N7-Me-guanosine-5¢-
triphosphate-5¢-guanosine synthesized by chemistry) over GTP (usually a
fourfold molar excess). Since the transcripts start with a G, there are statisti-
cally 80 percent of the transcripts that will start with a cap (the rest will start
with a canonical G and will not be translated). DNase treatment of the tran-
scription reaction will result in the destruction of the DNA template. The
mRNA can be separated from nucleotides, enzymes, and DNA fragments by
selective precipitation (e.g., with LiCl) or chromatography (e.g. anion
exchange). Only two companies offer customized production of mRNA at lab-
oratory quality or GMP quality: Ambion, (www.ambion.com) in the United
States (Austin, Texas) and CureVac (www.curevac.com) in Europe (Tuebin-
gen, Germany). These companies can generate GMP-certified batches of
grams of mRNA. The homogeneity of an mRNA batch is challenged by the
fact that, as is the case for oligonucleotides made by chemistry, the enzymatic
production can generate shorter or longer contaminant products:

1. Short mRNA corresponds either to abortive transcriptions or to the start
of transcription from a cryptic promoter (these alternative transcripts
may be antisense and interfere with the biological activity of the
mRNA).

2. Long mRNA that are made from traces of nonlinearized plasmids or
from an upstream or antisense cryptic promoter. Here again the conta-
minants may affect the biological activity of the mRNA.
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To solve this problem, the purification of mRNA is refined at CureVac by
an innovative chromatography step called PUREmessenger. This technology
not only removes all traces of contaminants (proteins, DNA fragments, and
nucleotides) but also allows for the isolation of mRNA according to size. Thus
shorter or longer by-products are eliminated. The so-called PUREmessenger
are the highest quality in vitro transcripts available. Unexpectedly, together
with their purity, their specific activity is increased. As shown in Figure 27.9,
when transfected into eukaryotic cells, PUREmessenger mRNA is better
translated than mRNA purified by classical methods such as precipitations,
which do not sort mRNA on size.

Regulatory Aspects (Quality Management)

RNA-based therapies, whether they use oligonucleotides or long messenger
RNA are not classified as “gene therapies.” This makes RNA-based therapies
easier to implement in the clinic compared to therapeutic formulations where
recombinant plasmids, viruses, or bacteria as well as DNA-transfected cells are
delivered to patients.

No formal guidance from the FDA (in the United States) or the European
Medicines Agency (EMEA, in Europe) is available for the production and
qualification of RNA. Just one publication addresses these points and provides
hints for GMP production of oligonucleotides [129]. In general, the quality of
the GMP RNA must be specified by the sponsor after dialog with the pro-
ducer and in agreement with the relevant authorities.

Aside from the usual final quality controls performed on any pharmaceu-
tical ingredient (sterility, residual solvents, heavy metals, endotoxin content,
pH, appearance), two particularly delicate characteristics of the final RNA
batch must be measured: purity and identity. These two aspects are discussed
below. Additionally, a biological activity test should be implemented when
possible (e.g., testing the activity of an aptamer or of a siRNA duplex in vitro
using biochemical tools or cell culture methods).

Purity Measuring the purity of the RNA includes two levels of analysis that
must answer two different questions. First, are there any products other than
RNA in the preparation (endotoxin, microorganisms, proteins, lipids, DNA)?
Second, is my RNA contaminated with some other forms of RNA: shorter,
longer RNA, or RNA that does not have the expected modifications (e.g., Cap
structure, 2¢ substitions, phosphorothioate backbone)? The first point is easily
addressed with standard tests performed on any active pharmaceutical ingre-
dient (API). The tests are available from many companies and are compat-
ible with the chemical nature of RNA. The second point is much more diffi-
cult to quantify. The analytical methods available will more or less detect the
contaminating RNA. Because RNA molecules are complex structures, a
certain amount of RNA contaminants will remain whatever purification
methods are used. The apparent quality of a RNA batch depends on the tests
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Figure 27.9 PUREmessenger. In (a) is shown the chromatography profile of an in
vitro transcript coding for EGFP (raw product). The same product is shown on a gel
electrophoresis analysis in (b), track 1. The mRNA contained in the main peak of the
chromatograph was recovered and analyzed on the gel electrophoresis shown in (b),
track 2. This PUREmessenger mRNA is free of smaller and longer transcripts. The
primary transcripts shown in track 1 and the PUREmesseger product shown in track
2 were transfected by electroporation in BHK cells. Eighteen hours later, the expres-
sion of EGFP was measured by FACS analysis. The results are shown in (c). The filled
blue line is the negative control: Mock-transfected cells; the gray line reports the 
fluorescence of BHK cells transfected with the raw product; and the darker line reports
the fluorescence of BHK cells transfected with the PUREmessenger product.
PUREmessenger mRNA are free of any contaminants, and they are more efficient than
nonpurified mRNA for protein expression.

1295



performed, the methods used, their sensitivity, and the degree of tolerance.
This qualification will follow rules mainly defined together by the customer,
the provider, and the relevant legal authorities. The limits of purity should not
be too stringent in order to produce large amount of therapeutic RNA for rea-
sonable costs.

Oligonucleotides As far as purity of an oligonucleotide batch is concerned,
mass spectrometry analysis is a gold standard. The mass of the product(s) con-
tained in the preparation are identified and, ideally, the only detectable mass
is the one of the desired RNA oligonucleotide. However, a certain amount of
contaminants will always be present. HPLC preparations can remove most of
the shorter or longer contaminating oligonucleotides but not all. For example,
N-1 oligonucleotides are usually still detectable (N-2 and N+1 oligonucleotides
can also be present). In collaboration with the authorities in charge of API in
his country, the sponsor who uses the oligonucleotide in the clinic needs to set
limits of impurities that can be contained in his GMP-quality oligonucleotide.
Ideally, the contaminants detected by mass spectrometry should all be 
characterized (sequence, structure). Additional analytical methods such as
polyacrylamide gel electrophoresis (PAGE) analysis, capillary electrophoresis,
HPLC profile, and nuclear magnetic resonance can also be performed. The
more methods, the more contaminants will be detected. For each technique,
the sponsor must set limits of purity that are acceptable. Purity of up to 99
percent (HPLC profile) can be reached but requires a very stringent purifica-
tion (high loss of material). Usually purities higher than 96 percent (HPLC
profile) are accepted for clinical tests. This limit can be set lower for modified
oligonucleotides. For example, phosphorothioate backbone modifications
made during synthesis by oxidation after each coupling step are not performed
at 100 percent. Consequently, some nucleotide bonds will remain phosphodi-
ester. These contaminants are difficult to eliminate by HPLC quantitatively
and will be detected by mass spectrometry. Thus, depending on the length and
number of bonds that must be modified, the final oligonucleotide batch may
contain more than 5 percent of oligonucleotides that miss one or several phos-
phorothioate bonds. Moreover, isomeric forms of the molecules coexist. For
example, in a phosphorothioate oligonucleotide, a mixture of Sp and Rp

isomers are formed (no method to chemically produce chirally pure phos-
phorothioate oligonucleotides is available). This isomeric heterogeneity may
give complex HPLC profiles where the biologically active product is contained
in several peaks. The regulatory authorities are usually well aware of these
limits in the production and purification of oligonucleotides. A close col-
laboration between the sponsor, the manufacturer, and the authorities is 
necessary to fix the set of analytical methods and the degree of acceptance of
impurities in the oligonucleotide preparation dedicated to clinical use.

Messenger RNA Since mRNA is produced with biological tools and requires
DNA as a template, the first purity controls to be done on a mRNA batch
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together with standard tests performed on any API (sterility, residual solvents,
heavy metals, endotoxin content, pH, appearance) are the detection of conta-
minating DNA or proteins. The detection of DNA can be done by PCR or
real-time PCR with primers specific for bacterial genomic DNA (the enzymes
are produced from bacteria and the DNA matrix for transcription is usually
produced from bacteria), plasmid DNA (when transcription is performed
using a plasmid template), or PCR products (when the transcription is made
from a PCR template, e.g., in the case of libraries). No amplicon should be
detectable with 30 cycles of PCR performed on 10ng of the mRNA batch.
The detection of residual proteins can be made using a standard Bradford
assay.

In addition, the purity of a defined mRNA (a single defined sequence)
should be demonstrated by formaldehyde agarose gel electrophoresis analy-
sis or ion-pair reverse-phase HPLC [130]. If a certain amount of in vitro tran-
scribed product (more than 2mg) is run in a gel with 0.5-cm slots, a certain
amount of longer or shorter transcripts will usually be detectable [visualized
by ultraviolet (UV) illumination of the ethidium bromide stained gel]. They
should be characterized (purified, reverse transcribed, and sequenced) or,
better, discarded during production using a purification method such as
PUREmessenger from CureVac (Tuebingen, Germany). The sponsor, together
with the producer and the relevant authorities, must fix the limit of detection
of these longer and shorter transcript contaminants.

When mRNA libraries are needed (antitumor vaccination [115]), purity
controls may be limited to the standard tests: sterility, residual solvents, heavy
metals, endotoxin content, pH, appearance, together with detection of conta-
minating DNA and proteins.

Identity The main hurdle in GMP RNA production is to prove the identity
of the molecules contained in the final batch. A general identity test can be
simply asking “Is there RNA in the preparation?” The answer lies in the sen-
sitivity of the product to purified RNases. An incubation of RNA molecules
with RNases should result in the complete disappearance of the nucleic acid
as evidenced by the relevant analytical method (mass spectrometry, PAGE or
formaldehyde/agarose gels, depending on the size of the RNA). Modified
RNA that are very resistant to RNases may, however, not be suitable for such
an identity test.

In addition to this general test, further precise identity tests may be required
by the authorities especially in phase III clinical trials and thereafter. They are
discussed bellow.

Oligonucleotides As far as the sequence of the oligonucleotides is concerned,
mass spectrometry can be used. It gives, of course, a very good indication of
product identity: The measured mass of the dominant product should be
exactly the predicted mass of the oligonucleotide. It does not, however, prove
the identity of the RNA: Two RNA with the same A, C, G, and U content but
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different sequences will have the same mass. The sequencing of the oligonu-
cleotide can be achieved by partial degradation of the molecule with exonu-
cleases and mass spectrometry analysis of the resulting fragments. The mass
difference between the initial oligonucleotide and the smaller degradation
fragments (N-1, N-2, etc.) will indicate precisely which base is at each position.
Performing this analysis separately with a 5¢-exonuclease (phosphodiesterase
II from bovine spleen) and a 3¢-exonuclease (phosphodiesterase I from Cro-
talus adamanteus) allows confirmation of the entire oligonucleotide sequence
in the batch. Again, such analysis may be difficult when the oligonucleotide
contains chemical modifications that render it resistant to RNase degradation.
For oligonucleotides with phosphorothioate backbones and/or DNA–RNA
chimers similar enzymatic degradation methods followed by mass spectrome-
try analysis can be evolved to confirm the oligonucleotide’s sequence and
structure.

Fragmentation without enzymatic degradation can be performed by elec-
trospray tandem mass spectrometry. The amount of fragments obtained with
such a method makes the analysis difficult but may result in the confirmation
of the oligonucleotide’s sequence in a single experimental setup.

Manufacturers of GMP oligonucleotides have developed and qualified cus-
tomized analytical methods. In conclusion, thanks to a combination of enzy-
matic tests and mass spectrometry measurements enabling a precise analysis
of oligonucleotide’s sequence and structure, it is now possible to confirm its
identity. Since each oligonucleotide has a specific structure (sequence,
modifications, DNA/RNA chimera, etc.), customized identity tests are
required.

Messenger RNA Formaldehyde agarose gel electrophoresis analysis that is
used to check the purity of the mRNA batch will also give information as to
the identity of the mRNA. Compared to a defined RNA ladder (that must be
qualified), the dominant product should have the expected size. Estimation of
the size of an mRNA on a gel electrophoresis has an imprecision of ca. 10
percent of the length: a 1-kb fragment will be recognized as an RNA longer
than 900 bases and shorter than 1100 bases. In this example, if the product is
less than 900 bases or longer than 1100 bases, the gel electrophoresis analysis
will allow the producer to recognize a problem in mRNA identity. Due to its
relatively low precision, this analysis hints at the correct identity of the mRNA
but provides no proof. A more precise identity test is possible after reverse
transcription of the mRNA followed by PCR amplification with primer
designed to recognize specifically the expected cDNA. This test will prove that
at least the expected RNA sequence was present in the mRNA batch. It will,
however, not demonstrate that all RNA molecules in the batch have the
expected sequence. The cloning of the reverse transcribed product into a
plasmid, followed by sequencing of randomly picked clones will demonstrate
that virtually all RNA molecules contained in the batch have the expected
sequence. This test is available but difficult to qualify at a GMP level. Never-
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theless, it can be used if the regulatory authorities request an accurate iden-
tity check of the mRNA molecules contained in a GMP batch.

As far as mRNA libraries are concerned, no sequence identity test can be
performed. On a formaldehyde/agarose gel electrophoresis the library should
appear as a smear of fragments from 400 to 6000 bases with a maximum inten-
sity around 1.5kb (running 3mg of mRNA in a 0.5-cm broad slot). Eventually,
functional studies of the library can be undertaken: reverse transcription,
cloning, and sequencing to confirm that most mRNA contained in the library
is full-length mRNA or in vitro translation followed by Western blot analysis
with antibodies specific for some housekeeping proteins to demonstrate 
that known proteins are translated from the mRNA batch. Again the 
relevance/cost ratio of these analyses must be set by the customer together
with the local authorities.

A specific test necessary to qualify mRNA is the quantification of mol-
ecules that contain the 5¢ cap structure. Theoretically, from the in vitro tran-
scription setup, 80 percent of the molecules should contain the cap (usual 
cap :GTP ration is 4 :1). Functionally, this structure is extremely important:
The mRNA would not be translated into protein without the 5¢ cap structure.
Consequently, a test quantifying the percentage of capped molecule is
required to qualify a GMP mRNA batch. To achieve this, some methods (cor-
porate know-how, not publicly available) have been developed and validated
by the two providers of GMP mRNA, Ambion (Austin, Texas) and CureVac
(Tuebingen, Germany).

To conclude on the identity tests for mRNA, several methods exist to par-
tially or accurately verify the sequence and functionality of the mRNA. Here
again, the methods, the limit of sensitivity, and accuracy must be decided by
the customer and the relevant authorities.

27.7 CONCLUSION AND PERSPECTIVES: RNA-BASED
THERAPIES OF THE FUTURE

Aptamers, ribozymes, siRNA, immunostimulating RNA, and mRNA are as
many tools that have proven in pre clinical and clinical studies to be effective
against a wide variety of diseases. Production of these molecules is available
at large scale and in GMP quality. The first RNA oligonucleotide that reached
the market (Macugen, Eyetech) has proven the pharmaceutical potential of
RNA and has paved the way for qualification and large-scale production of
RNA.

Most diseases with unmet medical needs can be addressed by one or several
therapies based on RNA. Cancer-related diseases, for example, may be treated
by one or a combination of RNA therapies. It could consist in an antitumor
vaccine (based on mRNA together with immunostimulating RNA) and/or spe-
cific inhibitors of oncogen production (ribozymes or siRNA specifically block-
ing the expression of growth factors) and/or aptamers that would recognize
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tumor cells and induce their neutralization or destruction. Similarly, the spread
of infectious diseases such as AIDS or malaria may be prevented (mRNA-
based vaccines) or treated (mRNA-based vaccines plus eventually aptamers
and siRNA or ribozymes) with RNA-based therapeutics.

Although the 1990s were dominated by the development of DNA-based
therapies (plasmid DNA, recombinant viruses, transfected bacteria, or cells),
the future clearly will rely on the safe and versatile pharmaceutical use of
RNA. As the source of life 4.2 billion years ago, RNA is now regarded as a
base for future therapies dedicated to improving and saving lives.
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28.1 INTRODUCTION

The response of solid tumors to therapy is traditionally measured by changes
in tumor volume over the course of treatment. Because of its high spatial 
resolution and contrast in soft tissues, magnetic resonance imaging (MRI) 
provides an informative noninvasive approach to measuring tumor volumes.
Additionally, nonspecific low-molecular-weight paramagnetic contrast agents
(such as GdDTPA) can be used to derive perfusion characteristics of the
lesion.

Novel therapeutic strategies often deviate from traditional cytotoxic
chemotherapy as they do not directly kill tumor cells. As a result, tumor
volume alone is no longer the ultimate response parameter. For example, one
novel paradigm in tumor treatment is antiangiogenic therapy that targets
tumor neovasculature. In this case treatment response can be best assessed
from changes in tumor vascular parameters. Standard morphological 
MRI cannot detect these functional physiological parameters, and the appli-
cation of dynamic MRI with appropriate contrast agents is required to deter-
mine the status of tumor vascularization. For example, dynamic MRI using a
high-molecular-weight contrast agent enables quantitative measurements 
of tumor blood volume and vascular permeability surface area product and
has been demonstrated to detect tumor response to antiangiogenic 
therapy [1]. Changes in the concentration of tumor metabolites detected by
magnetic resonance spectroscopy (MRS) can also be an early marker of 
tumor response to conventional chemotherapy prior to changes in tumor
volume [2, 3]. In vivo MRS might be a method of choice to detect early 
apoptotic events [4, 5] as well as tumor response to noncytotoxic (cytostatic)
chemotherapy. In the latter case the lack of the tumor response to the therapy
can be promptly addressed by switching to a more aggressive form of 
treatment.

Target-specific tumor therapy (based, e.g., on humanized monoclonal anti-
bodies) is another important development in cancer treatment. The identifi-
cation of a subpopulation of tumors that express therapeutic targets (such as
cell surface receptors) and the monitoring of their status during treatment can
help to optimize the therapeutic regimen and to improve cure. MRI with
highly specific contrast agents (CA) can help to image these targets noninva-
sively with high spatial and temporal resolution. In the next section we present
a brief overview of available contrast agents and the general mechanisms of
contrast enhancement in MRI.
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28.2 CONTRAST AGENTS AND MECHANISMS OF CONTRAST
ENHANCEMENT IN MRI

The intensity of MR images typically depends upon the concentration of res-
onating nuclei (protons) in the sample and on their relaxation parameters.
Relaxation processes that contribute to the measured signal can be described
as T1, T2, and T2* relaxation [6]. Relaxation contrast agents that modify these
relaxation rates are classified as “T1 agents” or “T2 (T2*) agents,” respectively.
T1 contrast agents provide a positive contrast or increased intensities in T1-
weighted MR images. T2 or T2* contrast agents provide a negative contrast
or reduced signals in T2 or T2* weighted MR images, respectively. To simplify
our discussion we have combined T2 and T2* contrast agents as one group,
discussing them separately only when necessary as a critical parameter for the
method. The parameter relaxivity is used to define the effectiveness of a T1
or T2 relaxation CA. For CA based on paramagnetic metals, it is defined as a
reciprocal of changes in T1 or T2 relaxation time per unit concentration of the
metal (mM·s)-1. T1 and T2 relaxation processes are based on similar mole-
cular mechanisms and most CA affect both T1 and T2 relaxation times. The
classification of CA as T1 or T2 agents is therefore conditional and simply
means that a particular CA under a certain set of experimental conditions will
predominantly alter the T1 or T2 relaxation time.

T1 Contrast Agents

The important advantages of T1 relaxation agents for in vivo application are
(1) the long precontrast tissue T1 relaxation time of about 1.7 s and (2) the pos-
itive contrast (or signal enhancement) generated by the agent in MR images.
The majority of T1 contrast agents currently used both in the clinic and 
in animal studies are chelate complexes of paramagnetic metal ions 
such as Gd(III), Mn(II), or Fe(III). Several stable complexes of Gd(III) includ-
ing linear GdDTPA (diethylenetriaminepentaacetic acid) and cyclic GdDOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) chelates are extra-
cellular low-molecular-weight compounds with high T1 relaxivity and are the
only class of paramagnetic CA approved for clinical use. Typical examples of
low-molecular-weight Gd-based agents include Gadoteridol, Gd-HP-DO3A
(Prohance), Gadopentate dimeglumine, Gd-DTPA (Magnevist), Gadoverse-
tamide (Optimark), and Gadodiamide, Gd-DTPA-BMA (Omniscan).

To improve the T1 relaxivity and to prolong the plasma lifetime of the agent,
multiple Gd chelates can be attached to a single polymeric backbone molecule.
The resulting complexes have a longer circulation time and increased relaxiv-
ity that is advantageous for a range of clinical applications, although the poten-
tial toxicity and induction of immune response to the polymeric carrier remain
to be determined. Several gadolinium-based macromolecular imaging plat-
forms have been designed and tested in preclinical models. Protein–Gd com-
plexes include albumin–Gd conjugates, which are classic prototypes for
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intravascular imaging agents [7, 8]; poly-l-lysine–Gd [9, 10], avidin–Gd [11], as
well as direct mAb–Gd conjugates [12, 13]. Polyamidoamine (PAMAM) den-
drimers of different generations have also been used as a carrier for multiple
Gd groups [14, 15]. For targeted intravascular imaging, several classes of very
large molecular weight agents labeled with a high number of Gd atoms have
been developed including cross-linked liposomes and nanoparticle emulsions
[16, 17]. The typical molecular weight and the size of polymer Gd chelates
varies from about 80kD for protein-based agents to several million daltons for
polymerized liposomes and emulsions with molecular diameters up to 200nm.
T1 relaxivity of macromolecular Gd complexes strongly depend on the B0 mag-
netic field as well as on the rotational and tumbling correlation times of the
complex. For targeted CA the correlation time can change significantly if the
complex is immobilized by specific binding to the target receptor. The reported
T1 relaxivity of the macromolecular CA ranges from 12 (mM·s)-1 for 200-nm
nanoparticle emulsion at B0 = 4.7T [16] to 36 (mM·s)-1 for generation-nine
PAMAM dendrimers [14] at 20MHz and 80 (mM·s)-1 for MS-325 bound to
albumin [18]. The relaxivity of a macromolecular Gd polychelate per unit con-
centration of the polymer increases linearly with the number of gadoliniums,
as long as two Gd ions are separated by a distance that is much longer then a
characteristic diffusion radius of water molecules. For a typical contact inter-
action between a water molecule and a metal ion of 100ps and water diffusion
coefficient of 10-5 cm2/s, the minimal distance between adjacent Gd ions should
be larger than about 100Å. If this condition is fulfilled, then the T1 relaxivity
of these agents (per unit concentration of the metal) should not depend on the
number of attached gadolinium ions. Indeed the measured T1 relaxivity of
albumin GdDTPA complexes with a labeling ratio changing in the range of 9
to 18Gd per albumin globule remains close to 12 (mM·s)-1 at 10.7MHz [8].

T2 Contrast Agents

Contrast agents that increase T1 relaxation and accordingly reduce T1 relax-
ation time also change T2 relaxation as T2 is always shorter than T1. In fact
all T1 agents discussed in the previous section can also act as T2 CA. However,
because in a typical in vivo situation the inherent T2 relaxation time is signifi-
cantly shorter (by an order of magnitude) than the corresponding T1 relax-
ation time, these agents induced dramatically more significant changes in T1
relaxation of the sample.

T2 contrast agents typically possess higher magnetic moments in compari-
son with T1 CA, and, because of their larger molecular size, they have corre-
spondingly longer correlation times tc. This high magnetic moment makes
them efficient at reducing T2 relaxation time and the relatively long tc reduces
their effects on T1 relaxation time. T2 MR contrast agents usually consist of
a superparamagnetic iron-oxide core that generates a macroscopic magnetic
moment of the aligned electronic moments (so-called Curie spin [19]). This
magnetic moment gives rise to strong local gradients of magnetic field that
efficiently dephase nearby protons in an area much larger than the size of the
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magnetic particle [19]. Inhomogeneous line broadening induced by these
agents also results in a significant shortening of T2* relaxation time. However,
because of the very short inherent T2* in biological systems at high magnetic
fields B0, in the majority of in vivo applications T2 contrast enhancement is
measured. Smaller superparamagnetic CA can also serve as efficient T1 con-
trast agents at low B0 of about 1.5T, where tc

-1 of the CA molecule is close to
the proton magnetic resonance frequency.

The magnetic core of T2 CA usually consists of monocrystalline (MION)
or polycrystalline (SPIO) iron oxide with a diameter of 5 and 30nm, respec-
tively. To improve the stability and biocompatibility of the complex, the core
is coated with a polymer such as dextran or other polysaccharide resulting in
a total particle diameter of 17 to 50nm. Dextran-coated cross-linked iron
oxide nanoparticles (CLIO) can be easily modified by functionalizing surface
groups in the dextran coating [20]. Alternatively, the magnetic core can be
embedded into a unilamellar liposome vesicle (magnetoliposomes [21]). Mag-
netodendrimers are CA with a superparamagnetic iron oxide core encapsu-
lated within a dendrimer superstructure [22, 23].

An important feature of the iron-oxide-based CA is their high T2 relaxiv-
ity, which depends upon the size of the superparamagnetic core. The T2 
relaxivity of the ultrasmall monocrystalline superparamagnetic iron oxide
(MION-46L) with a diameter of the magnetic core of 4nm (2046 Fe atoms) is
close to 20 (mM·s)-1 at 1.5T magnetic field and 25°C [24]. SPIO particles with
iron core diameter of 16nm have the typical T2 relaxivity at 1.5T of about 
240 (mM·s)-1. For comparison the T1 relaxivity of these compounds at 1.5T
magnetic field is below 10 (mM·s)-1 [25].

Relaxation Properties of Main Classes of CA

Relaxation and molecular properties of different MRI agents suitable as plat-
forms for development of targeted CA for MR molecular imaging are sum-
marized in Table 28.1. MR molecular imaging presents unique challenges to
researchers because of the inherently low sensitivity of MR detection (Gd con-
centrations in tens of micromolars) and the typically low number of imaging
targets per cell. To design CA with the highest relaxivity per CA molecule, it
is necessary either to use a large iron oxide core or large polymer carriers com-
plexed with multiple Gd groups. The large molecular size prevents the effi-
cient delivery of the agent to the imaging site because of slow extravasation
and restricted diffusion of the large CA through the tumor interstitium. This
problem may be less important for MRI of tumors with highly permeable vas-
culature [26] and is not relevant for imaging of molecular targets in the lumen
of blood vessels such as the vascular endothelium [16, 17].

28.3 MRI OF TUMOR VASCULATURE AND VASCULAR TARGETS

Mechanistic approaches to characterizing the tumor vasculature include mea-
surements of the following vascular parameters: tumor blood flow, tumor 
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vascular volume, and vascular permeability. A traditional approach to quantify-
ing tumor vasculature is by histological evaluation of tumor microvessel density
(MVD) [27]. Histological methods, however, do not provide information about
the functionality of the vasculature that is known to be partly, permanently, or
intermittently collapsed in tumors [28, 29]. Dynamic contrast-enhanced 
MRI provides an alternative noninvasive approach to determine some of these
parameters, and we will discuss several applications of dynamic MRI in the 
following section. Imaging of vascular endothelium receptors that are unique
for the tumor neovasculature such as selectins or integrins is yet another area
where MRI with targeted contrast agents was successfully used in preclinical
tumor models. This molecular MRI approach may facilitate early detection 
of the malignant growth and/or identify molecular targets for therapeutic 
intervention.

Low-Molecular-Weight Contrast Agents (GdDTPA)

Dynamic MRI studies of tumors with low-molecular-weight CA were per-
formed in several tumor types including breast [30], brain [31], and uterine
tumors [32]. GdDTPA is the most widely used Gd-based paramagnetic 
contrast agent. In the following sections we will use this generic name for
general low-molecular-weight CA. The dynamic parameters derived from
tracer kinetic analyses of these experiments, together with the assumptions
made, have been discussed in several excellent studies [33, 34]. Generally, these
agents are not freely diffusible; therefore, it is not possible to quantify tumor
blood flow based on the two-compartment Kety model [35]. GdDTPA con-
trast agents rapidly extravasate from the leaky tumor vasculature, and the first-
order kinetic constant defined as a transfer coefficient between the blood
plasma compartment and the tumor interstitium is therefore affected by insuf-
ficient tumor perfusion (flow-limited regime) and generally depends on both
PS (vascular permeability surface area product) and blood flow [36].

In bolus tracking experiments GdDTPA is injected at high doses, and
the difference in magnetic susceptibility between blood vessels and extravas-
cular space results in local magnetic field gradients or inhomogeneity broad-
ening effects. These local gradients generate T2 or T2* contrast in spin echo
or gradient echo imaging, respectively. Kinetic analysis of the dynamic sus-
ceptibility contrast in bolus tracking experiments provides a means to deter-
mine regional blood volume (rBV). While this approach is feasible for
measurements of cerebral blood volume [37], its application to tumors is
limited by the leakage of the low-molecular-weight CA across highly perme-
able tumor vasculature. Increased concentration of the CA in the tumor inter-
stitium tends to attenuate local susceptibility gradients, and the experimental
data have to be corrected for the leakage effects [38]. T2 and T2* dynamic
MRI is also sensitive to the caliber of tumor vasculature, and appropriate
experiments can be used to characterize micro- and macrovasculature in the
tumor [37, 39–42].
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High-Molecular-Weight Contrast Agents

A generic high-molecular-weight contrast agent is one in which serum albumin
is conjugated to multiple GdDTPA groups using free amines on the surface of
the polymer globule [43]. This CA is characterized by a long plasma half-life
(about 2h), and after initial equilibration period (about 3min in mice) its blood
concentrations remain constant for at least 40min after an intravenous bolus
injection [1]. The CA slowly leaks across the tumor vasculature, and tissue con-
centrations of CA increase linearly with time. Simple linear kinetic analysis of
albumin–GdDTPA concentration as a function of time is sufficient to quantify
tissue blood volume (from extrapolation of kinetic curve to time t = 0min) and
permeability surface area product, PS, from the slope of the line [7]. Typically
albumin–GdDTPA tissue concentrations are determined from changes in T1
relaxation time under assumption of fast exchange of water moleculaes
between blood, interstitium, and cellular compartments. Intermediate to slow
water exchange can result in underestimation of vascular volume and PS [44].

High-molecular-weight CA extravasate from the leaky tumor vasculature
at a relatively slow rate as compared to small molecular weight CA such as
GdDTPA. Therefore, their in vivo kinetic is (1) sensitive to a wide range of
PS present in solid tumors and (2) can be modeled using a simple linear kinetic
model [45]. The utility of this method was demonstrated for imaging of breast
and prostate cancer models preselected for different metastatic potential.
More metastatic tumors were generally characterized by increased tumor 
vascular volume and PS [7]. We recently also investigated the effect of the
antiangiogenic agent TNP-470 on tumor vascular characteristics using MRI
[1]. TNP-470 is a fumagillin derivative and its antiangiogenic effects are
thought to be due to inhibition of endothelial cell proliferation [46].

Representative vascular volume and permeability data obtained for a pair
of volume-matched control and treated tumors are shown in Figures 28.1 and
28.2. Treatment with TNP-470 resulted in a significant decrease in the perme-
able and vascular regions within the tumors. However a “compensatory”
increase in levels of vascular volume and permeability was also apparent in
some regions of the treated tumors and demonstrate the critical importance
of imaging techniques that provide spatial information in determining the
effects of antiangiogenic therapy.

Molecular Imaging of Tumor Neovasculature

Tumor growth depends on the establishment of new vasculature recruited
from the host through the process of angiogenesis [47, 48]. This neovascula-
ture is characterized by the expression of specific molecular markers such as
avb3 integrins. In adults these markers are mostly localized to the site of active
angiogenesis and therefore can be used as targets for imaging tumor neovas-
cularization with low background from quiescent mature vasculature [49].

One successful strategy for MRI of vascular molecular epitopes is based on
using high-affinity functionalized MR contrast agents directed against a spe-
cific target. Selective retention of the CA by the target and clearance of the

1316 NOVEL IMAGING AGENTS FOR MOELCULAR MR IMAGING OF CANCER



unbound “free” agent generates measurable contrast in the image. Highly spe-
cific targeting can be achieved by attaching the imaging probe to monoclonal
antibodies (mAb) or mAb fragments, adapter proteins, and/or synthetic
polypeptides with high specific binding to the target. The intrinsically low sen-
sitivity of MRI and low concentrations of molecular targets require using CA
with the highest available relaxivity. The accessibility of molecular targets in
the tumor vasculature allows the use of large contrast agents with molecular
size of up to 1mm. Molecules of CA are delivered within the bloodstream and
reach and bind the target site without extravasation and/or diffusion across
tissue barriers.

E-selectin, a proinflammatory marker of endothelial cells, is expressed in
proliferating endothelium and can be a marker of tumor neovasculature [50].
An MR molecular imaging agent specific for E-selectins was developed by
Kang et al. [50] and is a molecular conjugate between CLIO iron oxide par-
ticle and mAb F(ab)2 fragment specific for the protein. MRI of endothelial
cells in culture demonstrated strong retention of the contrast agent by the cells
stimulated to express E-selectins [50].

avb3 receptors are expressed in the vascular angiogenic endothelium [16,
17]. avb3 receptors were imaged in vivo in the neovasculature of a rabbit tumor
model with paramagnetic polymerized liposomes [17] and in the rabbit bFGF-
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Figure 28.1 Triplanar views of three-dimensional reconstructed maps of (a) vascular
volume, (b) permeability, and (c) hematoxylin and eosin-stained histological sections
for a control MatLyLu tumor (volume 405 mm3).

(a) (b)
(c)

Figure 28.2 Triplanar views of three-dimensional reconstructed maps of (a) vascular
volume, (b) permeability, and (c) hematoxyline and eosin-stained histological sections
for a MatLyLu tumor treated with TNP-470, 30 mg/kg every second day, total dose 
90 mg/kg (volume 395 mm3).



induced corneal micropocket model using Gd-perfluorocarbon nanoparticles
[16]. These imaging nanoparticles were targeted to the receptor by mAb cova-
lently bound or attached via biotin-avidin linkers, respectively. More recently
avb3 receptors were imaged in Vx-2 rabbit tumor model by targeted Gd-
perfluorocarbon paramagnetic nanoparticles functionalized with a avb3-
integrin peptidomimetic antagonist selected for high-affinity binding to the
receptor [51]. MRI was performed on a standard clinical 1,5T scanner and
demonstrated potential feasibility of the method for clinical translation 
(Fig. 28.3).

28.4 MRI OF TUMOR CELL SURFACE RECEPTORS

MR Molecular Imaging of Isolated Cells

Isolated cells in culture can be used as a test bed for identification of the poten-
tial tumor targets for imaging and/or therapy and for the development of
surface receptor specific MRI contrast agents. Additionally, cell surface recep-
tor CA systems can be used for long-term labeling of the cells for cell track-
ing MR application as an alternative to loading of cells with intracellular CA
(discussed in next section). Caution should be exercised in the extrapolation
of imaging results obtained in isolated cell to in vivo studies. Contrast agent 
pharmacokinetics, delivery properties, and stability in vivo can be determin-
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Figure 28.3 Enlarged section of T1-weighted MR image showing implanted Vx-2
tumor. Yellow overlay indicates MRI signal enhancement 120 min postinjection of avb3-
targeted nanoparticles. MRI enhancement was predominantly, although not exclu-
sively, asymmetrically distributed along the tumor periphery proximal to blood vessels
and tissue fascial interfaces (white arrows). From [51].



ing factors for imaging efficiency in animal models and eventually in clinical
applications.

In cultured cancer cells the surface receptors are entirely accessible for
labeling with large molecular probes as in the case of endothelial cell recep-
tors discussed above. The most efficient probes, as seen from Table 28.1, are
iron-oxide-based CA as they provide the highest T2 relaxivity per mole of the
compound. This group of CA includes SPIO, MION, CLIO, and magnetoden-
drimer nanoparticles. Chemical conjugation of the superparamagnetic iron
oxide particle with mAb or mAb fragments provides selective binding of the
CA to the target receptor on the cell surface. Original reports on using func-
tionalized SPIO nanoparticles as MR receptor imaging agent were published
in the 1990s [52, 53]. A multistep protocol based on biotinylated primary mAb,
streptavidin, and biotinylated dextran-coated SPIO nanoparticles was pro-
posed for imaging of lymphocytes with the mAb directed against the lym-
phocyte common antigen [54]. A two-step labeling method was also used to
image HER-2/neu receptors expressed on the surface of malignant breast
cancer cells using biotinylated Herceptin mAb and streptavidin-conjugated
SPIO nanoparticles [55]. The results presented in Figure 28.4 demonstrate a
significant negative T2 contrast in the HER-2/neu expressing cell layers. The
highest contrast was detected in AU-565 cells expressing 2.7 ¥ 106 recep-
tors/cell and the lowest in MDA-MB-231 cells with 4 ¥ 104 receptors/cell. The
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(a) (b) (c)

Figure 28.4 MRI of breast cancer cells. (a–c) Demonstrate the layout and MR images
of cell samples consisting of layers of AU-565, MDA-MB-231, and MCF-7 cells embed-
ded in agarose gel in a 5-mm NMR tube. Cells were pretargeted with biotinylated 
Herceptin and a nonspecific biotinylated mAb (negative control), and probed with
streptavidin SPIO microbeads. T2 maps of the cell samples were reconstructed from
eight T2-weighted images acquired with RD of 8s and TE in the range 20 to 250 ms. A
T2 map of a cell sample probed with Herceptin is shown in (b) and the control cell
sample treated with a nonspecific biotinylated mAb is shown in (c). Adapted from [55].



experimental data suggest a linear dependence between 1/T2 relaxation rate
and concentration of the target sites for the SPIO-based CA [55].

Human engineered tranferrin receptor (ETR) was imaged in cancer cells
using a conjugate of transferrin and MION nanoparticles [56, 57]. The CA was 
accumulated in ETR+ expressing cancer cells by internalization through
receptor-mediated endocytosis mechanism.

A significant advantage of the iron-oxide-based CA is their high T2/T2*
relaxivity that produces strong negative MR contrast already at nanomolar
concentrations of the CA and provides sufficient sensitivity to detect cell
surface receptors expressed at relatively low levels (<104 receptors/cell).
However, the relatively large molecular size (>30nm) of the superparamag-
netic iron-oxide-based CA is a potential problem for in vivo applications, as
discussed in the next section.

In Vivo MR Molecular Imaging of Receptors in Cancer

In this section we present a concise review of MRI results obtained in vivo in
preclinical systems. These results may be considered as preliminary steps
toward translation of the methods to clinical use. When translating these ap-
plications to the bedside, in contrast to nuclear imaging, molecular MRI
encounters problems. These are primarily associated with safety issues due to
potential toxicity and the triggering of the immune response by high doses of
targeted CA, which need to be administered to produce sufficient contrast. On
the other hand results obtained in animal systems do have intrinsic impor-
tance. They can provide insights in tumor biology, the tumor microenviron-
ment and response to various stresses that essentially require in vivo
longitudinal studies. These results can also be important for the rational design
of novel anticancer treatments.

Gd-Based Contrast Agents We start our discussion with early attempts of in
vivo MRI of various cell surface molecular targets in solid tumors using
approaches similar to standard nuclear imaging protocols with radiolabeled
mAb. To this end monoclonal antibodies were labeled with GdDTPA chelates,
and reports on the use of the GdDTPA-mAb appear in the literature since
1985 [13, 58, 59]. Generally, these experiments produced discouraging results
due to the low sensitivity of MR detection and limited contrast produced by
insufficient concentration of the CA [58]. Many of these early studies also 
did not include appropriate control experiments. In comparison to nuclear
imaging where nanomolar concentrations of immunoradioisotopes can be rou-
tinely detected in tumors, MRI detection requires concentrations of Gd above
approximately 10 mM. Not more than 10 to 15Gd complexes can be attached
per antibody without significant reduction in the binding affinity [10]. There-
fore, building a sufficient concentration of Gd at the target site is problematic
if direct labeling of mAb with Gd is used. In a more recent study, Shahbazi-
Gahrouei et al. reported on the ex vivo relaxometry of human MM-138
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melanoma xenografts probed in vivo with antimelanoma GdDTPA-mAb [12].
These studies were performed with ex vivo MR at high magnetic field, with a
high molar ratio of Gd to mAb. It is not clear that similar specific signal
enhancement can be achieved in a typical in vivo MR setup.

The most straightforward way to increase the number of GD groups per
mAb is to conjugate the antibody to a polymer carrier that is decorated by
multiple Gd groups via an appropriate molecular linker. Antimucin mAb con-
jugated to poly-l-lysine-GdDTPA with a labeling ratio of 65Gd ions per 
molecule were developed for imaging of mucinlike protein expressed in many
types of gastrointestinal carcinomas [10]. The molecular weight of the conju-
gate was about 200kDa, which may restrict its delivery to solid tumors. Konda
et al. reported the development of a folate-conjugated dendrimer complexed
with GdDTPA [60]. A fourth-generation PAMAM was used as the imaging
platform for targeted MRI, and initial results were obtained for human folate
receptor expressing ovarian tumor xenografts grown in nude mice [60].

Iron-Oxide-Based Contrast Agent Two quite different modes of application
of iron-oxide-based CA were proposed for in vivo MRI. In the first variant
iron oxide nanoparticles (MION) were conjugated to mAb or other high-
affinity moieties to label cell surface receptors while mostly remaining in the
extracellular compartment. In a study by Weissleder et al. human polyclonal
IgG was used to target MION to sites of inflammation [61]. A similar approach
was used for molecular MRI of apoptosis in EL4 solid tumor models exposed
to a chemotherapeutic agent [62]. SPIO particles were conjugated to the C2
domain of the protein synaptotagmin, which binds with high affinity to 
phosphatidylserine residues that translocate to the outer leaflet of the plasma
membrane in apoptotic cells. Efficient delivery of the CA to these sites can be
explained by significantly increased vascular permeability in the sites of
inflammation or in treated tumors. Targeting peptides conjugated to CLIO
particles also labeled with fluorophores were used to image underglycosylated
MUC-1 tumor antigen [63]. Combined T2 MRI and near-infrared fluorescence
imaging demonstrated a specific accumulation of the contrast in the tumor that
expressed the antigen as shown in Figure 28.5.

The second strategy for generating specific MR contrast is to load cells with
iron oxide agent using a specific plasma membrane transporter system with an
appropriate substrate. Transferrin-MION contrast agent was demonstrated in
vivo in engineered transferring receptor (ETR) expressing 9L glioma cells
[56]. The transgenic cells internalized up to 8 ¥ 106 of the TF-targeted CA
within an hour and MION-loaded cancer cells generated strong negative T2*
contrast in vivo in gradient echo MR images. Images were obtained at 1.5T
24h after intravenous injection of 3mg of Tf-MION to a nude mouse with two
ETR- and ETR+ 9L gliosarcoma tumors growing on opposite flanks of the
animal. No differential contrast was detected in the T1 weighted image, and
strong negative contrast was detected in the T2*-weighted image of the ETR+

tumor. The efficient delivery of 17-nm MION particles to the tumor was most
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(a)

(b)

Figure 28.5 (a) Representative T2 maps of the animals bearing underglycosylated
mucin-1 antigen (uMUC-1)-negative (U87) and uMUC-1-positive (LS174T) tumors.
Transverse (top) and coronal (bottom) images showed a significant (52%; P = 0.0001)
decrease in signal intensity in uMUC-1-positive tumors 24 h after administration of the
CLIO-EPPT probe. (b) White light (left), NIRF (middle) images, and a color-coded
map (right) of mice bearing bilateral underglycosylated mucin-1 antigen (uMUC-1)-
negative (U87) and uMUC-1-positive (LS174T) tumors. NIRF imaging was performed
immediately after the MRI session. Adapted from [63].
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likely a result of the favorable pharmacokinetics of the agent due to its long
circulation time and hyperpermeable tumor vasculature.

Multistep Targeting and Prelabeling Concept Tumor neovasculature is
hyperpermeable in regions and permits extravasation of large molecules [64],
which was demonstrated in several studies with macromolecular CA (above
20nm molecular size), such as MION and SPIO [56, 62]. Solid-tumor vascu-
larization is heterogeneous, and regions of high vascular permeability are often
spatially distinct from regions of high vascular volume [7]. It was also shown
that tumor perfusion is highly inhomogeneous and may have an intermittent
blow flow [29]. Consequently, the delivery of high-molecular-weight imaging
and therapeutic agents to tumor areas with low vascularity/flow/permeability
can be significantly restricted. There is still a concern that extravasation and
diffusion barriers for these nanocomplexes can significantly reduce their use-
fulness in viable regions of solid tumors following systemic administration [26].
Pharmacokinetics and delivery properties of targeted CA can be significantly
improved by splitting the large targeted imaging/therapeutic probe to several
functional components that can be administered and delivered to the tumor
targets independently. This prelabeling concept is extensively used in nuclear
imaging to increase the target/background ratio and to match the pharmaco-
kinetics of radionuclides to their half-lifetimes [65].

HER-2/neu receptors were imaged in vivo using a two-step prelabeling
strategy based on the avidin/biotin system [11]. Briefly, receptors in tumor
xenografts were prelabeled with biotinylated mAb. After a 12-h interval,
during which mAb were attached to the imaging targets and unbound mAb
cleared from the systemic circulation, GdDTPA-labeled avidin was injected
intravenously (IV). T1-weighted MRI was performed at 4.7T at different time
points after the injection of avidin–GdDTPA and demonstrated positive T1
contrast in breast cancer tumor xenografts that overexpresssed the HER-2/neu
receptor. The molecular weight of the individual components was 160kDa for
mAb and approximately 70kDa for GdDTPA avidin, which corresponds to a
molecular size smaller than 10nm and provided efficient delivery of the CA
to the interstitium of solid tumors in this model system. To further improve
this approach we developed a three-component targeting system that included
biotinylated primary mAb, purified avidin that served as a linker and mAb
clearance agent, and biotinylated Gd-based macromolecule CA [66]. Avidin
was injected 24h after administration of the primary mAb and served two sep-
arate functions: (1) It provided selective labeling of cells with the attached
biotinylated mAb and (2) avidin chase of circulating biotinylated mAb 
provided their rapid clearance from the blood, which significantly reduced
background contrast [67]. In comparison to avidin–GdDTPA conjugates, this
protocol also allows the use of optimized biotinylated paramagnetic agents
with large number of Gd groups to generate contrast in MRI. An example of
MRI of human HER-2/neu expressing BT-474 xenografts in SCID (severe
combined immunodeficient) mouse is shown in Figure 28.6. Briefly, animals

MRI OF TUMOR CELL SURFACE RECEPTORS 1323



were injected IV with anti-HER-2/neu humanized mAb (Herceptin, Genen-
tech) at a dose of 0.5mg per animal. Biotinylated mAb was used for the exper-
imental group and nonbiotinylated mAb for the control group of animals.
Avidin (0.5mg per animal) was administered IV 24h after mAb, followed after
4h by IV infusion of biotin-albumin-(GdDTPA)20 contrast agent (0.5mg/g).
T1 relaxation maps were reconstructed from saturation recovery spin-echo
imaging for several time points after administration of the contrast for the
control and the experimental group and selective retention of the CA, and
accordingly shorter T1 relaxation times were detected in BT-474 tumors
treated with biotinylated Herceptin as shown in Figure 28.6.

Signal Amplification Concept The imaging techniques discussed so far rely
on imaging of cell receptors expressed in large numbers (over a million) per
cell. In many biologically relevant situations, expression levels of the receptor
are significantly lower. It applies both to endogenous receptors that can be
markers of a disease and to molecular reporter systems linked to the expres-
sion of extracellular receptors that can be used as molecular beacons for 
activation of relevant genes due to changes in the signaling and/or pharma-
cological interventions [68]. While MRI may not compare favorably with
nuclear medicine for detecting cell surface receptors, its advantage arises from
the ability to combine detection of these receptors with the array of functional
imaging capabilities of MR methods. To achieve sufficient contrast enhance-
ment from a low number of available imaging targets, signal amplification is
necessary. Generally, signal amplification takes place if we can generate 
multiple contrast generating groups per single imaging target.

An increase in the number of CA molecules attached to a single extracel-
lular target can be achieved by using the avidin–biotin system described above
[69] as each avidin/streptavidin molecule can bind four biotins, and theoreti-
cally multiple labeling steps can give rise to treelike structures formed by the
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(a) (b)

Figure 28.6 T1 maps of BT-474 tumors imaged with (a) biotinylated and (b) non-
biotinylated Herceptin. Tumors are indicated by arrows.



biotinylated CA. The relaxivity of individual CA units can be significantly
improved by using polymer platforms labeled with multiple Gd chelates such
as poly-l-lysine or dendrimer based CA [70]. Iron-oxide-based CA in princi-
ple can provide higher relaxivity in comparison with paramagnetic CA. Their
large molecular size, however, can interfere with contrast delivery, and nega-
tive T2 contrast may be more difficult to detect. Recently, a novel frequency
shift technique for detection of positive T2* contrast was developed that may
provide an advantage for in vivo applications of SPIO base agents [71].
Another stratergy for signal amplification relies on loading target cells with
CA molecules via active transport through the target receptor. Experiments
with ETR receptor and MION nanoparticles conjugated to human holo-
transferrin is a good illustration of this approach [56]. The possible effects 
of the internalized CA on cell homeostasis and functions is one of the 
potential problems of the method.

The most effective approach to signal enhancement is to couple the tar-
geting mechanism to a specific enzyme in such a way that the generated
product acts as imaging or therapeutic CA. T1 relaxivity of a CA depends on
the relation between the correlation time tc of the agent and B0 magnetic field
used for imaging. Enzymatic polymerization of small Gd complexes to a 
large-molecular-weight polymer product results in significant increase in tc and
correspondingly significant increase in T1 relaxivity. Polymerization of hydrox-
yphenol-modified GdDOTA monomers was proposed as a sensitive probe 
for MRI of nanomolar concentrations of oxidoreductases (peroxidase) 
[72]. Low-relaxivity [3.75 (mM·s)-1] monomeric substrates oxidized by the 
peroxidase-reduced peroxide produce activated molecules (A*) that self-
polymerase to form high-relaxivity [11.5 (mM·s)-1] magnetic oligomers. This
method was used for MRI of E-selectin expressed on the surface of endothe-
lial cells using sandwich constructs of anti-E-selectin F(ab¢)2 conjugated to per-
oxidase through DIG–anti-DIG Ab linkers [72]. It is still unclear if the method
can be implemented in vivo; however, this strategy is definitely a significant
step toward improving the performance of specific CA for molecular MR
studies.

28.5 MRI OF INTRACELLULAR TARGETS

In previous sections we discussed various MR contrast agents suitable for 
molecular imaging of cellular epitopes using specific probes targeted against
extracellular domain of cell surface receptors. In this chapter we will focus on
intracellular MR contrast agents designed to penetrate the cell plasma mem-
brane and accumulate in the cytoplasm and/or label specific intracellular
targets. We will discuss two broad groups of intracellular CA that have recently
been developed for MR imaging. The first group includes nonspecific 
intracellular agents primarily used for a long-term cell labeling for in vivo 
cell tracking. Typical examples of their application includes MR trafficking of
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inoculated stem cells and MRI of the docking of armed T cells to target sites.
The second group consists of targeted intracellular contrast agents that have
high affinity to molecular epitopes or can be activated by the action of cell
enzymes.

Contrast Agents for Long-Term Labeling of Target Cells 
(MRI Cell Trafficking)

A typical experiment for MR cell trafficking includes in vitro labeling of cell
population with an appropriate CA, administration of the labeled cells in vivo
using systemic or local injection, and longitudinal MRI of the cell migration
and accumulation to the target site(s). For a detailed discussion of MR track-
ing of magnetically labeled cells, we refer readers to excellent reviews by Bulte
et al. [73–76].

Isolated cells labeled with iron oxide nanoparticles by phago- and/or
endo/pinocytocis can be detected by MR at iron concentrations as low as 
17ng per 106 cells or 8.5 ¥ 104 particles/cell (9L glioma cells loaded with MION
particles [77]). MRI of a single T cell loaded with SPIO particles was demon-
strated by Dodd et al. [78]. Typically, several million SPIO or USPIO particles
must be loaded into the cell to provide sufficient contrast for MR detection.
Detection of a cell labeled with just a single micron-size iron oxide particle
was recently demonstrated in vitro [79]. One potential benefit of this approach
is that the label is not diluted by subsequent cell division, and daughter cells
can be detected for a long time postimplantation. T2*-weighted gradient-echo
MRI that is sensitive to local disturbances in the magnetic field produced by
the concentrated SPIO particles is usually used for detection of MR contrast
in vitro in isolated cells. The benefit of T2* MRI is that “long-range” effects
affect T2* relaxation of distant protons within an area much larger than the
size of the nanoparticle, thus significantly amplifying sensitivity of the method
[54, 78].

To improve internalization of the contrast agent, magnetic nanoparticles 
are typically mixed with standard cell transfecting agents such as poly-l-lysine
[76]. Magnetodendrimers were proposed as an efficient cell-labeling MR
agent. Stem cells loaded with magnetodendrimers (9 to 14pg iron/cell) were
successfully imaged both in vitro and in vivo for as long as 6 weeks after trans-
plantation [23]. To further improve cell uptake properties, CA nanoparticles
can be linked to the human immunodeficiency virus (HIV) viral transport Tat
peptide that can channel the cargo molecules across the cell plasma membrane
[80]. Efficient cellular uptake of Tat–CLIO as well as Tat–macrocyclic gadolin-
ium chelates was recently demonstrated in in vitro and in in vivo systems [81,
82]. This approach is especially useful for loading of cells with low endocy-
totic/pinocytotic activity such as lymphocytes. Tat–CLIO nanoparticles were
used to load cytotoxic T lymphocytes (CTL) ex vivo and to track their docking
to the antigen-expressing tumor xenografts in vivo by T2-weighted MRI [83].
Repetitive noninvasive detection of the adoptively transferred cell targeting
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by MRI was demonstrated that may be particularly useful for evaluating novel
cell-based therapies in vivo.

Specific Contrast Agents for Intracellular Targets

Targeting intracellular epitopes is a major challenge for MR molecular
imaging. Although many of potentially important biological targets are essen-
tially intracellular such as enzymes, signaling proteins, deoxyribonucleic acid
(DNA) and messenger ribonucleic acid (mRNA), most of the development in
the area of MRI contrast agents was focused on extracellular CA. Indeed, in
a traditional approach similar to the one used in nuclear imaging to specifi-
cally probe intracellular targets, contrast agent molecules need to freely diffuse
across the cellular membrane and selectively accumulate in cells that express
the marker. Large CA such as iron oxide nanoparticles primarily enter cells
through endocytosis, and their retention in the cytoplasm is not target specific.
To enable small gadolinium complexes to enter the cytoplasm and to provide
a specific recognition of an intracellular target, a construct consisting of an
amphiphilic transmembrane carrier peptide, Gd chelate, and c-Myc mRNA
specific antisense peptide nuclei acid (PNA) [84] was created as shown in
Figure 28.7. Specific uptake of the c-Myc-targeted CA was detected in rat
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Figure 28.7 Spatial representation of one possible configuration of the c-myc-specific
Gd3 complex. The transport peptide unit (green) is given as a ribbon representation
of the peptide backbone. The heavy atoms of the address peptide (PNA; light brown),
the disulfide bridge between the two peptide units and the two Lys-residues (cyan) con-
necting the Gd3+ complex to the PNA are displayed in a “ball-and-stick” representa-
tion. An atom color code (green, carbon; red, oxygen; blue, nitrogen) is used for the
disulfide bridge and Gd3+ complex. Magenta, the van der Waals spheres of the Gd3+ ion.
White, the hydrogen atoms of the two H2O molecules in complex with the Gd3+. The
representation was generated using the INSIGHT II software package. From [84].



prostate adenocarcinoma model that expresses c-Myc. The structure of the
gadolinium complex is not detailed, and the stability of the compound in vivo
requires further evaluation.

28.6 MOLECULAR IMAGING WITH ACTIVATED MR 
CONTRAST AGENTS

The major idea that drives the development of activated MR probes is to gain
the ability to control relaxation properties of the CA by chemical modifica-
tion of its structure or by certain external action. A broad range of potential
applications of such CA can be likened to the use of the cleavable optical
probe technology, where fluorescence of the probe can be controlled by chang-
ing the intermolecular distance between the fluorescent and the quenching
group [85, 86].

Enzymatic Activation of CA

One strategy to design target-specific MR contrast agents is to use a specific
enzymatic reaction to activate the CA by increasing its relaxivity.
The approach was originally reported by Louie et al. [87]. They designed
“smart” relaxation agents in which the access of water to the first coordina-
tion sphere of a chelated paramagnetic ion is blocked with a substrate, galac-
topyranose, that can be removed by enzymatic cleavage by a traditional
reporter gene, b-galactosidase. Following the cleavage of the blocking sugar
group, the paramagnetic ion can interact directly with water protons to reduce
their T1 by the inner sphere (contact) relaxation with the corresponding
increase in the MR signal. Analogous approaches can be used to design 
CA with polypeptide blocking chains to probe protease activity. The enzyme
b-galactosidase is expressed in the cell cytoplasm, therefore, the CA should 
be either microinjected to the cell(s) [87] or delivered to the cells by 
means of a certain cellular transport system such as amphiphilic Tat-type 
membrane translocation peptides [82]. This method can provide important
information about expression patterns of endogenous enzymes or exogenous
reporter genes expressed under control of a promoter region from the 
target gene.

A significant increase in T2 relaxivity is observed upon hybridization of the
individual monodisperse iron oxide nanoparticles at the target site [88, 89].
This novel method of contrast enhancement was successfully used to study 
the processes of DNA cleavage or hybridization in vitro in cell-free systems
[88, 90]. Cleavage of synthetic CLIO–oligonucleotide complexes with BamHI
and DpnI restrictases significantly prolonged T2 relaxation time of the
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samples. MRI probes for detection activity of protease enzymes was devel-
oped using a similar approach [91].

CEST and PARACEST Contrast Agents

This new class of MR contrast agent is designed so that selective irradiation
of an exchangeable proton(s) of these CA with an radio-frequency (RF) field
induces a drop in the MR signal of bulk water because of transfer of the sat-
urated magnetization from the irradiated protons to water protons by chem-
ical exchange. Originally proposed by the group of Balaban et al. [92], CEST
(chemical exchange saturation transfer) contrast was demonstrated for
exchangeable amide protons of proteins [93], imino, and hydroxyl protons [94].
A significant increase in the sensitivity of detection can be gained if a 
polymer with a large number of equivalent exchangeable groups is used. In
experiments with polyuridine (2000 uridine units) the sensitivity gain of 
more than 5000 per imino-proton was demonstrated, and the CA could be
detected at concentration as low as 5 mM [94]. The efficiency of CEST 
contrast increases as the frequency offset, Dw, between resonance frequency
of the exchangeable group and water protons increases. The frequency differ-
ence can be significantly increased from several parts per million to more 
than 20ppm by attaching a paramagnetic shift reagent to the CEST 
agent. Experiments with a model poly-l-Arginine/Tm(HDOTP)4- system
lowered the detection limit to 2.8 mM in a phantom at 7T magnetic field [95].
This modification of the method was named PARACEST for paramagnetic
enhanced CEST. The major potential advantages of the CEST/PARACEST
methods to generate MR contrast are: (1) the ability to “turn” the contrast 
on and off by applying saturating RF field at the resonance frequency of the
exchangeable group; (2) high sensitivity that can be achieved by using 
polymer probes and/or PARACEST agents with large Dw shifts and fast
exchange rates; (3) certain types of CEST agents such as poly-amino acids can
be expressed in vivo by target cells with an appropriate reporter vector; and
(4) it is possible to design PARACEST probes with different Dw values 
and image them independently using RF saturation field with the appropriate
frequency offset.

The CEST method was used in vivo for endogenous amide protons of pro-
teins and peptides to detect amide proton transfer (APT) in rat brain tumors
[96]. A typical example of APT imaging is shown in Figure 28.8.

28.7 MOLECULAR MRI AND MR SPECTROSCOPY

Generally, MR spectroscopic imaging [chemical shift imaging (CSI), [97]] can
be considered a true molecular imaging modality as it provides selective
images of distribution of specific chemical compounds such as metabolites,
exogenous substances and drugs.
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CSI Molecular Imaging with Reporter Molecules

In the following section we will focus on molecular aspects of imaging probes.
These substances are typically designed in such a way that modification of the
chemical structure of the probe induces a significant shift in the resonance fre-
quency that can be detected by CSI. In comparison with contrast-enhanced
MRI, where micromolar concentrations of CA can be detected, the low sen-
sitivity of MR spectroscopy limits the detectable range of CSI agent concen-
trations at millimolar levels for protons and 19F MRS. For other nuclei such
as 31P and 13C significantly higher concentrations are required.

A T1 relaxation-activated contrast agent to detect the enzyme b-
galactosidase, a widely used reporter enzyme, was discussed in the previous
section [87]. MR spectroscopy can also be used to assess the function of the
enzyme by measuring changes in the chemical shift of a molecular probe
induced by its enzymatic cleavage. 4-Fluoro-2-nitrophenyl-b-d-galactopyra-
noside was used as a prototype reporter molecule for b-galactosidase [98].
Upon the cleavage of the sugar by the enzyme, the chemical shift of 19F
nucleus on the nitrophenyl ring changes by 4 to 8ppm depending on the pH
of the environment. A relatively high sensitivity of 19F MRS that approaches
proton MRS, and the absence of background signals can render this method
applicable to in vivo applications.

Expression of creatine kinase as a model marker gene was detected by in
vivo MRS in mouse liver. Mice were injected in the tail vein with an aden-
oviral vector carrying the murine creatine kinase (CK-B) gene that induced
expression of the gene in the mouse liver. Animals were given exogenous cre-
atine, and 31P spectroscopy of the liver was performed in vivo. Production of
phosphocreatine was only detected in the liver of mice injected with the CK-
B. No spatial selection was used for MR spectroscopy apart from placing the
RF surface coil onto exposed liver and shielding the surrounding tissue with
a copper shield [99]. Generally the spatial resolution of 31P CSI is on the order
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Figure 28.8 Comparison of APT images with MR images and histology for a rat brain
tumor. The APT-weighted image was obtained by subtracting the Ssat/S0 images
acquired at frequency-labeling offsets of ±3.5 ppm (16 scans). The tumor is visible in
all of the MR images (arrow), but its contour is much clearer in the APT images.
Adapted from [96].



of about 10cm3, which can be a serious limitation for practical applications of
this technique.

28.8 DISCUSSION

Magnetic resonance imaging provides a very high spatial resolution that is
invaluable for morphological reference in small animals. Dynamic MRI with
small molecular weight and/or nonspecific high-molecular-weight intravascu-
lar agents enables measurements of perfusion parameters that can be indica-
tors of angiogenesis and also of tumor response to therapy. Significant effort
has been concentrated on the development of targeted MR probes for truly
specific molecular MRI that can differentiate between molecular targets on
the cellular and subcellular levels. In spite of significant progress, several issues
should be addressed to enable routine use of these imaging technologies in
mainstream radiology. Some of these are outlined here.

The low sensitivity of MRI is a serious obstacle for imaging sparse mole-
cular targets that are present at micromolar concentrations in vivo. Since the
sensitivity of MR spectroscopy is in the millimolar range, efficient mechanisms
of signal enhancement such as enzyme-coupled reactions have to be used to
enable in vivo application of MRS for detection of molecular targets. For 
contrast-enhanced MRI highly efficient targeted imaging agents have to be
used. For an optimized MR relaxation contrast agent the efficiency or relax-
ivity of the agent generally increases with the molecular size of the agent.
Therefore very large CA, such as polymerized liposomes or nanoparticles, are
very efficient probes for imaging vascular targets. On the other hand, to effi-
ciently target solid tumors, the CA molecules should traverse several diffusion
barriers to reach the imaging target. Tumors are characterized by highly per-
meable nonmature vasculature with a pore cutoff size in the range between
380 and 780nm [26]. However, as discussed above, the delivery pattern in
tumors is very nonuniform, and highly permeable areas within a tumor are
often interlaced with areas of low vascular permeability and inefficient deliv-
ery [100]. Albumin–GdDTPA, blood-pool contrast agent with a molecular
weight of 80kDa leaks into the tumor interstitium in several tumor models,
but not efficiently in well-vascularized viable regions [7]. Generation-4 153Gd-
folate dendrimer with a molecular weight in the range of 70kDa demonstrated
high accumulation in the high-affinity folate receptor-positive tumors [101].
On the other hand, generation-6 and higher dendrimers (MW of 240kDa and
above) are retained within the tumor vasculature [102]. Therefore, for the
effective delivery of a CA to the nonvascular imaging target, its molecular
weight should be restricted at the level of about 100kDa, which corresponds
to generation-4 or -5 dendrimers [14, 103] and protein carriers such as bovine
serum albumin (BSA) with multiple modification sites.

Stability and in vivo pharmacokinetics of the probe molecules are impor-
tant issues for the design of an efficient targeted CA. Paramagnetic CA 
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generally use stable Gd complexes, as their biodegradation results in a release
of toxic Gd3+ ions [104, 105]. Linear and macrocyclic chelates (DTPA and
DOTA) can be used to form stable Gd complexes, and their derivatives, suit-
able for modification of macromolecules with Gd chelates, are commercially
available (Macrocyclics, Dallas, Texas). CA delivery to cellular targets also
depends on the plasma kinetics of the CA. Contrast agents with longer circu-
lation time generally have favorable kinetics at the target site. In vivo CA
clearance depends upon molecular size and surface characteristics of the agent
[26], and several strategies can be used to prolong its plasma half-life time.
Coating the iron core with a dextran shell results in longer circulation of iron
oxide particles (LCDIO) [106]; incorporation of hydrophilic polymers such 
as polyethyleneglycol (PEG) to the coat reduces binding of plasma proteins
and reduces macrophage uptake of the agent [21, 107]. Modification of the
dendrimer surface with anionic groups reduces clearance and cytotoxicity of
dendrimers in vivo [108], although both anionic and cationic surfaces showed
significant liver accumulation [101].

Due to the low sensitivity of MRI to generate imaging contrast, it is nec-
essary to build maximum local concentrations of the targeted CA at the cel-
lular target site. Therefore, practically all available molecular targets are going
to be occupied by the CA molecules. If the targets are functional cell surface
receptors, then decorating them with CA molecules can interfere with normal
cell signaling and may induce significant physiological response. For instance,
using Herceptin as a targeting agent for HER-2/neu receptors can produce a
therapeutic effect in HER-2/neu expressing tumors [109].

To provide efficient selective targeting, highly specific bispecific probes are
required that can (1) recognize the molecular epitopes and (2) provide high-
affinity binding sites for the CA molecule(s). Monoclonal antibodies are tra-
ditionally used for in vivo targeting. However, probes with a smaller molecular
size such as mAb fragments, minibodies, diabodies, or peptides can provide
better in vivo performance due to the improved delivery properties in solid
tissues [69]. Biotin–avidin (streptavidin) linker system provides very high
affinity for prelabeling applications but has limited applications in vivo mostly
due to the induction of the host immune response against these foreign 
proteins [69].

For multistep labeling experiments with pretargeting of the epitopes with
specific probes [110] and developing of MR contrast with CA that recognize
these probes, special attention should be focused on optimized timing of
imaging experiment. The available time window for a specific marker (such as
mAb) on the cell surface can be limited by dissociation and internalization of
the marker by endocytosis. Thus the reported half-life time of a radiolabeled
mAb HER-2/neu receptor complex on the cell surface can be as short as 6h
[111]. On the other hand the circulating probes should be completely cleared
from the system before administration of the contrast agent to provide low
background in the images. Therefore, to maximize target–background 
contrast, a compromise between the clearance of circulating mAb and the
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availability of the receptor-bound mAb on the cell surface is required. An
alternative approach may include removal of circulating targeting probes by
a chasing agent [67].

In terms of optimizing MRI protocols, different requirements for T1 and
T2 contrast agents need to be considered. Iron-oxide-based contrast agents
such as SPIO or MION nanopartricles generally provide very high T2 relax-
ivity; however, their delivery to the target site can be significantly restricted.
Another problem with this class of agent is the negative contrast (or reduced
signal intensity) produced in MR images. Recently, a novel method for MR
acquisition that provides positive signal enhancement with T2 CA was pro-
posed to improve the in vivo performance of these agents [71]. T1 contrast
agents can be designed to have an optimal molecular size [112], and they
produce intrinsic positive contrast in T1-weighted MRI. Modern fast acquisi-
tion MR techniques enable measuring of quantitative T1 maps [7, 113] to
quantify the contrast enhancement and concentration of the molecular targets,
respectively.

The rapid development of novel contrast agents will greatly improve our
ability to follow modulation in vascular perfusion and molecular composi-
tion in preclinical animal models of human cancer using high-resolution 
MR imaging. In comparison with the competing optical and nuclear imaging
modalities such as fluorescence and bioluminescence imaging, SPECT,
and PET imaging, MRI provides high-resolution three-dimensional informa-
tion with excellent morphological registration and does not require radio-
active exposure. Clinical applications of molecular target-specific MR agents
on the other side are less apparent. Major problems include high concentra-
tion of the agent required for the measurable contrast and related potential
toxicity and immune response effects. The lower magnetic field used for clin-
ical MRI also contributes to the reduced sensitivity of detection that is of para-
mount importance for molecular MRI. Significant progress has been made in
clinical tissue-specific MR contrast agents that provide better delineation of
the diseased organs [114]. However, full-scale clinical applications of molecu-
lar targeted MRI in cancer detection and therapy may not be immediately
available.
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29.1 INTRODUCTION

Advent of Targeted Therapy

Although significant advances in early diagnosis and treatment of cancer have
been made in the past decade, there remains a compelling need for more effec-
tive therapies for the treatment of many different types of cancer. The identi-
fication of more specific and thereby less toxic therapies for these tumors will
provide significant advantages for cancer control. With the sequencing of the
human genome and identification of numerous oncogenes and tumor sup-
pressor genes, the level of understanding of the molecular mechanisms under-
lying cancer has never been greater. These advances in understanding the
molecular etiology of cancer led to efforts to discover and develop target-
specific therapies that offer the promise of more specificity toward the key bio-
logical processes that are abnormal in cancer. Importantly, some but not all of
the targeted therapies have proven efficacious in clinical trials. Single-target
therapy was the initial aim of targeted therapy, but the genetic instability
intrinsic to tumors causes multiple oncogenic abnormalities. Broader target-
ing of multiple molecular alterations that cause cancer may provide for
optimum therapy for most tumors.

Along with an enhanced understanding of the molecular events that lead
to tumor initiation and expansion, the discovery of the complex roles of
stromal and infiltrating immune cells in tumor proliferation, neovasculariza-
tion, and metastasis offers new avenues for therapeutic intervention. Angio-
genesis is critical for both tumor expansion and metastasis, and the tumor
vasculature is a promising new therapeutic target. The hypoxic tumor envi-
ronment additionally provides therapeutic opportunities. Comprehension of
many of the molecular driving forces behind cancer has given us better insights
into the high degree of cross-talk between numerous signaling pathways
between the tumor and its surrounding microenvironment. Elucidation of the
interrelationships of these signaling networks facilitates the selection of 
rational drug combinations with complementary actions.

1344 TARGETS AND APPROACHES FOR CANCER DRUG DISCOVERY



Genetic instability is a hallmark of cancer, and tumors are highly hetero-
geneous, providing one of the many challenges in cancer treatment. Individ-
ual cells within a tumor have different growth and survival characteristics as
well as different metastatic potentials. Effective targeting of the particular
processes abnormal to each tumor is critical for optimal therapy. Together with
development of targeted therapies, accurate predictive diagnostic tools are
necessary to identify the molecular defects of tumors to allow for individual-
ized targeted therapy.

Evolution of the Drug Discovery Process

Early therapies for cancer were identified in part by serendipity combined with
astute observations by scientists and clinicians. Exposure of servicemen to
nitrogen mustard as part of a secret government chemical warfare program
during World War II led to the realization that these agents caused leucopoe-
nia and bone marrow suppression. This knowledge was used in the first clini-
cal tests of alkylating agents in the treatment of cancer. The observation that
folate supplementation of children with leukemia caused leukemic cell prolif-
eration led to the development of the antifolates and other antimetabolites.
Extracts of the periwinkle plant were evaluated in rodents for antidiabetic
properties where they caused aplasia of bone marrow and glanulocytopenia.
The active constituents were isolated as the vinca alkaloids, a class of com-
pounds with broad anticancer effects. The identification of drugs that worked
and testing of these agents against a variety of different tumor types to find
those that were sensitive characterized early cancer drug discovery.

Cancer drug discovery now is tied to advances in understanding the mole-
cular causes of aberrant growth, resistance to immune surveillance and abnor-
mal apoptotic processes, all of which occur during carcinogenesis. Today the
majority of cancer drug discovery is related to identifying inhibitors of spe-
cific events that are aberrant in cancer. In this new era for cancer drug dis-
covery, 40 percent of the compounds in clinical development are directed
against novel targets, and it is estimated that 70 percent of targets for cancer
drug discovery are novel, with no history of utility [1]. The prognosis for the
treatment of cancer has never been better, and targeted therapy holds the key
for more specific and effective therapy. Although cures may not be achieved,
control of cancer as a chronic disease may be attainable.

Focus and Definitions

The goal of this chapter is to provide an introduction to the field of cancer
drug discovery. It focuses on a subset of current targets, and a brief overview
of some approaches for identification of leads, and sources of materials for
drug discovery efforts. The list of targets is not all inclusive but covers many
validated cellular targets and several promising targets that may yield effec-
tive anticancer pharmaceuticals. The lack of inclusion of a particular target in
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this introductory chapter should not in any way reduce enthusiasm for these
drug targets for anticancer drug design. The chapter is focused on initial drug
discovery of small-molecule inhibitors and not on the equally complex
processes of lead optimization, preclinical pharmacology, in vivo testing, and
clinical development. Additionally, some experimental approaches for the
identification of active molecules are described. High-throughput screening
(HTS) is of paramount importance in identifying new drug leads for cancer,
and the details of assay design and approachs for HTS are covered in detail
in other chapters of this text, so methods related to HTS are not covered in
this chapter. Humanized monoclonal antibodies are discussed because they
provide important proof-of-principle of the effectiveness of targeted therapy.
Humanized monoclonal antibodies provide clinical utility for treating cancer,
but the design of these therapies is not addressed. Gene therapy, antisense
oligonucleotides, and small, interfering ribonucleic acid (siRNA) are addi-
tional viable avenues for anticancer therapies, but they are not a focus of this
introductory chapter.

It is important that the cancer drug discovery community use a common
language that designates the various stages of cancer drug development.
These definitions were proposed years ago by the Developmental Therapeu-
tics Branch of the National Cancer Institute [2] and are presented here to
allow consistency and to acquaint those new in the field to appropriate 
terminology. Cytotoxic is used to describe activity against cells in vitro. This
term does not imply any selectivity for cancerous versus normal cells. Antitu-
mor is activity against a tumor in an in vivo model, and anticancer is used only
to designate efficacy of a drug against cancer in humans following clinical
testing.

29.2 SIGNAL TRANSDUCTION TARGETS

The goal of targeted therapy is to discover and develop target-specific thera-
pies that offer the promise of more specificity toward the key biological
processes that are abnormal in cancer. Abberant cellular signaling is a hall-
mark of cancer, with dysfunctions in receptor tyrosine kinases, intracellular
tyrosine kinases, and protein phosphatases that result in increased cellular pro-
liferation, survival, invasion, and angiogenesis. Identification of the role of spe-
cific signal transduction pathways in the carcinogenic process has led to efforts
to specifically target these pathways for anticancer therapy. The most suc-
cessful to date has been the targeting of Bcr/Abl that drives the oncogenic
lesions in chronic myelogenous leukemia (CML). Dramatic responses are
observed in the treatment of this disease with imatinib (Gleevec). Relapses
occurred during therapy and whether this treatment will provide cures has yet
to be seen. What has been brought to light with targeted therapy of signaling
pathways is that in many cases multiple signaling pathways drive the onco-
genic lesions and rational and individualized combinations of inhibitors may
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be needed for optimal therapy. Targeting signaling pathways for therapeutic
benefit may be more complex than originally anticipated.

HER2

The first successful rationally developed targeted therapy for cancer was the
inhibition of HER2, also known as ErbB2, a member of the epidermal growth
factor (EGF) family of receptor tyrosine kinases. The oncogenic effects of
HER2/neu were demonstrated when blockade of the receptor inhibited
tumorigenesis [3]. These experiments provided valuable information about
HER2 as a target, as well as the therapeutic possibilities of blockade by mon-
oclonal antibodies. Amplification of the HER2/neu gene in breast cancers
causes overexpression of the HER2 protein that drives breast cancer cell 
proliferation. Overexpression of HER2 leads to resistance to therapy and a
poorer disease prognosis. It is estimated that 30 percent of all invasive breast
cancers have amplified HER2/neu, and therapeutic targeting could have sig-
nificant therapeutic benefits to those with the genetic signature of amplified
HER2/neu. These findings led to the development of a humanized monoclonal
antibody to HER2, trastuzumab (Herceptin). This antibody binds to the
HER2 receptor and inhibits downstream signaling leading to growth inhibi-
tion as well as sensitization to cytotoxic chemotherapeutic drugs. The benefits
of targeting HER2 are evident as a single agent and in combination with
chemotherapy. With the clinical successes of the humanized monoclonal anti-
body trastuzumab, work is ongoing to identify small-molecule inhibitors of
HER2. Importantly, the development of trastuzumab provided the first proof-
of-principle that targeting the specific molecular defects of cancer is a viable
approach for anticancer drug development.

The EGF Receptor Pathway

The therapeutic value of targeting one member of the EGF pathway, HER2
has been demonstrated and EGF receptor (EGFR) (HER1), a second
member of this receptor tyrosine kinase family, is being evaluated as a drug
target for multiple types of cancer. Activation of the EGFR through ligand
binding initiates a cascade of effects, which are depicted graphically in Figure
29.1. This signaling pathway activates the mitogen activated protein kinase
(MAPK), phosphoinositide-3 kinase (PI3K)/Akt and the Jak/Stat pathways.
These signaling cascades are implicated in cell proliferation, growth, survival,
apoptosis, migration, and angiogenesis [4–6]. Dysfunction of the EGFR occurs
in many different types of cancer including lung, breast, head and neck, colon,
pancreatic, ovarian, and prostate cancers. Over 33 percent of solid tumors
express EGFR, and it is often associated with poorer prognosis [6]. Activation
of EGFR can occur due to overexpression of the receptor, expression of a con-
stitutively active receptor, and/or amplified levels of its ligands, EGF or trans-
forming growth factor a (TGF-a). Genetic alterations of EGFR, including
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gene amplification and mutations leading to a constitutively active kinase, con-
tribute to the pathogenesis of many tumors [6].

The prevalence of activated EGFR signaling in cancer led to several dif-
ferent targeting strategies including blockade of the receptor with monoclonal
antibodies, analogous to the approach used with HER2, inhibition of the tyro-
sine kinase domain of the receptor, and use of antisense oligonucleotides
against the receptor. Cetuximab (Eributex) is a humanized anti-EGFR anti-
body that binds to the EGFR causing dimerization and downregulation of
MAPK, PI3K, and Jak/Stat signaling, which inhibits proliferation, cell cycle
progression, metastasis, and angiogenesis [4, 6]. Cetuximab is well tolerated
with limiting toxicities of allergic reactions and acneform rash, and it is being
used for the treatment of advanced metastatic colorectal cancer [4, 6].

A second approach to limit EGFR’s effects is through small-molecule tyro-
sine kinase inhibitors. Inhibition of the adenosine triphosphate (ATP) binding
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site has been the primary site of focus. Four different categories of inhibitors
have been developed: EGFR-specific reversible inhibitors, EGFR-specific
irreversible inhibitors, and reversible and irreversible pan HER inhibitors that
have actions against several HER family members [4, 6]. Gefitinib (Iressa) is
a reversible inhibitor of the EGFR ATP binding site. It is well tolerated, but
only modest clinical responses were seen. Although the majority of non-small-
cell lung cancer patients did not respond to inhibition of EGFR by gefitinib,
a subgroup of 10 to 15 percent exhibited dramatic responses. Profiling of these
tumors indicated that they had somatic activating mutations in the catalytic
domain of the EGFR [7, 8]. The selectivity of gefitinib for these activating
mutations had not been anticipated from preclinical studies. The mutations did
not affect proliferation via the MAPK pathway, but they activated the Akt and
Stat pathways and caused resistance to apoptosis, heightened survival, and
drug resistance [9].

Antisense technologies are also being evaluated for the ability to decrease
EGFR expression. What is clear though is that optimal use of these EGFR-
targeted therapies may not be as apparent as first anticipated. The fact that
the clinical indications for cetuximab and gefitinib do not overlap suggests that
there is much more to learn about optimal use of these targeted therapies. The
use of dual or pan-targeted therapies against multiple EGF family members,
for example, EGFR and HER2, may also provide superior antitumor effects.
Promiscuous inhibitors with broader specificity for multiple receptor kinases
may be more active in tumors driven by abnormalities in several signaling
pathways. Targeting several points in the signaling pathway may also yield
better results.

Insulin-Like Growth Factor Signaling

Another family of receptor tyrosine kinases, the insulin-like growth factor
(IGF) family, is implicated in the proliferation and survival of cancer cells.
Activation of this signaling cascade in cancer may be due to amplified levels
of the insulin-like growth factors IGF-1 and IGF-2 or its receptor IGF-1R.
Similar to the signaling cascade initiated by EGFR, activation of IGF-1R stim-
ulates the PI3K and MAP kinase pathways. Individuals with higher circulat-
ing levels of IGF-1 are at greater risk for lung, breast, prostate, colon, and
bladder cancer [10]. Reduction of IGF-1 levels in murine models of cancer
reduced tumor burden and incidence of metastasis [11]. In cell culture systems
and in animal models, inhibition of IGF-1R expression or activity inhibited
cell proliferation, colony formation, and tumor growth [12]. Efforts to identify
specific inhibitors of this receptor tyrosine kinase have been successful. Inhi-
bition of IGF-1R prevents downstream activation of both the PI3K and MAP
kinase pathways and, ultimately, reduction in tumor growth [12]. Whether inhi-
bition of IGF pathways will result in therapeutic benefit remains to be seen,
but targeting this signaling cascade alone, or in combination with other sig-
naling inhibitors or cytotoxic drugs, may lead to anticancer effects.
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Bcr/Abl, c-Kit, and Platelet-Derived Growth Factor

The molecular driving force in CML is the Philadelphia chromosome (Ph+),
the name given to a reciprocal translocation between chromosomes 9 and 22.
In this translocation the Bcr gene replaces the first exon of the Abl gene
forming a chimeric oncoprotein Bcr/Abl. Bcr/Abl is deregulated and has con-
stitutively active tyrosine kinase activities that leads to the phosphorylation of
numerous cellular proteins including PI3K. Because this tumor is caused by
an activating translocation in Bcr/Abl, this represented an optimal test of tar-
geted therapies. The Bcr/Abl inhibitor imatinib (Gleevec), which binds and
inhibits the ATP-binding site of the kinase, provided striking antitumor effects
against CML and represents, to date, the most successful use of targeted
therapy. In phase II studies using Ph+ patients, a response rate of 95 percent
was measured [5]. Imatinib is not specific for Bcr/Abl. It also has potent activ-
ity against c-Kit and the platelet-derived growth factor (PDGF) family of
receptors. Activating mutations in the receptor tyrosine kinase c-Kit are found
in gastrointestinal stromal tumors (GIST), and in some acute myeloid
leukemias, small-cell lung cancer, neuroblastoma, and breast cancers [5]. Ima-
tinib was highly effective against GIST, and it may have antitumor actions in
other tumor types with activated c-Kit. The PDGF family is implicated in the
pathogenesis of glioblastoma with over expression of both the receptor and
the ligand, PDGF. Evidence suggests that PDGF autocrine signaling loops are
involved in melanoma, neuroendocrine tumors, and tumors of the prostate,
stomach, pancreas, and lung [5]. Targeting Bcr/Abl, c-Kit, and PDGF with ima-
tinib provides utility against multiple types of cancer, and data suggest that
the efficacy of imatinib may be due to its ability to target multiple tyrosine
kinases [13].

Mammalian Target of Rapamycin (mTOR)

While significant efforts are directed toward inhibiting the receptor tyrosine
kinases that drive proliferation and survival, several downstream effectors of
these receptors are also emerging as cancer drug targets. Focusing on central
junction points for multiple signaling pathways may provide broader anti-
tumor activity. The serine/threonine kinase mTOR (mammalian target of
rapamycin) fits this criterion as it is a convergence point for several signaling
cascades (Fig. 29.1). mTOR is phosphorylated by PI3K/Akt in response to
growth factors, the estrogen receptor, and oncogenic Ras [14–16]. Through a
PI3K/Akt-independent pathway, mTOR senses nutritional status and controls
cell cycle progression through G1 [15]. Evidence has emerged that mTOR is
a central controller of cell growth and proliferation mediated through its mul-
tiple effects on protein synthesis [14–16]. mTOR, as its name implies, was iden-
tified because it is the target of the bacterial secondary metabolite rapamycin.
Inhibition of mTOR causes little change in global protein synthesis, but sig-
nificant changes in the cellular levels of specific proteins including c-myc and
cyclin D1, which play key roles in cell cycle progression, were observed [14].
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Further cell cycle changes are mediated by the ability of rapamycin to stabi-
lize the cyclin-depenent kinase inhibitor p27 (Kip 1) leading to inhibition of
cyclin-depenent kinase 2 (Cdk2). Rapamycin has effects on the cell survival
pathways where it causes activation of the stress kinase ASK1. In p53 mutant
cells, sustained ASK1 phosphorylation causes cell death [14].

Defects in multiple upstream proteins can activite mTOR in cancer (Fig.
29.1). These include activated receptor tyrosine kinases and activating Ras
mutations that occur in approximately 30 percent of epithelial-derived tumors
[15]. Amplifications of the genes for PI3K and Akt and loss-of-function muta-
tions in the tumor suppressor phosphatase and tensin homologue (PTEN),
which inhibits PI3K, occur in many tumors [14, 15]. Mutations in eukaryotic
translation initiation factor 4E (eIF4E), a downstream effector of mTOR,
cause malignant transformations [14, 15]. The central position of mTOR in the
signaling abnormalities that define cancer makes it a logical anticancer drug
target. Rapamycin is an effective inhibitor of mTOR, but its inherent insta-
bility and poor solubility prevented its development for cancer therapy.
Rapamycin analogs were designed and synthesized to overcome these limita-
tions and were evaluated clinically. The results suggest low toxicity and some
clinical responses as well as disease stabilization [16]. Optimization of sched-
uling and patient selection may provide additional opportunities to evaluate
the effectiveness of inhibiting mTOR as a therapeutic approach. Identification
of a predictive biomarker would allow correlation of drug levels with clinical
response [14].

In summary, targeting signaling pathways implicated in the molecular eti-
ology of cancer holds promise for more specific and less toxic therapy for 
neoplastic diseases. Many hurdles exist to fully implement the hope of this
approach. There is significant cross-talk and redundancy of signaling pathways
that control cell growth and survival. This, together with the inherent genetic
instability of cancer, leads to questions of how best to use these molecular-
targeted therapies. Rational combinations of these signaling blockers repre-
sent one approach, as is the testing of agents with broader target specificity
inhibiting multiple receptor tyrosine kinases. A small molecule inhibitor that
targets both EGFR and HER2 provides greater activity against HER2 posi-
tive breast cancer cells than HER2 inhibition alone [17]. Additionally, there is
a need to understand the characteristics of tumors that are responsive to these
targeted therapies and how biomarkers can be identified for appropriate
patient selection. Successful use of these targeting agents requires integrated
diagnosis and therapy.

Methods of Drug Discovery

The screening assays used to identify inhibitors of signaling cascade were ini-
tially based on biochemical kinase assays. With the availability of purified pro-
teins and labeled peptide substrates, many different assay technologies are
available to screen for inhibitors of protein kinases. New screening technolo-
gies are being developed at a rapid pace and most use a fluorescent-based
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readout based on the ability of the kinase to phosphorylate an exogenous flu-
orescent peptide substrate. HTS utilizes techniques such as enzyme-linked
immunosorbent assay (ELISA), phospho-specific protein-specific antibodies,
scintillation proximity assays, biotin-labeled substrate capture assays, fluores-
cence polymerization (FP), and time-resolved fluorescence resonance energy
transfer (TR-FRET) [18–20]. IMAP® (immobilized metal ion affinity-based
fluorescence polarization) is a new technology utilizing the ability of the flu-
orescently labeled phosphorylated substrate to bind to immobilized metal
complexes on nanoparticles [20].

Every new assay should be carefully evaluated to ensure that it is robust,
provides consistent and reliable results, and that it is predictive, selective, and
sensitive. The assays need to have sufficient throughput to sample a wide
variety of chemistry to identify molecules with activity against the target. It is
important that new screening technologies retain the sensitivities and relia-
bility of older generations of screening technologies. HTS (96- and 384-well
format) have been used, and with improvements in liquid handling capabi-
lities, ultrahigh-throughput (uHTS) (1536+ well formats) using ultra low
volumes (1 mL) are now available. Sensitivity for uHTS is provided by TR-
FRET and FP detection systems [21]. Microarrayed compound screening is an
ultrahigh throughout screening method (uHTS) method that eliminates the
need for complex liquid handling systems. The reagents that would be added
to a well of a microplate are incorporated into agarose gels that are layered
over the compounds arranged on polystyrene sheets [22]. This provides capa-
bilities to screen at a density of 8640 reactions on one sheet.

The ATP-binding site of the kinases is a primary target for identification of
inhibitors and most of the protein kinase inhibitors that have been evaluated
clinically are directed to this site. With advances in the modeling of the cata-
lytic site of these kinases, virtual screening using computer modeling of the
binding site and compound structures is a useful approach. Certain kinases
adopt different conformations when activated by cofactors. This should be
considered in the design of the binding site for optimal anticancer efficacy and
specificity.

29.3 TARGETING TUMOR VASCULATURE

Tumor growth is dependent upon the generation of a functional blood supply
to provide nutrients and remove metabolic waste. Without neovascularization
a tumor is limited in size to 1 to 2mm in diameter [23]. Tumor vasculature can
form by a number of different processes including sprouting from existing
vessels and recruitment of circulating endothelial cell precursors. Unlike
normal vasculature, tumor vasculature is highly abnormal and poorly differ-
entiated, with tortuous dilated vessels [24]. Targeting either the process of new
blood vessel development, angiogenesis, or the existing tumor vasculature,
with antivascular therapy, are valid approaches to control and limit cancer and
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metastasis. In addition to targeting blood vessel formation, the development
of a functional lymphatic system is critical to tumor metastasis. Inhibition of
this process, called lymphangiogenesis, together with antiangiogenic therapy
may also provide opportunities for better antitumor activities [25].

Inhibitors of Angiogenesis

The promise of controlling tumor growth by preventing angiogenesis was pro-
posed over 30 years ago by Judah Folkman [26]. During tumor development,
there exists an imbalance between proangiogenic factors and antiangiogenic
factors that leads to rapid blood vessel growth (Fig. 29.2). This promotion of
tumor angiogenesis is called the angiogenic switch and is critical for cancer
progression and metastasis [27]. Stimulation of growth factor secretion by the
tumor in response to oncogenic stimulation or hypoxia can unbalance the
equilibrium and cause rapid neovascularization. This angiogenic switch occurs
as an early event of tumorigenesis when quiescent microscopic tumors change
into rapidly expanding aggressive tumors. The search for agents that could
specifically inhibit tumor angiogenesis provides an attractive target for anti-
cancer therapy. In the adult, with a few exceptions, the normal vasculature is
quiescent with balance of positive and negative regulatory factors. Antiangio-
genic therapy is expected to allow more specific targeting of abnormal events.
Targeting genetically stable endothelial cells might have additional advantages
in that it may circumvent drug resistance mechanisms that occur in tumor cells
due to genetic instability. However, recent data suggest that the genetic abnor-
malities of tumor tissue may also be found in tumor endothelial cells [28]. The
apparent heterogeneous nature of tumor endothelial cells might need to be
considered in the future. Although antiangiogenic therapy was conceived
decades ago, the first antiangiogenic anticancer agent, bevacizumab (Avastin)
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was approved by the Food and Drug Administration (FDA) in early 2004 for
use in colorectal cancer.

Angiogenesis is a complex process providing many avenues for control (Fig.
29.3). Key signaling events leading to the angiogenic switch include growth
factors and receptors of the vascular endothelial growth factor (VEGF) family,
basic fibroblast growth factor (bFGF), acidic fibroblast growth factor (aFGF),
the platelet-derived growth factor (PDGF) family, and protease inhibitors.
Inhibition of these may provide avenues to inhibit the angiogenic switch.
Endogenous antiangiogenic signals are also present. The endogenous
inhibitors endostatin and angiostatin have been tested for antiangiogenic
actions in tumor models where they showed antitumor and antiangiogenic
effects, yet anticancer effects have not yet been achieved.

The VEGF Axis The VEGF axis is critically important to normal embryonic
and adult angiogenesis as well as to pathological blood vessel development.
Loss of a single allele for VEGF, or the genes for VEGFR1 (Flt-1) or VEGFR2
(Flk-1, KDR) results in embryonic lethality. Although both normal and patho-
logical angiogenesis involve the coordinated effort of many growth factors, the
VEGF signaling cascade appears to be the rate-limiting step of new blood
vessel formation [29]. The VEGF receptor ligands are a family of proteins,
VEGF-A-E, and placental growth factor (PlGF). VEGF-A is the predominant
VEGF with activity in angiogenesis, and its activities predominate in both
normal and tumor angiogenesis [29]. The human VEGF gene contains eight
exons and alternative splicing leads to the generation of several different
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VEGF-A isoforms [30]. The isoforms differ in their heparin binding affini-
ties, the smaller, acidic VEGF121 having no affinity for heparin and the larger
basic isoforms, VEGF189 and VEGF206, bind readily to extracellular matrix-
associated heparin. The intermediate isoform, VEGF165, has optimal biologi-
cal activity and an intermediate capacity for heparin binding [30]. Tumor cells
can directly secrete active VEGF or active isoforms of VEGF can be released
from heparin in the extracellular matrix by the actions of proteases including
plasmin and matrix metalloprotease 9 (MMP9) (Fig. 29.3). VEGF-C and D
are implicated in lymphangiogenesis but are not thought to play a critical role
in tumor angiogenesis. In addition to several different ligands, at least three
different receptor types for the VEGF family have been identified (Fig. 29.3).
The receptors of VEGF,VEGFR1–3, are receptor tyrosine kinases with varied
cellular effects and localization. Currently, evidence suggests that the
VEGFR2 receptor (Flt-1, KDR) plays the primary role in endothelial cell 
permeability, proliferation, migration, and release of endothelial stem cells
from bone marrow, events critical for tumor angiogenesis [31, 32]. VEGFR1
is also present on endothelial cells, and activation can lead to induction of
growth factor release and release of proteolytic enzymes including MMP9,
urokinase-type plasminogen activator [33], and tissue type-plasminogen 
activator (tPA) [30, 31, 34]. An alternately spliced soluble isoform of VEGFR1
is implicated in blocking VEGF actions. Receptor cross-talk between
VEGFR1 when activated by PlGF and VEGFR2 has been implicated in 
amplification of VEGF angiogenic signaling [31, 32]. VEGFR3 is involved 
primarily in lymphangiogenesis.

The FDA approval of the first antiangiogenic anticancer therapy, beva-
cizumab, a humanized monoclonal antibody to VEGF-A, highlights the im-
portance of the VEGF pathway in tumor angiogenesis. Several different
approaches to inhibit the tumor-driven VEGF pathway are active targets for
cancer drug discovery. They include blockade of VEGF, with, for example, a
monoclonal antibody, trapping VEGF with decoy receptors, antisense inhibi-
tion of VEGF, antibodies to VEGFR, and inhibition of VEGFR tyrosine
kinase activity by small molecular protein kinase inhibitors [35].

HIF-1a as a Therapeutic Target The transcription factor hypoxia-inducible
factor-1 (HIF-1) is a new target for antiangiogenic therapy and antitumor
therapy because it occupies a central point in the responses of tissues to
hypoxia. Tumors, by virtue of aberrant blood supply and high interstitial pres-
sure, are hypoxic, and this causes activation of adaptive survival mechanisms
mediated by the transcription factor HIF-1. HIF-1 binds to hypoxia response
elements (HRE) leading to the transcription of numerous proteins involved
in angiogenesis, cell survival and invasion, and drug resistance. Tumors main-
tain high levels of HIF-1 and in many tumor types, high expression of HIF-1
is associated with a worse prognosis, validating this protein as a therapeutic
target for cancer. HIF-1 is a heterodimer composed of an a and a b subunit.
Both subunits are constitutively transcribed, but the cellular levels of the a

TARGETING TUMOR VASCULATURE 1355



subunit are tightly controlled, providing the rate-limiting step in HIF-1 expres-
sion. Under normal oxygen conditions HIF-1a is rapidly degraded by the 
ubiquitin–proteasome pathway; however, under hypoxic conditions the
protein is stabilized and binds to the b subunit to form the active transcrip-
tion factor HIF-1. In addition to hypoxia, the expression of HIF-1a can be
induced by oncogenes including Ras, Src, HER2/neu, and mTOR and by loss
of tumor suppressor genes including p53, PTEN, and VHL. Growth factor
stimulation of receptor tyrosine kinases and reactive oxygen species also sta-
bilize HIF-1a. Over 60 genes are transactivated by HIF-1, including the genes
for VEGF and VEGFR. Targeting HIF-1 may provide broad antiangiogenic
and antitumor effects because of its ability to inhibit several different path-
ways of angiogeneic stimulation.

Antivascular Agents

With the focus on tumor blood vessels as a target for cancer therapy, some
compounds with antivascular effects have been identified. Antivascular agents
differ from antiangiogenic agents in that they target existing tumor vascula-
ture, while antiangiogenics inhibit the process of neovascularization. Vascular
disrupting agents cause rapid, often within minutes, and substantial disruption
of the aberrant tumor vasculature, and subsequent loss of circulation leading
to tumor ischemia and necrosis [36]. Vascular disrupting agents in clinical
testing include multiple-tubulin targeting drugs such as combretastatin A4 and
flavonoids that appear to act by inducing the localized release of TNFa from
activated macrophages in the tumor [36]. The antivascular approach, while 
distinct from antiangiogenic therapies, appears promising. Combinations of
antiangiogenic and antivascular targeting may be used to reduce initial tumor
burden and to inhibit further tumor growth.

Methods of Drug Discovery

Diverse mechanisms are used in the identification of antiangiogenic agents.
The VEGF axis represents many different avenues for drug discovery, and it
has been validated as a therapeutic target for cancer. The efficacy of beva-
cizumab, which binds to VEGF ligand, has proven to be an effective approach
to inhibiting VEGF signaling. HTS is used to identify inhibitors of the VEGF
receptors tyrosine kinase activity. A high-throughput TR-FRET assay target-
ing VEGFR-2 measures the autophosphorylation of the receptor that occurs
upon its activation [19]. The assay is homogenous in that no washing steps are
required and is amenable to automation. Mechanism-based HTS to identify
inhibitors of HIF-1 could address the ability of inhibitors to repress its tran-
scriptional activation of HREs. To date most inhibitors of HIF-1 have been
identified by mechanistic studies of known inhibitors [37].

The use of endothelial cells as a model has advantages in that a cell-based
screen can identify new targets. Inhibition of endothelial cell proliferation,
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invasion through basement membrane material [38], and the formation of 
capillary-like tubules on Matrigel® matrices are assays used to predict antian-
giogenic effects. Reagents are available commercially to evaluate endothelial
cell migration and invasion in a 96-well plate format. Endothelial cells from
different vascular beds can be obtained commercially, but it is important to
note that these normal cells have a finite life span. An immortalized tumor
endothelial cell line has been proposed as a good model of tumor endothelial 
cells [39]. Assays are used to confirm that inhibitors identified in HTS or cell-
based screens actually have activity against neovascularization, an in vivo
process involving not only the endothelial cells but their stromal environment
as well. Several different models are available to assess the ability of com-
pounds to inhibit angiogenesis. They include embryonic zebrafish [40],
chorioallantoic membrane of the chick embryo [41], and growth of vessels into
a subcutaneous matrigel plug [42]. Pathological evaluations of tumor samples
are used to assess antiangiogenic effects concurrent with antitumor measure-
ments. New imaging techniques with magnetic resonance imaging (MRI) and
ultrasound allow real-time evaluation of both angiogenic and antivascular
effects [43, 44].

29.4 DNA TARGETS

Nitrogen mustard, a deoxyribonucleic acid (DNA) alkylating agent, led the
era of modern cancer chemotherapy. DNA binding agents remain some of the
most effective anticancer agents available. Cross-linking of DNA and adduct
formation by alkylating agents prevents DNA replication and normal repair
functions culminating in apoptosis. Significant efforts over the course of many
years led to optimization of alkylating agents including platinum-based com-
pounds. Antimetabolites prevent the synthesis of essential DNA and RNA
precursors, which then causes inhibition of DNA and protein synthesis leading
ultimately to apoptosis. Topoisomerases are enzymes critical for maintaining
normal DNA topography. Topoisomerase inhibitors bind to both DNA and
the topoisomerase enzyme leading to DNA strand breaks, which accumulate
and cause cell death. Drugs that target DNA by diverse mechanisms play a
major role in cancer therapy. New DNA-based targets have emerged in the
past few years that have the hope of wider therapeutic windows and better
specificity for cancer cells as compared to normal cells.

DNA Methylation

Mutations in genes critical to cellular growth and survival can cause and
promote cancer. Efforts are underway to target some of the specific genetic
changes that occur during cancer. In addition to these genetic changes, epige-
netic changes in DNA are also implicated in carcinogenesis and maintenance
of the tumorigenic phenotype. Gene silencing that occurs through changes in
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chromatin structure may be reversible, providing a target for therapeutic inter-
vention. Gene expression is controlled by many factors, including accessibil-
ity of the gene for transcription. DNA methylation patterns play a key role 
in gene expression. Actively transcribed genes have low methylation status,
while areas that are silenced are hypermethylated. DNA methytransferases
(DNMT) are enzymes that catalyze the addition of a methyl group to cyto-
sine residues. Increased methylation in the cytosine-rich CpG promoter
regions causes gene silencing. Hypermethylation of CpG islands is implicated
in the silencing of a number of tumor suppression genes [45, 46]. DNA methy-
lation appears to play a central role in cancer and yet global hypomethylation
results in genetic instability [45, 46]. The ability to revert cancer cells back to
a normal methylation pattern may hold promise for fixing the underlying
events of cancer, yet care will need to be taken to prevent global changes in
DNA methylation. Three DNMTs have been identified and specificity may
hold the key to solving this conundrum. Inhibition of DNMT1 by a cytosine
analog or by siRNA reverted transcriptional silencing of tumor suppressor
genes [46]. Antisense oligonucleotides directed against DNMT1 are effective
antitumor agents and a small-molecule inhibitor of DNMT1 is being evalu-
ated clinically. It will be critically important to affect the abnormal DNA
methylation without changing global methylation [47].

Histone Deacetylase Inhibitors

In addition to DNA methylation, histone acetylation is intricately involved in
epigenetic control of gene transcription [46, 48]. Histones are the structural
units that organize and condense chromatin. A nucleosome contains about 150
base pairs of DNA that is wrapped around a core of histone proteins. The
amino terminus tails of histones contain lysine residues that can be acetylated
by histone acetytransferases (HAT). Acetylation of these lysines leads to
relaxation of the tight chromatin packaging in that region facilitating access
to transcription factors and leading to transcriptional activation [48]. Histone
deacetylases (HDAC) remove the acetyl group initiating a more compact
chromatin structure and resultant transcriptional repression.

Histone acetylation is a dynamic process controlled by the balance between
the actions of HATs and HDACs [48]. HDACs also have direct interactions
with transcription factors including p53 and e2F [48]. In cancer, mutations in
HAT and recruitment of HDAC, via in part by DNA methylation, are associ-
ated with transcriptional silencing of tumor suppressor genes [48, 49]. The
ability to reverse the abnormal transcriptional repression is an attractive 
therapeutic target, and numerous HDAC inhibitors are being evaluated in 
preclinical and clinical models [48, 49]. Several diverse chemical classes of
compounds inhibit HDAC. Trichostatin A, a microbial natural product was
found to induce differentiation of leukemia cells, and additional studies
showed that these effects were mediated through HDAC inhibition [48]. Other
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cellular effects of HDAC inhibitors include growth suppression, cell cycle
arrest, induction of the cyclin-dependent kinase inhibitor p21, and initiation
of apoptosis [49]. The effects of HDAC inhibitors appear to be cell-type depen-
dent, and concerns have been raised about the ability of some of these
inhibitors to increase genetic instability and telomerase (hTERT) expression
[49]. Several HDAC inhibitors have been evaluated clinically. They appear to
be well tolerated, and early results show some clinical responses that are 
tied with inhibition the target [48, 49]. Combinations of HDAC and 
DNMT inhibitors are being evaluated because targeting epigenetic silencing
by two different approaches may provide optimal reversal of aberrant gene
repression.

Telomerase Inhibitors

Telomeres are tandem nucleotide repeats found on the ends of chromosomes.
A T-loop structure is found at the very end of the telomeres, and it differen-
tiates the ends of the chromosomes from a chromosome break. These spe-
cialized structures prevent homologous recombination and nonhomologous
end joining between chromosomes [50]. DNA polymerase cannot replicate to
the very end of the chromosome because of the overhang needed for lagging
strand synthesis. With progressive cell divisions telomeres are lost and aging
cells contain shorter telomeres. Cellular replicative senescence occurs when
the telomeres shorten to a certain threshold where they signal cell cycle arrest
[51]. If this signal is lost and division continues, then chromosome ends fuse,
leading to initiation of apoptosis. A normal functioning telomere prevents
uncontrolled growth and cell immortality, and this is thought to help prevent
cancer. Unfortunately, cancer cells escape replicative senescence and lose this
control mechanism. The ability of cancer cells to escape this control is one of
the hallmarks of cancer [50, 51]. Cancer cells reactivate telomerase, an enzyme
that adds telomeric repeats to the ends of the chromosomes. Telomerase is
composed of the enzymatic reverse transcriptase subunit, hTERT, and an
RNA nucleotide template, hTR [51].

Activated telomerase is detected in almost 100 percent of cancer cell lines
and in 80 percent of human tumors, and telomere-deficient mice have a low
incidence of tumors [52]. Telomerase is a logical target for cancer therapeu-
tics because cancer cells depend on active telomerase to escape replicative
senescence. Telomerase inhibitors may be fairly specific because most normal
cells do not express telomerase. Telomerase inhibitors are being developed.
BIBR1523 is a specific and potent telomerase inhibitor that blocks cell pro-
liferation and causes shortening of telomeres but does not initiate cancer cell
death [52]. Consistent with its cytostatic actions, it did not cause tumor regres-
sion in tumor xenograft models. Concerns about the side effects of telomerase
therapy have been expressed. Telomerase is expressed in hematopoetic cells
and in germ cells and cells lining the intestinal crypts. Inhibition of telomerase
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may cause some of the side effects associated with other DNA-interacting
anticancer drugs due to lack of specificity [50–52]. Whether telomerase will
prove to be a valid target for cancer therapy remains to be seen.

29.5 ANTIMITOTICS

Antimitotics are one of the oldest and most effective classes of anticancer
drugs. They are used in combination with other cytotoxic chemotherapeutics
in the curative therapy of childhood and adult leukemias and testicular cancer.
They are also effective in the adjuvant setting, providing activity against a
broad range of solid tumors and hematological malignancies. The majority of
antimitotics target tubulin, but newer antimitotics that target different com-
ponents of the mitotic apparatus appear to be excellent therapeutic targets for
cancer.

Microtubule-Targeting Agents

Tubulin is a validated anticancer target. Tubulin-targeting drugs are the one
class of anticancer drugs that are equally effective against p53 mutant and p53
null tumors, and considering the fact that over half of human tumors contain
abnormal p53, this is significant [53]. The history of the use of chemically
diverse tubulin-targeting drug shows that structure cannot predict clinical
utility or dose-limiting toxicities, and new tubulin-targeting agents may be
expected to have different spectra of clinical activities. Microtubule-
disrupting agents can be divided into two groups, microtubule stabilizers and
microtubule depolymerizers. Microtubule stabilizers shift the equilibrium of
cellular tubulin toward the polymerized state, and dramatic increases in the
number of cellular microtubules can be observed in cells treated with these
compounds. In contrast, microtubule depolymerizers cause a loss of cellular
microtubules and a shift of cellular tubulin toward the cytosolic pool. At the
lowest effective concentrations both classes of drugs inhibit microtubule
dynamics and lead to interruption of mitosis and, ultimately, apoptosis [54].
Cancer cells are much more susceptible to tubulin-targeting drugs, and the
molecular cause of this is not yet known. Identification of the nature of the
susceptibility of cancer cells for microtubule-targeting agents may help in 
the identification of new mitotic targets for cancer therapy.

Taxol was the first microtubule stabilizer identified, and it represents one
of the most effective drugs for cancer therapy to be identified in the last 
20 years. Other microtubule stabilizers including taxane derivatives, the
epothilones, and discodermolide are in clinical trials and the preliminary
results look promising. Notably, they appear to be active in taxane-refractory
tumors, even though they bind to the same binding site on tubulin. All the sta-
bilizers tested clinically bind to tubulin on sites that overlap the Taxol binding
site. A new group of stabilizers, represented by laulimalide and peloriside A,
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bind to a distinct, nonoverlapping site or sites on tubulin [55]. Whether stabi-
lizers that do not interact with the Taxol binding site have anticancer actions
is not yet known.

The vinca alkaloids are the prototypical microtubule depolymerizers.
Several different vincas, vincristine, vinblastine, and vinorelbine, are used clin-
ically, and newer vincas, including vinflunine, are in clinical trials. Although
structurally very similar, they have some nonoverlapping indications and to
some extent differing limiting toxicities. These drugs all bind to the vinca
domain of tubulin. Although colchicine is not used to treat cancer, other com-
pounds that share a binding site with colchicine are in clinical trials. There is
a third binding site on tubulin that is occupied by microtubule depolymeriz-
ers; it is the peptide binding site within the vinca domain. Agents that bind
within this site noncompetitively displace the vinca alkaloids. A number of
drugs that bind within this site, including dolastatin 10 and cryptophycin 52,
were unsuitable for the treatment for cancer. Whether these limitations are
due to the binding site specifically or to the drugs themselves is not known.
New tubulin binding agents may be expected to provide advantages, such as
the ability to circumvent drug resistance mechanisms.

Kinesin Inhibitors

Until recently the only antimitotic drugs were those that bound to tubulin. The
identification of monastrol, an Eg5 (KSP) inhibitor, led the way for the non-
tubulin-targeting antimitotics [56, 57]. Eg5 is a mitotic kinesin that is active
early in mitosis to separate the centrosomes to form a bipolar mitotic spindle.
Inhibition of centrosome separation causes the formation of a monopolar
mitotic spindle, which is dysfunctional and leads to mitotic arrest followed by
initiation of apoptosis. Eg5 is preferentially expressed in mitotically active cells
and this should provide some selectivity. It is not expressed in neural tissues,
and thus Eg5-targeting agents should circumvent the peripheral neuropathies
that occur with tubulin-targeting antimitotics. Eg5 is attractive as a anticancer
target. Optimization of the lead monastrol led to the identification of
CK0106023 [58]. CK0106023 is a potent inhibitor of Eg5 and cellular prolif-
eration. Murine antitumor trials indicated that CK0106023 has tumor growth
inhibitory activities comparable to Taxol, yet at the lowest effective concen-
tration, it did not cause body weight loss that occurs with Taxol, indicating less
toxicity [58]. Monopolar spindles in tumor sections confirmed Eg5 targeting
during the in vivo trial. These data suggest that Eg5 inhibitors might have
promising actions against human tumors.

Aurora Kinases

The Aurora kinases are a family of three serine/threonine kinases and two,
Aurora A and B, play critical roles in mitosis and cytokinesis. Aurora A is local-
ized at the centrosomes and mitotic spindles, and it has been referred to as the
polar Aurora [59]. Aurora A is involved in centrosome separation and spindle
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assembly. Aurora B is called the equatorial Aurora because it is localized at
the centromere and represents a chromosomal passenger protein [59]. Aurora
B plays important roles in chromosome bi-orientation, cytokinesis, and
perhaps chromosome condensation. It is also a critically important part of the
spindle-assembly checkpoint that functions to prevent abnormal mitosis [59].
The diverse and central roles of Aurora A and B in cell division make these
kinases encouraging targets for antimitotic effects. The Auroras are all impli-
cated in cancer progression, and overexpression of each has been identified in
cancer cell lines [59]. The gene encoding Aurora A will initiate the malignant
phenotype when elevated, and gene amplification may occur in some tumors
[59–61]. High expression levels of Aurora A are associated with a chromoso-
mal instability, more aggressive disease, and poorer prognosis [60]. Elevated
expression of Aurora B causes cytokinesis and chromosome segregation
abnormalities leading ultimately to aneuploidy [59]. Targeting the Aurora
kinases may directly target a functional abnormality that contributes to the
pathogenesis of cancer.

Specific inhibitors of Aurora A have been identified. VX-680 is a potent and
selective inhibitor of all three Aurora kinases, and it directed against the 
ATP-binding site of the kinase domain [62]. VX-680 has a 30-fold selectivity
for Aurora A as compared to Aurora B. It has potent antiproliferative acti-
vities against a number of colorectal, leukemia, and lymphoma cell lines,
and inhibits colony growth formation [62]. Mechanistically, VX-680 causes 
accumulation of cells with tetraploid DNA content, which then die by apop-
tosis [62]. These results suggest that it does not inhibit mitosis but cytokinesis.
In xenograft models of AML, VX-680 had excellent antitumor effects and it
caused tumor regression in pancreatic and colon tumor models [62].
Other Aurora kinase inhibitors have been identified [63], and it will be inter-
esting to monitor whether Aurora kinases represent a new target for anti-
cancer therapy. Mitosis is a complex and intricately controlled cellular event
that is critical to tumor growth. Additional antimitotic targets are expected to
be identified [61].

Methods in Drug Discovery

Cell-based assays constitute the primary screening methods to identify new
microtubule depolymerizers and stabilizers. Many antimitotic drugs are con-
centrated in the cytosol at hundreds of times the concentration in the media,
and this provides exquisite sensitivity. Purified tubulin-based assays are valu-
able as secondary confirmation screens but are limited use for primary screen-
ing because of lack of sensitivity. Cell-based screens include microscopic, flow
cytometry, and cell-morphology-based screens. A phenotypic screen that
simply evaluates the effects of compounds or natural product extracts on inter-
phase smooth muscle cells led to the identification of two new classes of micro-
tubule stabilizers, the laulimalides [64] and taccalonolides [65], and multiple
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depolymerizers, including the cryptaphycins [66] and symplostatins [67]. The
assay is reliable and sensitive, but has only moderately high throughput. Use
of automated microscopy combined with data algorithms to detect changes in
cellular microtubule density make this assay amenable to HTS.

A flow-cytometry-based method uses a mitosis-specific antigen to quantify
cancer cells in mitosis [68]. It is sensitive and has advantages over other flow-
based technologies in that only a single mitosis-specific parameter is measured.
This assay provides moderate throughout, but with a 96-well flow cytometry
format it could be used for HTS. This assay has been used to identify a number
of different new microtubule depolymerizing agents, and it has an advantage
over the other two assays in that it can identify tubulin-independent anti-
mitotics [68].

The ability of dibutyryl-cyclic AMP (db-cAMP) to cause glioma cells to
round up due to tubulin polymerization is the basis for a third screening assay
for tubulin-interacting agents [69]. In the presence of microtubule depoly-
merizers, dc-cAMP fails to initiate the morphology change. The morphology
changes cause the cells to round up and lose adhesion and they can be easily
removed by aspiration. Cells remaining can be quantified by any number of
techniques. This assay is sensitive and amenable to HTS. Unlike the other
assays it cannot detect microtubule stabilizers or antimitotics that work via a
tubulin-independent mechanism [69].

High-throughput screening based on kinase activity of the mitotic kinases
will be valuable approaches to identify specific inhibitors of the Aurora
kinases. These techniques have already proved to be successful [63]. With the
identification of other mitotic targets these types of assays will be invaluable.
Modeling of the ATP binding site may also provide utility for optimization of
Aurora kinase inhibitor leads.

29.6 NEW THERAPEUTIC TARGETS

Proteosome Inhibition

Precise control of the activities of cellular signaling proteins is important for
maintenance of homeostatic balance. Manipulation of protein transcription/
translation as well as degradation provides opportunities to alter cellular
protein levels. Protein ubiquitination followed by digestion by the proteosome
is particularly important for the control of cell cycle regulatory proteins [70].
The rationale of targeting the proteosome is to revert the cellular levels of
amplified proteins that contribute to the malignant phenotype to normal
levels. The transcription factor nuclear factor-kB (NF-kB) is believed to play
a key role in cancer [71]. NF-kB is involved in many cellular actions that define
malignancy, including proliferation, invasion, angiogenesis and metastasis [72].
NF-kB is a central transcription factor in inflammation. The chemopreventive
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actions of anti-inflammatory agents may be mediated through inhibition of
NF-kB [72]. NF-kB is constitutively active in most cancer cell lines and in
human cancer tissues. NF-kB matures from its precursor p105 form to its
active p50 form by the actions of the proteosome. The activity of NF-kB is
controlled by its associations with its inhibitory binding partner IkB. The
degradation of IkB by the proteosome releases its inhibition of NF-kB. Inhibit-
ing the proteosome can reduce the cellular levels of NFkB, a central prosur-
vival transcription factor, by two mechanisms, inhibiting NFkB maturation and
preventing IkB degradation. The proteosome inhibitor bortezomib (Velcade,
PS-341) is a reversible inhibitor of the 26S proteosome [71]. In vitro it has
antiproliferative and apoptosis-inducing activity against drug-sensitive and
drug-resistant multiple myeloma cells [73]. In clinical trials bortezomib was
active against multiple myeloma, providing complete responses in 10 percent
of patients and partial responses in 18 percent in patients with relapsed, refrac-
tory disease [71]. Preliminary indications suggest that inhibition of the pro-
teosome may provide a new, effective anticancer target.

Heat Shock Protein 90 (Hsp90)

Heat shock protein 90 is a new target for cancer therapy and early clinical trial
results of a Hsp90 inhibitor, 17-allylamino-17-desmethoxygeldanamycin
(17AAG), suggest that it may have promise as an anticancer target. Hsp90 is
a molecular chaperone that together with its co-chaperones forms a complex
that is involved in the maturation and folding of nascent polypeptide chains
into the tertiary structures required for proper activities. Disruption of the
maturation process leads to ubiquitination and subsequent degradation of the
proteins by the proteosome. Several of the client proteins of Hsp90 are impli-
cated in cancer cell growth and survival. Client proteins of Hsp90 implicated
in carcinogenesis include the tyrosine kinases v-Src, Akt, Raf-1, Bcr-Abl, and
HER2, and the transcription factors HIF-1a, mutant p53, and steroid recep-
tors [74, 75]. Recent data shed additional light on the selectivity of Hsp90
inhibitors toward malignant cells. During oncogenic transformation it appears
that the HS90 protein complex becomes activated in a superchaperone form
complexed with it co-chaperones [76]. In this configuration Hsp90 has high
ATPase activity and a higher binding affinity for 17-AAG, which binds to the
amino-terminal ATP binding site. Targeting Hsp90 is an approach to inhibit
the machinery that allows a cancer cell to maintain its multifaceted and ever-
changing growth and survival properties.

Inhibitors of Hsp90, which target the N-terminal ATPase site, have been
developed and one, 17AAG is in clinical trials. There are numerous problems
with 17AAG including limited solubility and oral bioavailability, but it 
has allowed the test of proof-of-principle of targeting Hsp90 for anticancer
therapy. New inhibitors of the N-terminal ATP binding site have been 
identified [77] and other mechanisms of interfering with Hsp90 may also be
effective [78].
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29.7 SOURCES OF SMALL-MOLECULE DRUG LEADS

With the advent of exciting new targets for cancer drug discovery and numer-
ous sensitive and specific high-throughput screens, it is critically important to
evaluate a wide range of chemistry to optimize drug discovery. There are
advantages of both natural product sources and synthetic sources for chemi-
cal libraries. There are strong rationales for using not just one source but both
for optimal chemical diversity.

Natural Products

The chemical diversity found in nature in microorganisms, plants, and marine
species has proved historically to be the best source for lead compounds for
therapies for human diseases [79]. The majority of drugs that are in use for
the treatment of cancer are natural products or are based on natural products
(Fig. 29.4). An evaluation of all the cancer drugs approved by the FDA from
the 1940s through 2002 showed that 40 percent of the anticancer drugs were
natural products or natural product derivatives. Another 20 percent of the
drugs represent synthetic compounds where the pharmacophore was defined
by a natural product, and 30 percent were strictly synthetic [79]. Natural 
products have played an important role in the treatment of cancer over the
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past 50 years and they continue to be useful for new targets. With the disap-
pointment of leads obtained from the first efforts of combinatorial chemistry,
there is a resurgence of natural products in drug discovery. Use of natural
products has been streamlined to allow for the shorter timelines of modern
drug development. Many groups, including some in industry are utilizing pre-
fractionated natural product samples, peak libraries, and are evaluating these
in HTS screening assays. The use of these enriched fractions allows for 
accelerated lead identification.

One of the limitations of natural products can be obtaining enough mate-
rial for preclinical and clinical testing. With the great strides that have been
made in synthetic organic chemistry, many complex natural products can now
be synthesized. This approach can often provide a source for drugs for pre-
clinical and clinical testing, but importantly, synthetic approaches provide the
opportunity for designed analogs for lead optimization. While many natural
products themselves have found utility in the treatment of cancer, analogs of
the natural products often have superior activities, as the source organism is
not expected to have optimized the compounds for human pharmacokinetics
and anticancer actions. Clearly, the complex chemicals from nature cannot yet
be duplicated in synthetic chemical libraries. Natural product peak libraries
are available commercially but as yet do not have the diversity that are found
in academic and corporate libraries.

Supply of natural products is always a concern and has limited the clinical
development of many promising lead compounds. Advances in the under-
standing of the genetics of complex biosynthetic pathways have been utilized
in bioengineering [80]. Biosynthetic gene clusters in bacterial expression
systems have been engineered to provide a renewable source of rare natural
products efficiently. Manipulation of biosynthetic gene clusters provides the
opportunity for metabolic engineering of a wide diversity of new chemical
entities [81]. The chemical diversity of natural products as sources for new
drug leads should not be overlooked and can complement large synthetic
chemical libraries.

Synthetic Chemical Libraries

Synthetic chemical libraries have many advantages over natural product
libraries in that they represent structures easily amenable to chemical syn-
thesis. Large chemical libraries, 100,000+ are available commercially for drug
discovery screening. They are available in formats amenable to HTS and
provide good chemical diversity at low cost. Many of the libraries are opti-
mized for chemical diversity and for pharmaceutical characteristics. These
libraries, together with HTS have been very important in the identification of
new, targeted leads.

One of the most promising approaches for new drug discovery is combi-
natorial chemistry. Combinatorial chemistry is a relatively new technology for
creating molecules en masse, compared with conventional one-molecule-at-a-
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time medicinal chemistry. The technology evolved from solid-phase peptide
synthesis. Originally used to create polypeptide and oligonucleotide libraries,
the field has moved toward libraries of small organic molecules with potential
utility as drugs. Molecular diversity can be introduced into many different 
molecules being prepared in parallel while tethered by a reversible linker to
an insoluble polymeric support. Although initially limited to peptide mole-
cules, the method has been expanded to include carbohydrates.

Validation of the library of the compounds produced in a combinatorial
synthesis has proven crucial to success. Early practitioners failed to recognize
that not all reactions worked as predicted, leading to unpredicted by-products
and incomplete reactions, leading to “dirty” libraries that created irrepro-
ducible effects. The utility of the combinatorial approach for creation of fun-
damentally different structures is hotly contested. It is clear, however, that for
lead optimization by analog synthesis, combinatorial chemistry is working and
is making major contributions.

29.8 RESOURCES FOR DRUG DISCOVERY

The approaches and targets for cancer drug discovery are changing at a rapid
pace, and, as mentioned in the introduction, significant efforts are being placed
on cancer drug discovery of targets that have yet to be validated. It can be
anticipated that some targets will lead to successful pharmaceuticals for cancer
treatment while others, for a number of reasons, will fail. Keeping current on
the trends in cancer drug discovery is critically important.

A wealth of information about drug discovery in general and specifics about
new screening technologies has become available in the past few years. A
number of excellent new journals are published with the aims of helping the
scientific community keep informed about the trends of drug discovery and in
specific assay techniques. The Society of Biomolecular Screening was initi-
ated in 1994 with the goal of “Discovery through Community.” The society’s
journal, The Journal of Biomolecular Screening is published on a monthly basis
and provides a variety of information on specific screening approaches and
technologies. National and regional meetings are sponsored by the society. The
inaugural issue of Current Drug Discovery Technologies was published in
January of 2004. The aims and scope of the journal are to provide timely infor-
mation on new approaches for all aspects of modern drug discovery. Nature
Reviews Drug Discovery, which began publication in 2002, offers an overview
of the drug discovery process, review articles for new therapeutic targets, as
well as articles on new tools for drug discovery. These new resources allow
rapid communications of approaches and solutions for various aspects of drug
discovery.

The focus of this chapter is on initial drug discovery, but turning lead iden-
tification into a clinically useful anticancer therapy requires rational drug
development, which is even more complex than initial drug discovery. A new
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reference, Molecular Cancer Therapeutics: Strategies for Drug Discovery and
Development [82], was published this year and provides an excellent source
for information on various aspects of cancer drug development.
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(BLAST), macromolecule
crystallographic models, 422–
425

Basidiomycetes, polysaccharide extracts,
1023–1024

Batch crystallization, format for, 380–381
“Baton” building, macromolecule

crystallographic models, 424–
425

Bayesian clustering, gene expression
data, systems biology,
138–139

Bayes’s theorem, protein structural
models, refinement
mathematics, 426–432

Bcr-Abl protein tyrosine kinase:
nonreceptor inhibitors, 1201,

1221–1222
targeted cancer therapy, signal

transduction pathways, 1346,
1350

Bead-based assemblies, high-throughput
flow cytometry, 202–207

b2AR, 205–206
cell cycle protein display, 206–207
FPR assemblies, 204–205

Benzodiazepines:
GABAA receptor complex:

binding sites, 814–821
receptor/pharmacophore models,

821–823
glutamate receptors, AMPA receptor

antagonists, 842
parallel library synthesis, 972
prodrug development, nasal drug

delivery, 764
Betulinic acid, natural product

development, 20–22
Bevacizumab:

targeted cancer therapy, angiogenesis
inhibitors, 1355

VEGFR inhibitor, 1219
B factors:

macromolecule crystallographic
models, 420–422

protein structural models, 428–432
Bicalutamide, antiandrogen properties,

1068
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Bicuculline, GABAA receptor agonists
and antagonists, 808–811

Bi-functional prodrug, defined, 736–737
Biguanides, diabetes therapy, 1077
Bijvoet pair of reflections, x-ray crystal

structure determination,
anomalous dispersion, 413–
416

Binary encoding, split-pool synthesis,
977–979

Binary kernel discrimination, virtual
screening, 113–114

Binary quantitative structure-activity
relationships (QSARs),
virtual screening,
probabilistic methods,
113–114

BIND database:
contents and location, 127
protein-protein interactions, 533–536

Binding site homology, metabotropic
glutamate receptor structure,
865–868

Binning spectral data algorithms,
CoSCoSA modeling, 279–280

Bioanalytical chemistry assays, drug
delivery, 474–476

Bioassays:
high-throughput screening, 586–598

assay formats, 587–588
cell-based assay design, 595–598
design criteria, 591

ligand-receptor binding
interactions, 592–594

mechanistic issues, 591–592
fluorescent methods, 594–595
reagent production, 588–591

historical background, 354–356
natural product activity screening,

product isolation, 45–47
Biocarta database, contents and location,

127–128
BIochemical assessment, colitis severity,

1018–1019
Biochemical combinatorial chemistry,

natural product activity
screening, 44–47

Bioconversion mechanisms, carboxyl
prodrugs, 741–744

BioCyc database, contents and location,
128

Bioisosteres, metabotropic glutamate
receptor ligands, 857

Biological effect modeling, NMR
spectral information, 231

Biological Macromolecule
Crystallization Database
(BMCD), crystallization data,
389

Biological markers:
developability assays, 469
in vitro toxicology assays, 480

Biological networks:
condition-specific molecular/functional

networks, 163–164
gaucoma drug development, 148–152
microarray data, linear pathways,

139–140
systems biology interpretations,

141–142
Biologics Control Act, 340
Bioluminescence, coupled assay

methods, 694–700
bacterial luciferases, 694
firefly luciferase, 694–700

ATP/luciferase reactions:
advantages of, 695–696
drug discovery, 695

high-throughput screening, 696–697
kinases, 698–699
limitations and considerations, 697–

698
phosphodiesterase, 699–700
phosphorolysis, 699

Biomass measurement, DeathTRAK
cycotoxicity assay, 704–711

ATP release assays, 704
dual-mode cytotoxicity/proliferation,

705–712
gram-negative bacteria, 707–709
gram-positive bacteria, 709–711

metabolic assays, 704–705
Biomolecular screening assay,

concentration-response
models and outcomes, 669–
671

affinity models and parameter
estimates, 669
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muscarinic M1 receptor GTPg35 S
assay, 670–671

Biopanning cycle, protein-protein
interactions, phage display
technology, 513–515

Biopharmaceutical classification scheme
(BSC), prodrug development,
739–740

Biopolymers, solid-phase synthesis,
965–970

Bioreductive enzyme expression,
prodrug tumor targeting,
771–774

Bioreversible prodrug structures,
740–752

amines and amides, 750–752
N-acyl prodrugs, 751
N-a-acyloxymethylN-

phosphoroxymethyl
derivatives, 751–752

N-mannich bases, 751
carboxyl groups, 741–744

acyloxyalkyl prodrugs, 743–744
aklyl and aryl esters, 741–743
amides, 744

hydroxyl groups, 747–750
lactones, 750
lipophilic prodrugs, 749–750
steric hindrance, promoieties for,

750
water-soluble prodrugs, 748–749

peptide backbone cyclization, 782–
783

phosphate groups, 744–746
phosphonate groups, 747

Biotinylated GPCR tail peptides,
high-throughput flow
cytometry characterization,
204–207

BIRB 796:
allosteric modulation, 1213
P38 MAPK inhibitors, 1228

Bis-azamacrocycles, antiviral therapy,
virus-cell fusion inhibitors,
1144–1147

Bisphosphonates, bone metabolism,
1058–1059

Bisubstrate analogs, protein kinase
inhibitors, 1213–1214

Bit string representations, molecular
fingerprints, virtual screening,
102–106

Blind controls, screening procedures, 6–7
Blood-based diseases, natural product

development for, 17–18
Blood-brain barrier (BBB):

brain targeting prodrug development,
775–778

drug delivery assays, 472–474
GABA receptor ligands:

GABAB receptor agonists, 825
GABAB receptor antagonists,

825–827
reuptake inhibition, 805–806

Blood collection protocols, regulatory
guidelines, 338–339

Boltzmann’s distribution, comparative
structural connectivity
spectra analysis, aromatase
enzyme binding models,
263–264

Bonding interactions, macromolecule
crystallographic models, 422

Bone metabolism, endocrine hormone
agents, 1057–1060

bisphosphonates, 1058–1059
calcimimetics, 1059–1060
calcitonin, 1058
mithramycin, 1059
parathyroid hormone, 1057–1058

Book sources, natural product drug
development, 25–27

Bothrops jaracaca, drug development,
31

Bragg’s law, x-ray diffraction, protein
structures, 396–397

Brain targeting, prodrug development,
775–778

carrier-mediated transport, 776–778
chemical drug delivery system, 776
lipophilic prodrugs, 775–776

Breast cancer:
estrogen receptors, 1071
MRI imaging, tumor cell surface

receptors, 1319–1325
systems biology-based drug

development for, 151,
153–156
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targeted cancer therapy, HER2/Neu
signal transduction,
1347

BRENDA database, contents and
location, 128

“Bridging” enzymes, coupled
bioluminescent assays, firefly
luciferase, ATP/luciferase
reactions, 695–696

Bright-field imaging, metal-enhanced
fluorescence, silver fractal-
lilke structures, 626–630

Brivudin (BVDU), antiviral therapy,
DNA polymerase inhibitors,
1148–1155

Bronchiolitis, viral agents for, 1117
Bryostatins, protein kinase A and C

inhibition, 1231
Bulpuerum falcatum, polysaccharide

extracts, 1024
Bunyaviridae, characteristics of,

1112–1113

Caco-2 model:
bioreversible prodrug structures,

peptide membrane
permiation, 782–783

drug delivery assays, 472–474
Caenorhabditis elegans, protein-protein

interactions, 508–509
Calcimimetics, bone metabolism,

1059–1060
Calcineurin, PhosTRAK phosphatase

assay, 715–717
Calcitonin, bone metabolism, 1058
Calcium channels:

GABAB receptors, allosteric
modulation, 827

protein kinase C and A, 1204
Calcium homeostasis, parathyroid

hormone action, 1057–1058
Calcium sensing receptor (CaSR),

calcimimetics, 1059–1060
Cancer. See also Anticancer agents;

Tumor targeting
breast cancer:

estrogen receptors, 1071
MRI imaging, tumor cell surface

receptors, 1319–1325

systems biology-based drug
development for, 151,
153–156

targeted cancer therapy, HER2/Neu
signal transduction, 1347

colorectal cancer, animal models,
1020–1021

gastrointestinal cancer, animal models,
1019–1021

chemical induction model,
1019–1020

human gastric cancer cell
implantation, 1019

natural product drug development,
19–22

Cancer cell proteomics, molecular
aptamers:

fluorescence anisotropy probe, proetin
analysis, 80–81

fluorescence energy transfer, PDGF
analysis, 76–80

molecular diagnosis, 74–75
multiple tumor markers, whole-cell-

based selection, 81–83
research background, 73–74
tumor marker detection, 75–76

Capacity, screening for, 5–7
Captopril, structure-based drug design,

437–438
Carbenicillin, prodrug development, oral

drug delivery, 756
Carbimazole, therapeutic applications,

1055–1056
Carbobenzoxy group, biopolymer 

solid-phase synthesis,
966–970

13C-15N heteronuclear connectivity
matrix, comparative
structural connectivity
spectral analysis, 271–278

antibiotic cephalosporins, 271–275
four-dimensional matrix:

configurational entropy, 276–278
molecular dynamics, 275–276

13C NMR spectroscopy:
comparative structural connectivity

spectral analysis:
aromatase enzyme binding model,

261–264
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aryl hydrocarbon receptor binding,
264–271

13C-15N heteronuclear connectivity
matrix, antibiotic
cephalosporins, 271–275

estrogen receptor binding
compounds, 251–256

future applications, 281
molecular structural analysis,

246–271
PD-ANN corticosterone binding

model, 260–261
three-dimensional corticosterone

binding, 257–259
comparative structurally assigned

spectra analysis:
aromatase enzyme model, 240,

242–244
aryl hydrocarbon receptor binding,

244–245
corticosterone binding model,

240–242
molecular modeling, 239–240

distance spectra, 235–236
predicted spectra, 236
spectral information content analysis,

229–231
simulated vs. experimental spectra,

232
Carbonic anhydrase inhibitors, structure-

based drug design, 438–440
Carboxyl groups, bioreversible prodrug

structures, 741–744
acyloxyalkyl prodrugs, 743–744
aklyl and aryl esters, 741–743
amides, 744
peptide membrane permiation,

782–783
Carcinoembryonic antigen (CEA):

cancer cell proteomics, molecular
diagnosis, 74–75

mRNA protein production, 1286–
1288

Cardiac sarcolemmal ATP-sensitive
potassium channel
antagonists:

extracellular potassium:
myocardial ischemia effects, 911–913
ventricular rhythm, 913–914

nonselective antagonists, 915–917
proarrhythmic effects, 923–924
research background, 909–911
selective antagonists, 917–923

HMR 1402 cardioselective
compound, 921–923

HMR 1883 cardioselective
compound, 919–921

ventricular arryhthmias, 914–924
Cardiovascular agents:

corticotropin-releasing factor and
related peptides, 1041

thyroid hormone analogs and
receptors, 1053–1055

Carrier-mediated transport, prodrug
structures:

brain targeting properties, 776–778
oral drug delivery, 754–756

Casein, PhosTRAK phosphatase assay,
715–716

Caspofungin, reserach and development,
16

Cathelicidins, vertebrate sources, 31
CAT reporter gene, protein-protein

interactions, mammalian two-
hybrid systems, 506

CCR5 compound, antiviral therapy,
virus-cell fusion inhibitors,
1144–1147

Cell adhesion molecules, herbal
terpenoid inhibition,
1027–1028

Cell-based assays:
CellCard preparation, 360
compound addition and assay

protocol, 360–361
high-throughput screening platforms,

566–567
bioassays, 595
design criteria, 595–597
format innovations, 597–598
overview of, 587–588
reagent production, 588–591

historical background, 354–356
image analysis and data visualization,

361–362
mixing and dispensing protocols,

360
multiplexing principles, 357–359
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antiproliferation screening, cell type
selective compounds, 367–370

TUNEL assay, 363–366
reading protocols, 361
selective antimitotic compound

identification and profiling,
362–363

targeted cancer therapy, antimimotics,
1362–1363

tissue culture, 360
in vitro pharmacology assays, 461–462
in vivo pharmacology assays, 464–465

Cell-based partitioning, virtual screening,
108–109

CellCard system, multiple cell line
screening, 356–357

antimitotic cellular arrays case study,
362–363

card preparation, 360
compound addition and assay

protocol, 360–361
experiment design and plate layout,

359–360
image analysis and data visualization,

361–362
key features of, 370
multiplexed antiproliferation screen,

367–370
multiplexing cell-based assays, 357–

359
96-well mixing and dispensing format,

360
reading protocol, 361
tissue culture, 360
TUNEL assay case study, 363

multiplex dose curve analysis,
363–366

Cell cycle control:
breast cancer drug development,

155–156
natural product development for,

19–22
protein domain display, 206–207
RNA function in, 1262–1263

Cell-free expression systems, protein-
protein interactions, protein
microarray reagents, 524

Cell illustrator software, biological
pathway analysis, 143

Cell line cultures:
high-throughput screening bioassays,

590–591
cell-based assay design, 596–597

platelet-derived growth factor analysis,
fluorescence resonance
energy transfer, 78–80

Cell penetrating peptides (CPP), gene
expression suppression, 1283

Cell proliferation, herbal therapeutic
agents, 1021–1022

Cell sorting, microfluidic mixing, high-
throughput flow cytometry,
208–209

Cells property, Excell object entities,
300–303

Cell type selective compounds,
multiplexed antiproliferation
screen, 367–370

Cellular proteins, viral replication,
1123–1124

Central nervous system ischemia,
glutamate receptor
antagonists, 800

CEP-7055 compound, VEGFR inhibitor,
1220–1221

Cephalosporins, 13C-15N heteronuclear
connectivity matrix,,
comparative structural
connectivity spectral analysis
model, 271–275

Cerebyx, N-a-acyloxymethylN-
phosphoroxymethyl
derivatives, 751

Charge-coupled device (CCD):
detector systems:

protein-protein interactions, protein
microarrays, 527–528

x-ray diffraction, synchrotron data
collection, 404–405

high-throughput screening platforms:
assay detection, 583
miniaturization, 566

ChemBank:
high-throughput flow cytometry, 195
virtual screening, 213

Chemical delivery system (CDS):
brain targeting prodrugs, 776
defined, 737–738
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Chemical derivatization, anomalous
diffraction, 388

Chemical diversity:
high-throughput flow cytometry,

informatics techniques,
194–195

high-throughput screening, compound
management, 572–573

Chemical exchange saturation transfer
(CEST) contrast agent, MRI
molecular imaging, 1329

Chemical induction model:
colorectal cancer, 1020–1021
gastrointestinal cancer, 1019–1020

Chemical shift information:
13C-15N heteronuclear connectivity

matrix, antibiotic
cephalosporins, comparative
structural connectivity
spectral analysis, 274–275

molecular MRI and, 1329–1331
NMR spectral data, 232–233

Chemical signals, molecular drug actions,
37–39

Chemical spaces, virtual screening, 91–
92

Chemiluminescent assays, coupled
luminescent assays vs., 693–
694

Chemokines:
antiviral agents, virus-cell fusion

inhibitors, 1142–1147
respiratory viral infections, 1121–1122

Chemotherapeutic agents:
antiviral natural product development

techniques, 21–22
natural product development, 19–22

Chinese herbal medicine:
estimates on development of, 14
history of, 12–13

Chiral chromatography, analytical
chemistry assays, 463–464

Chlorpropamide, vasopressin receptor
agonists/antagonists, 1051

Cholecystokinin (CCK), antiobesity
agents, 1084–1085

Cholesterol drugs, thyroid hormone
analogs and receptors,
1054–1055

Chorionic gonadotropin, luteinizing
hormone receptors, 1049

Chromatographic techniques. See also
specific techniques

analytical chemistry assays, 463–464
bioanalytical chemistry assays, 474–476
natural product structural

identification, 51–53
split-pool synthesis, binary encoding,

977–979
Chronic myelogenous leukema (CML):

Bcr-Abl protein tyrosine kinase, 1201
targeted cancer therapy, signal

transduction pathways, 1346,
1350

Cidofovir:
acyclic nucleoside phosphonates,

1159–1161
DNA polymerase inhibitors,

1148–1150
C-jun N-terminal kinases (JNKs):

inhibitors, 1228
therapeutic targeting, 1202–1205

c-Kit gene, targeted cancer therapy,
signal transduction, 1350

Cladosiphon fucoidan, polysaccharide
extracts, 1024

Clavanins, marine sources, 32–33
Click chemistry, combinatorial

techniques, 992–997
Clinical syndromes, respiratory viruses,

1114–1118
acute laryngotracheobronchitis, 1116
bronchitis, 1117
common cold, 1114, 1116
laryngitis, 1116
pharyngitis, 1116
pneumonia, 1117–1118
tracheitis and tracheobronchitis, 1116

Clinical trials. See also Preclinical studies
glucocorticoids, 943–945
hammerhead ribozymes, 1276–1277
immunostimulating RNA, 1290
mediator-specific anti-inflammatory

agents, 939–941
mRNA function, protein production,

1285–1288
natural product development, 57–58
prodrug requirements, 738–740
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protein kinases inhibitors, 1206–1209,
1215–1232

RNA mimetics, aptamer function,
1271–1272

Clipboard function, Excel data
management, 304–306

Closed-loop screening, high-throughput
screening compounds, 578

Clozapine, GABAA receptor complex,
819

Cluster analysis:
breast cancer drug development,

155–156
gene expression data, systems biology,

138–139
virtual screening, 106–107

Coagulation drugs, insect sources, 30–31
Coagulation pathways, sepsis

pathophysiology, 946
Coating materials, high-throughput

screening procedures, plate
design, 571–572

Co-crystallization techniques, crystal-
based drug discovery,
386–388

Code execution control, Visual Basic
Editor, 295–297

Code of Federal Regulations, drug
discovery guidelines, 343–344

Cognia Molecular System, biological
pathway analysis, 145

Collaborative research, natural product
development, 62

Colon targeting, prodrug development
for, 778

Colorectal cancer, animal models,
1020–1021

Combinatorial chemistry. See also
Biochemical combinatorial
chemistry

drug development based on, 8–9
high-throughput methods, 983–985
libraries:

design issues, 1001–1004
on-bead screening, 974
parallel synthesis, 971–972
split-pool synthesis, 973–974

binary encoding, 977–979
infrared coded resins, 979–980

radio-frequency tagging, 980–981
recursive deconvolution, 976
tagging methods, 977

virtual screening sources, 90
natural product synthesis, 54–55

biosynthesis, 60–62
future research issues, 60–62

photolithographic synthetic methods,
981–983

research background, 962–970
solid-phase biopolymer synthesis,

965–970
tag-free methodology, 985–1001

click and in situ click chemistry,
992–997

dynamic chemistory and allied
methods, 985–992

macromolecular ligands, thiol-based
in situ assembly, 997–998

structury-activity relationship,
nuclear magnetic resonance,
998–1000

targeted cancer therapy, small-
molecule inhibitors, synthetic
chemicallibraries, 1366–1367

theoretical origins, 963–965
Comma-delimited data, Excel clipboard

format, 305–306
Commercially Available Data Base

version 0.8:
high-throughput flow cytometry, 195
virtual screening:

generation and maintenance, 213
high-performance computing

applications, 213–216
Common cold, respiratory viruses and,

1114, 1116
Comparative mean field analysis

(CoMFA):
estrogen receptor binding compounds,

comparative structural
connectivity spectral analysis,
256

simulated vs. experimental NMR
spectra, 232

Comparative spectral analysis (CoSA):
aromatase enzyme binding models,

264
biological effect modeling, 231–232
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simulated vs. experimental NMR
spectra, 232

structurally assigned chemical shift
information, 232–233

Comparative structural connectivity
spectral analysis (CoSCoSA):

binning spectral data algorithms,
279–280

molecular structural models, 245–271
aromatase enzyme model, 261–264
aryl hydrocarbon receptor binding

model, 264–271
corticosterone binding:

artificial neural network model,
259–261

three-dimensional models,
256–259

two-dimensional model of estrogen
receptor binding compounds,
247–256

multidimensional NMR spectra,
234–236

Comparative structurally assigned
spectral analysis (CoSASA):

aromatase enzyme model, 240,
242–244

aryl hydrocarbon receptor binding,
244–245

CoSCoSA model comparisons,
264–271

corticosterone binding model, 240–242
molecular model flowchart, 239–240
NMR chemical shift information

management, 233
Competitive receptor antagonists:

AMPA receptors, 840–842, 850
metabotropic glutamate receptor

ligands, 857–860
a-substitutions, 859–860
phenylglycines, 857–859

Complementary DNA (cDNA):
gene expression profiling, systems

biology, 132–133
protein-protein interactions, yeast two-

hybrid systems, 485–489
library sources, 496–501

Complement-mediated lysis,
DeathTRAK cycotoxicity
assay, 702–704

Compliance strategies, risk assessment,
344–349

Compound management:
CellCard system, addition and assay

protocol, 360–361
high-throughput screening, 560–563

automated systems technology,
572–578

close-loop screening, 578
composition, 572–573
nanoliter despensing, 576–578
plate format storage, 575
replication, 575–576
wet or dry storage, 573–575

high-throughput screening 
procedures, compound flow,
567–568

virtual screening, 89–90
Computational analysis, protein-protein

interactions, 533–536
Computed tomography (CT), cancer cell

proteomics, 74
Computer-assisted structure 

elucidation (CASE), natural
product development, 51–
53

Concanamycin F., research and
development, 18–19

Concavalin A ligand, dynamic
combinatorial chemistry,
990–992

Concentration-response data:
biochemical assays, 668–669
biomolecular screening assays, 669–

671
Configurational entropy, comparative

structural connectivity
spectral analysis, four-
dimensional connectivity
matrix, 276–278

Conformationally constraint analogs,
metabotropic glutamate
receptor ligands, 853–855

Connectivity matrix construction:
13C-15N heteronuclear connectivity

matrix, antibiotic
cephalosporins, comparative
structural connectivity
spectral analysis, 271–275



1394 INDEX

comparative structural connectivity
spectral analysis:

configurational entropy estimation,
276–278

molecular dynamics of compounds,
275–276

multidimensional NMR spectra,
233–236

Conotoxins, marine sources, 32–33
Constitutive androstane receptor

(CAR), ADME/Tox drug
development, 157–159

Consumer protection, FDA role in,
341–343

Content analysis:
high-throughput flow cytometry,

193–194
nuclear magnetic resonance spectral

information, 229–231
Contraception, estrogen receptors, 1071
Contrast agents (CA), magnetic

resonance imaging (MRI),
mechanisms and
enhancement, 1311–1314

enzymatic activation, 1328
intracellular targeting, long-term

labeling, 1326–1328
low-molecular-weight agents,

vasculature and vascular
targets, 1315

relaxation properties, 1313–1314
signal amplification, 1324–1325
T1 contrast agents, 1311–1312
T2 contrast agents, 1312–1313

Coomassie brilliant blue staining:
protein crystallization, 382–383
protein-protein interactions, mass

spectrometry techniques, 530
Copper anode X-ray source, x-ray

diffraction data:
home laboratory, 402–403
synchrotron data, 404–405

Coriolus versicolor, polysaccharide
extracts, 1023–1024

Coronaviridae, structural properties,
1109

Correlation spectroscopy (COSY):
comparative structural connectivity

spectral analysis:

aromatase enzyme binding model,
261–264

aryl hydrocarbon receptor binding,
264–271

13C-15N heteronuclear connectivity
matrix, antibiotic
cephalosporins, 273–275

corticosterone binding, 256–259
estrogen receptor binding

compounds, 247–256
molecular structural analysis,

246–271
PD-ANN corticosterone binding,

260–261
multidimensional NMR spectra,

234–236
Corticosteroids:

adrenal corticosteroids, 1060–1066
aldosterone, 1064–1065
corticosteroid synthesis inhibitors,

1063–1064
glucocorticoids, 1060–1063
mineralcorticoids, 1064–1065

antagonists, 1065–1066
synthesis inhibition, 1063–1064

Corticosterone binding:
comparative structural connectivity

spectra analysis model,
240–242

artificial neural network model,
259–261

comparative structural connectivity
spectral analysis model,
three-dimensional models,
256–259

Corticotropin-releasing factor (CRF),
analogs and antagonists,
1040–1042

Cost issues in drug discovery:
coupled luminescent assays, 720
natural product research and

development, 15–22
respiratory viral infection, 1107
systems biology and, 124–125

Coupled enzyme assays, basic principles,
692–693

Coupled luminescent assays:
abbreviations and acronyms, 725–726
assay specifications, 718–720
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cost issues, 720
operational characteristics, 719
sensitivity, 719
speed and linear response, 718
Z values, 719–720

backward reactions, 721–722
bioluminescent assay methods,

694–700
bacterial luciferases, 694
firefly luciferase, 694–700

ATP/luciferase reactions:
advantages of, 695–696
drug discovery, 695

high-throughput screening, 696–
697

kinases, 698–699
limitations and considerations,

697–698
phosphodiesterase, 699–700
phosphorolysis, 699

chemiluminescent assays, 693–694
coupled enzyme assays, 692–693
cytotoxicity measurement, release

assays, 700–701
DeathTRAK cycotoxicity assay:

basic properties, 701–702
biomass measurement (competitive

comparison), 704–711
ATP release assays, 704
dual-mode

cytotoxicity/proliferation,
705–712

gram-negative bacteria,
707–709

gram-positive bacteria, 709–711
metabolic assays, 704–705

cytotoxic process measurements,
702–704

drug discovery applications, 702–
711

fluorescence vs. luminance, 691
as fluorescent assay alternatives, 693
formulations, 722–725

lytic formulations, 725
PhosTRAK formulations, 723–724
reaction master mixes and dilution

buffers, 722–723
phosphatase activity measurement,

701

PhosTRAK phosphatase assay,
712–718

applications, 713–714
basic principles, 713
complexity and thermodynamic

issues, 716–717
diverse results, 715–716
formulations, 723–724
future research issues, 717–718
phosphatase activity measurement,

712–713
research background, 690–691
scintillation proximity assays, 691–

692
COX-1 inhibition:

herbal sources for, 1027–1028
prodrug development, side effects

reduction, 784
CP-154,526 antagonist, corticotropin-

releasing factor, 1042
CREB binding protein (CBP), protein-

protein interactions, split-
hybrid inhibition system,
538–539

Cremophor EL, Taxol development and,
59

CRFSoft, HyperCyt system, 210
Crohn’s disease (CD), animal models,

1016–1019
trinitrobenzene sulfonic acid/ethanol-

induce colitis, 1017
Cross-linked iron oxide nanoparticles

(CLIO), magnetic resonance
imaging (MRI), mechanisms
and enhancement:

T2 contrast agents, 1313
tumor cell surface receptors,

1319–1325
tumor neovasculature, 1317–1318

Cross-validated variance coefficients:
comparative structural connectivity

spectra analysis, aromatase
enzyme binding models,
263–264

comparative structural connectivity
spectra analysis model, PD-
ANN corticosterone binding
model, 260–261

Croup, respiratory viruses and, 1116
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Cryopreservation techniques, protein
crystallization, 385–386

Cryostats, x-ray diffraction data, home
laboratories, 403

Cryptotheca crypta, drug development,
31–32

Crystal-based drug discovery, protein
targeting, 386–388

Crystallization. See also X-ray
crystallography

defined, 376–377
formats for, 380–381
ionotropic glutamate receptors,

846–851
metabotropic glutamate receptor

structure, 863–868
protein kinase structures, 1196–1198
vendor sources, 378–379

Crystallographic fragment screening,
crystallographic structural
models, 444–445

Crystallographic screening:
crystallographic structural models,

443–444
limitations of, 449–450

CrystalMiner software, protein
crystallization, 384

CRYSTOOL software, protein
crystallization formulation,
385

CSNDB database, contents and location,
128

CSV files, Excel data file management,
307

C-terminal ubiquitin moiety (Cub),
protein-protein interactions,
504

Cucumaria japonica, research and
development, 17

Curcumin-base medicinal agents,
gastrointestinal disease,
animal models, 1024–1025

Curie spin, magnetic resonance imaging
(MRI), mechanisms and
enhancement, T2 contrast
agents, 1312–1313

Cushing’s syndrome/Cushing’s disease,
corticotropin-releasing factor
therapy, 1041–1042

CV-N protein, natural product drug
development, 27

Cyanobacterium, natural product drug
development, 27

Cyclic adenosine 5’-monophosphate
(cAMP) response element
binding protein (CREB),
protein-protein interactions,
split-hybrid inhibition
system, 538–539

Cyclic electrophiles, click chemistry,
993–997

Cyclin-dependent kinases (CDKs):
inhibitors, 1229
natural product development, 19–22
RNA synthesis inhibition, 1162–1163
therapeutic targeting, 1203–1204

Cycloaddition reactions, click chemistry,
995–997

Cyclohexenylguanine, antiviral therapy,
DNA polymerase inhibitors,
1153–1155

Cyclopentane derivatives, neuraminidase
inhibitors, 1171

Cyclosporine A:
prodrug development, peptide

formulation and delivery,
780

research and development, 18–19
Cy3/Cy5-DNA, metal-enhanced

fluorescence (MEF), 637–
639

CYH2 gene, protein-protein interaction
inhibition, reverse two-hybrid
systems, 537–538

CYN-154806 antagonist, somatostatin
receptors, 1046

Cysteamine derivatives, acute/chronic
duodenal ulcers, 1016

Cytochrome P450 (CYP) enzymes:
ADME/Tox drug development,

157–159
antistructure drug discovery, 441–442
corticosteroid synthesis inhibition,

1063–1064
drug metabolism assays, 477–478

Cytokines:
corticotropin-releasing factor, 1041
P38 MAPK inhibitors, 1226–1228
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respiratory viral infections, 1121–
1122

thyroid hormone analogs and
receptors, 1054–1055

Cytotoxicity assays:
coupled luminescent assays, 700–701
DeathTRAK cycotoxicity assay:

basic properties, 701–702
biomass measurement (competitive

comparison), 704–711
ATP release assays, 704
dual-mode

cytotoxicity/proliferation,
705–712

gram-negative bacteria,
707–709

gram-positive bacteria, 709–
711

metabolic assays, 704–705
cytotoxic process measurements,

702–704
drug discovery applications, 702–

711
Cytotoxic T lymphocytes (CTL),

DeathTRAK cycotoxicity
assay, 702–704

DABCYL quencher, aptamer-based
fluorescence resonance
energy transfer analysis,
platelet-derived growth
factor, 77–80

Database sources:
Excel Visual Basic for Applications,

external database imports,
319–327

dabatase characteristics, 319–320
data imports, 322–326
ODBC access issues, 320–322

high-throughput flow cytometry,
194–195

macromolecule crystallographic
models, 422–425

protein crystallization, 388–389
protein-protein interactions,

computational methods,
533–536

systems biology, 127–131
future applications, 159–164

virtual screening, generation and
maintenance, 212–213

Data-generating model, statistical
properties, 678–679

Data management:
high-throughput screening:

automated management, 584–586
hit selection, 585–586
IC50 analysis, 585
quality control and data capture,

584–585
laboratory data, Excel software:

clipboard function, 304–306
opening and saving data files,

306–307
research background, 287–289
saving text and CSV files, 307
text import wizard, 306–307
Visual Basic for Applications,

290–303
automated report generation,

327–334
heat map display, 331–334
worksheet formatting, 328–330

data file reading and writing,
307–319

file access types, 309
file selection, 308–309
opening and closing sequential

access files, 309–311
sequential access files, 311–

315
event-driven programming,

297–299
external database imports,

319–327
dabatase characteristics,

319–320
data imports, 322–326
ODBC access issues, 320–322

fundamental principles, 291–303
language primer, 293–297
macro recording, 290–291
object entities, 299–303
Oracle ODBC connection, 327
string data manipulation and

parsing, 315–319
Visual Basic Editor elements,

292–293
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x-ray diffraction, 399–402
home laboratory collection, 402–403
synchrotron diffraction data, 403–

405
Data phasing methods, x-ray diffraction,

protein structures, molecular
replacement, 420

Data Source Names (DSN), Excel Visual
Basic for Applications,
322–326

data import, 325–327
Daylight fingerprints, virtual screening,

103
DeathTRAK cycotoxicity assay:

backward reactions, 721–722
basic properties, 701–702
biomass measurement (competitive

comparison), 704–711
ATP release assays, 704
dual-mode cytotoxicity/

proliferation, 705–712
gram-negative bacteria, 707–

709
gram-positive bacteria, 709–711

metabolic assays, 704–705
cytotoxic process measurements,

702–704
drug discovery applications, 702–711
operational characteristics, 719
sensitivity limits, 719
standard cocktail formulations,

722–723
Decision-tree algorithms, virtual

screening:
multidomain clustering, 107
partitioning techniques, 110–112

Defensive compounds, combinatorial
libraries, 963–965

Densensitization, drug tolerance
mechanisms, 42–43

Density skeletonization calculations,
macromolecule
crystallographic models, 423–
425

Deoxyribonucleic acid (DNA):
cancer cell proteomics, 74
cell-based assays, 355–356
multiple tumor markers, whole-cell-

based aptamers, 82–83

sequence variations, systems biology,
132

targeted cancer therapy, 1357–1360
DNA methylation, 1357–1358
histone deacetylase inhibitors,

1358–1359
telomerase inhibitors, 1359–1360

viral synthesis inhibition:
acyclic nucleoside phosphonates,

1158–1161
DNA polymerase inhibitors,

1147–1155
reverse transcriptase inhibition,

1155–1158
Dermal delivery routes, drug delivery

assays, 473–474
Dermal drug delivery, prodrug

absorption mechanisms,
756–760

topical drugs, 757–759
transdermal delivery, 759–760

Desmopressin-1-deamino, 8-D-arginine
vasopressin-dDAVP
(DDAVP), vasopressin
receptor agonists/antagonists,
1051–1052

Detection devices:
high-throughput screening procedures,

assay detection, 582
protein-protein interactions:

mass spectrometry techniques, 530
protein microarrays, 527–528

Deterministic algorithms, natural
product structural
identification, 53

Developability assays:
applications for, 481–482
basic principles, 466–468
bioanalytical chemistry assays, 474–476
drug delivery assays, 471–474
drug metabolism assays, 477–478
formulation development, 469–471
pharmacokinetic assays, 476–477
pharmacology evaluations, 468–469
toxicology assays, 478–481

in vitro toxicology, 479–480
in vivo toxicology, 480–481

Development phase, natural products,
55–58
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Dexamethasone, gaucoma drug
development, 147–151

Dextran-SNAFL-2 probes, metal-
enhanced fluorescence,
ratiometric surface sensing,
649–653

Dextran sulfate sodium, inflammatory
bowel disease, animal
models, 1017–1018

DHA bead competitive assay, b2-
adrenergic receptor (b2AR),
205–207

Diabetes mellitus:
antiobesity agents, 1083–1086
endocrine hormone therapy,

1073–1083
biguanides, 1077
exendin-4, 1082–1083
glucagon, 1083
glucagon-like peptide-1, 1082
a-glucosidase inhibitors, 1081–1082
glucose-dependent insulinotropic

polypeptide, 1082
insulin, 1073–1075
meglitinide analogs, 1080–1081
sulfonylureas, 1079–1080
thiazolidinediones, 1077–1079

natural product development for,
17–22

ventricular arrhythmias, nonselective
ATP-sensitive potassium
channel antagonists, 916–
917

Diabetic macular edema (DME), RNA
mimetics, aptamer function,
1271–1273

Diagnostic testing, viral respiratory
infection, 1117–1120

Dialysis-based protein crystallization,
381

Didemnins, research and development,
18–19

Dideoxynucleoside analogs, reverse
transcriptase inhibitors,
1156–1158

Diffraction theory. See also X-ray
crystallography

Bragg’s law and angular dependence,
396–397

electron clouds and thermal motion,
398–399

x-ray crystallization of protein
structures, 389–390

Fourier synthesis, 392–396
macromolecule crystals, 390–392

Difhydrofolate reductase (DHFR),
protein-protein interactions,
504

Diflunisal, antistructure drug discovery,
442

Dihydrotrigonelline, brain targeting
prodrug development, 776

3,5-Diiodothyropropionic acid (DITPA),
thyroid hormone analogs and
receptors, 1054–1055

Dilution buffers, coupled luminescent
assays, 722–725

Dimension reduction, cell-based
partitioning, virtual
screening, 108–109

Dimer topology, metabotropic glutamate
receptor structure, 863–868

1,2-Dimethylhydrazine (DMH),
colorectal cancer models,
1020–1021

Dimethyl sulfoxide (DMSO), high-
throughput screening
compounds:

nanoliter dispensing, 576–578
replication protocols, 575–576
wet or dry storage, 573–575

DiMSim, biological pathway analysis,
143

Dinitrobenzene sulfonic acid (DNBS)/
ethanol, inflammatory bowel
disease, animal models,
1017

DIP database, contents and location,
128

Diphosphate 1,2-diacyl glycerol
derivatives, phosphate group
prodrug, 746

Dipivalyl epinephrine, ophthalmic drug
delivery, prodrug drug
development, 761–762

Direct fluorescent antibody (DFA), viral
respiratory infection
diagnosis, 1119–1120



1400 INDEX

Directional emission, metal-enhanced
fluorescence, 654–660

Direct response, molecular drug actions,
37–39

Direct space partitioning, virtual
screening, 109–110

Discoderma dissoluta, research and
development, 18–19

Discovery assays:
analytical chemistry assays, 462–464
applications for, 481–482
basic princples, 460
in vitro pharmacology assays, 460–462
in vivo pharmacology assays, 464–465

Discovery phase, natural products, 55–58
Disease-seeking drugs:

mechanism-based drug development, 8
in vitro pharmacology assays, 461–462

Display vector, protein-protein
interactions, peptide display
reagents, 517

Dissociated glucocorticoids,
development of, 1062–1063

Dissociative molecules, protein-protein
interactions, inhibition, with
reverse two-hybrid systems,
537–538

Distance functions, molecular similarity,
virtual screening, 94

Distance variables, comparative
structural connectivity
spectral analysis, estrogen
receptor binding compounds,
252–256

“Distinctive Name Proviso” (FDA),
341–342

Diversification step, split-pool synthesis,
973–974

Diversity-oriented Organic Synthesis
(DOS):

combinatorial chemistry libraries,
1002–1004

high-throughput flow cytometry, 195
DNA binding domain (DBD), protein-

protein interactions:
genetic selection systems and

inhibition of, 540–541
mammalian two-hybrid systems, 506
protein linkage maps, 507–509

three-hybrid systems, 505–506
yeast two-hybrid systems, 485–489

target and bail vectors, 490–494
DNA methylation, targeted cancer

therapy, 1357–1358
Docking algorithms:

FPR case study, 217
protein structural models, 433–434
virtual screening, 212

Documentation protocols, protein
crystallization, 384

Domain-closed binding sites,
metabotropic glutamate
receptor structure, 865–868

Donor-acceptor distances, metal-
enhanced fluorescence,
enhanced energy transfer,
silver surfaces, 646–649

Dose curve analysis:
glucocorticoid efficacy, 944–946
TUNEL assay, 363–366

Dose-reponse curves:
drug tolerance mechanisms, 42–43
platelet-derived growth factor analysis,

fluorescence resonance
energy transfer, 78–80

potency measurements, 36
Dose selection criteria, screening

procedures, 6–7
Dot-blot filter arrays, protein-protein

interactions, 522–523
Dot notation, Excell object entities,

300–303
Double mass spectrometry (MS/MS),

natural product activity
screening, 46–47

Double-prodrug concept, defined,
735–737

Double-stranded RNA (dsRNA),
immunostimulation therapy,
1288–1290

definitions, 1288–1289
hemispherx Biopharma, 1290
preclinical/clinical utilization,

1289–1290
Do-While example, Visual Basic Editor

task, 296
Do-While Loop example, Visual Basic

Editor task, 296
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“Drop out” compounds, reasons for,
1–2

Drosophila melanogaster, protein-
protein interactions, 508–509

Drug action:
general principles, 34–37
molecular aspects, 37–42

enzyme receptors, 40–41
G-protein-coupled systems, 40
ion channels, 39
receptors, 37–39
target selection, 41–42
transcription factors, 41

prodrug development, prolonged
duration designs, 769–770

Drug delivery assays, drug development,
471–474

Drug discovery and development:
antiviral agents, process for, 1135–

1140
attrition rates in, 1–2
cancer drug targeting:

antimimotics, 1360–1363
aurora kinases, 1361–1362
cell-based assays, 1362–1363
kinesin inhibitors, 1361
microtubule-targeting agents,

1360–1361
Bcr/Abl, c-Kit, and PDGF, 1350
DNA targets, 1357–1360

DNA methylation, 1357–1358
histone deacetylase inhibitors,

1358–1359
telomerase inhibitors, 1359–

1360
EGF receptor pathway, 1347–1349
evolution of, 1344–1346
heat shock protein 90, 1364
HER2/Neu, 1347
information resources for,

1367–1368
insulin-like growth factor signaling,

1349
mammalian target of rapamycin

(mTOR), 1350–1351
proteosome inhibition, 1363–1364
screening assays, 1351–1352
signal transduction targets,

1346–1352

small-molecule drug sources,
1365–1367

natural products, 1365–1366
synthetic chemical libraries,

1366–1367
tumor vasculature, 1352–1357

angiogenesis inhibitors, 1353–1356
HIF-1a target, 1355–1356
VEGF axis, 1354–1355

antivascular agents, 1356
high-throughput techniques,

1356–1357
coupled bioluminescent assays,

ATP/luciferase reactions, 695
DeathTRAK cycotoxicity assay,

702–711
high-throughput screening procedures,

560–563
workflow, 567–569

metal-enhanced fluorescence and,
660–662

modern paradigm for, 734–735
phases of, 457–460
prodrug design and application:

bioreversible structures, 740–752
amines and amides, 750–752

N-acyl prodrugs, 751
N-a-acyloxymethylN-

phosphoroxymethyl
derivatives, 751–752

N-mannich bases, 751
carboxyl groups, 741–744

acyloxyalkyl prodrugs, 743–744
aklyl and aryl esters, 741–743
amides, 744

hydroxyl groups, 747–750
lactones, 750
lipophilic prodrugs, 749–750
steric hindrance, promoieties

for, 750
water-soluble prodrugs, 748–749

phosphate groups, 744–746
phosphonate groups, 747

clinically useful requirements,
738–740

definitions and concepts, 735–738
chemical delivery system, 737–738
double-prodrug concept, 735–737
soft drug concept, 737
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pharmaceutical applications,
752–785

aqueous solubility improvement,
766–769

hemiester structures, 769
phosphates, 767–769

etoposides, 767–768
fosphenytoin, 768–769

drug absorption mechanisms,
752–766

carrier-mediated transport,
754–756

dermal drug delivery, 756–760
topical drugs, 757–759
transdermal delivery, 759–

760
nasal drug delivery, 762–766

ehanced brain delivery, 766
lipophilic prodrugs, 764–766
peptide prodrugs, 766
transport-mediated

absorption, 766
water-soluble prodrugs,

763–764
ophthalmic drug delivery,

760–762
oral drug delivery, 752–756

lipophilic drugs, 753–754
drug targeting improvements,

770–779
brain targeting, 775–778

carrier-mediated transport,
776–778

chemical drug delivery
system, 776

lipophilic prodrugs, 775–776
colon targeting, 778
kidney targeting, 778–779
tumor targeting, 770–775

antibody-directed enzyme
prodrug therapy, 774

gene-directed enzyme
prodrug therapy, 774–
775

hypoxia-selective drugs,
772–774

duration of action, 769–770
macromolecular promoieties,

784–785

peptide formulation and delivery,
779–783

aqueous solubility
improvement, 780

enzyme stability, 780–782
membrane permeation

improvement, 782–783
side effects reduction, 783–784

respiratory antiviral agents, 1124–
1126

Drug likeness, virtual screening,
114

Drug metabolism (DM) assays, drug
development, 477–478

Drug-seeking diseases, therapeutic area
drug development, 7

Drug tolerance, natural product
pharmacodynamics, 42–43

ds-Fl-DNA-SH, metal-enhanced
fluorescence (MEF),
enhanced DNA/RNA
detection, 631–637

Dual mode cycotoxicity/proliferation
assays, DeathTRAK
cycotoxicity assay, 705–712

gram-negative bacteria, 707–709
gram-positive bacteria, 709–711

Dual reporter systems, protein-protein
interactions, yeast two-
hybrid systems, 495

Duodenal ulcers, animal models,
1014–1015

acute/chronic, 1016
Dynamic combinatorial chemistry

(DCC), tag-free techniques,
985–992

Dynamic combinatorial libraries
(DCLs), tag-free techniques,
985–992

Dynamic mapping of consensus
positions, virtual screening,
110–111

E. coli display, protein-protein
interactions, 515

E. coli phosphatase, PhosTRAK
phosphatase assay, 715–
716

Ebers Papyrus, 12–13
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E-CELL software, systems biology and,
126–127

Echinocandin-type lipopeptide
(FR901379), reserach and
development, 16

EcoCyc, contents and location, 128
EDGE database, gene expression

profiles, 158–159
Effective dose response (ED50) values:

biomolecular screening assays:
affinity models and parameter

estimates, 669
muscarinic M1 receptor GTPg35 S

assay, 670–671
developability assays, 468–469
GABAB receptors, allosteric

modulation, 827
potency precision estimates, 676–678
TUNEL assay, multiplex dose curve

analysis, 364–366
in vivo pharmacology assays, 465

Efficacy indicators:
anti-coagulant agents, 946–948
general principles, 37
mediator-specific anti-inflammatory

agents, 940–943
in screening techniques, 4–9

Electrochemically-deposited silver,
metal-enhanced fluorescence,
619–622

Electron clouds, x-ray diffraction,
protein structure, 398–399

Electron density mapping:
macromolecule crystallographic

models, de novo model
construction, 422–425

x-ray diffraction, protein structures:
anomalous dispersion, 415–416
crystallographic screening, 443–444
electron clouds and thermal motion,

399
molecular replacement, 418–420
multiple isomorphous replacement,

407–412
Electroplated silver, metal-enhanced

fluorescence, 622
Electrostatic forces, antiviral therapy,

DNA polymerase inhibitors,
1152–1155

Emission spectra, metal-enhanced
fluorescence, enhanced
energy transfer, silver
surfaces, 645–649

EMP database, contents and location,
128

Encapsulation, Excell object entities,
299–303

Endocrine hormones:
adrenal corticosteroids, 1060–1066

aldosterone, 1064–1065
corticosteroid synthesis inhibitors,

1063–1064
glucocorticoids, 1060–1063
mineralcorticoids, 1064–1065

antagonists, 1065–1066
androgens, 1066–1068

anabolic steroids, 1067–1068
antiandrogens, 1068
receptors, 1066–1067
5a-reductase inhibitors, 1068

anterior pituitary hormones,
1047–1049

follicle-stimulating hormone,
1048–1049

growth hormone (somatotropin),
1047–1048

luteinizing hormone, 1049
antiobesity agents, 1083–1086

orlistat, 1085–1086
bone metabolism agents, 1057–1060

bisphosphonates, 1058–1059
calcimimetics, 1059–1060
calcitonin, 1058
mithramycin, 1059
parathyroid hormone, 1057–1058

diabetes mellitus therapy, 1073–1083
biguanides, 1077
exendin-4, 1082–1083
glucagon, 1083
glucagon-like peptide-1, 1082
a-glucosidase inhibitors, 1081–

1082
glucose-dependent insulinotropic

polypeptide, 1082
insulin, 1073–1075
meglitinide analogs, 1080–1081
sulfonylureas, 1079–1080
thiazolidinediones, 1077–1079
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disruptors, reserach and development,
17

estrogens, 1069–1072
agonists, 1070
antagonists, 1070
aromatase inhibitors, 1070–1071
progestins, 1071–1072
receptors, 1069
selective estrogen receptor

modulators, 1070
hypothalamic hormone analogs and

antagonists, 1039–1046
corticotropin-releasing hormone,

1040–1042
gonadotrophin-releasing hormone,

1043–1045
growth-hormone-releasing

hormone, 1043
somatostatin, 1045–1046
thyrotropin-releasing hormone,

1039–1040
neurohypophyseal hormones,

1049–1053
oxytocin, 1052–1053
vasopressin, 1049–1052

thyroid hormones, 1053–1057
analogs, 1054–1055
iodide, 1055
potassium perchlorate, 1056–1057
therapeutic analogs, 1054
thionamide drugs, 1055–1056
thyroxine/tri-iodothyronine

receptors, 1053–1054
Endopeptidases, prodrug development,

peptide formulations,
stability improvement,
780–782

Enfuviritide, virus-cell fusion inhibitors,
1146–1147

Enhanced brain delivery, prodrug
structures, 766

Enhanced DNA labeling, metal-
enhanced fluorescence
(MEF), 637–639

Enhanced DNA/RNA detection, metal-
enhanced fluorescence
(MEF), 630–637

Environmental degradation, natural
product development, 61

Environmental sources, natural product
development and discovery,
23–24, 29–33

insects, 30–31
marine organisms, 31–33
microbes, 24, 29
plants, 29–30
vertebrates, 31

Enzyme fragment complementation,
high-throughput screening
cellular assays, 597–5989

Enzyme-linked immunosorbent assays
(ELISA), high-throughput
screening formats, 563–565

Enzyme-linked lectin assay (ELLA),
dynamic combinatorial
chemistry, 990–992

Enzymes. See also specific enzymes
chemical shift molecular imaging,

reporter molecules,
1330–1331

contrast agent activation, MRI
molecular imaging, 1328

coupled enzyme assays, 692–693
PhosTRAK phosphatase assay,

712–718
gastrointestinal disease models, acute

gastric lesions, 1015
high-throughput screening, bioassay

design, 591–592
molecular drug action:

receptors, 40–41
target enzymes, 41–42

natural product synthesis, 54–55
prodrug development:

bioreversible prodrug structures,
740–752

amines and amides, 750–752
N-acyl prodrugs, 751
N-a-acyloxymethylN-

phosphoroxymethyl
derivatives, 751–752

N-mannich bases, 751
carboxyl groups, 741–744

acyloxyalkyl prodrugs, 743–
744

aklyl and aryl esters, 741–
743

amides, 744
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hydroxyl groups, 747–750
lactones, 750
lipophilic prodrugs, 749–750
steric hindrance, promoieties

for, 750
water-soluble prodrugs, 748–

749
phosphate groups, 744–746
phosphonate groups, 747

peptide formulations, stability
improvement, 780–782

tumor targeting, 770–775
viral replication, 1122–1124

EO-9 derivative, hypoxia-selective
prodrugs, tumor targeting,
773–774

Epidermal growth factor receptor
(EGFR):

protein-protein interactions, 505–506
targeted cancer therapy, signal

transduction, 1347–1349
tyrosine kinases, 1200

extracellular domain inhibition,
1216–1217

intracellular domain inhibition,
1217–1219

Epipedobates tricolor, drug development
from, 31

Epstein-Barr virus, natural product
development for, 17–18

Erbitux, receptor tyrosine kinase
inhibitors, 1216–1217

ERGO database, contents and location,
128

E-selectin, MRI tumor targeting, tumor
neovasculature, 1317–1318

Estradiol:
chemical drug delivery system, brain

targeting prodrugs, 776
estrogen agonists, 1070

Estrogens:
agonists, 1070
antagonists, 1070
aromatase inhibitors, 1070–1071
progestins, 1071–1072
receptors, 1069

binding compounds, comparative
structural connectivity
spectral analysis, 247–256

selective estrogen receptor
modulators, 1070

structure and applications, 1069–1072
Etoposide phosphate, prodrug

development, aqueous
solubility, 767–768

Euclidian distance calculations, virtual
screening, topological and
shape representation, 100

Eukaryotic display systems, protein-
protein interactions, 515–516

Eulerian angles, x-ray diffraction, protein
structures, molecular
replacement, 417–420

Euphorbia lateriflora, drug development,
30

Event-driven programming, Visual Basic
for Applications, laboratory
data management, 297–299

Evolutionary process:
dynamic combinatorial chemistry

(DCC), 985–992
natural product research and

development, 15–22
Excel software, laboratory data

management:
clipboard function, 304–306
opening and saving data files, 306–307
research background, 287–289
saving text and CSV files, 307
text import wizard, 306–307
Visual Basic for Applications, 290–303

automated report generation,
327–334

heat map display, 331–334
worksheet formatting, 328–330

data file reading and writing,
307–319

file access types, 309
file selection, 308–309
opening and closing sequential

access files, 309–311
sequential access files, 311–315

event-driven programming, 297–299
external database imports, 319–327

dabatase characteristics, 319–320
data imports, 322–326
ODBC access issues, 320–322

fundamental principles, 291–303
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language primer, 293–297
macro recording, 290–291
object entities, 299–303
Oracle ODBC connection, 327
string data manipulation and

parsing, 315–319
Visual Basic Editor elements,

292–293
Excitatory neurotransmitters, glutamate

receptor ligands, 829–868
AMPA receptor ligands, 837–843

agonists, 837–840
competitive/noncompetitive

antagonists, 840–842
modulatory agents, 842–843

ionotropic receptor structure, 846–852
KA receptor agonists and antagonists,

843–846
metabotropic receptor ligands, 851,

853–868
agonists, 853–857

backbone chain length extension,
855–857

bioisosteres, 857
conformationally constraint

analogs, 853–855
allosteric modulation, 860–862

noncompetitivve antagonists,
860–862

positive modulators, 862
competitive antagonists, 857–860

a-substitutions, 859–860
phenylglycines, 857–859

noncompetitive antagonists, 860–
862

putative drug targeting, 862–863
structural properties, 863–868

NMDA receptor ligands, 830–837
competitive receptor antagonists,

832–833
glycine co-agonist site, 835–836
receptor agonists, 831–832
subtype-selective ligands,

therapeutic potential,
836–837

uncompetitive/noncompetitive
receptor antagonists, 833–
835

receptor classification, 829–830

Exendin-4, diabetes therapy, 1082–
1083

Exo-THPO, GABA reuptake inhibition,
806

Experiment Management software,
CellCard system, 359–360

Expert Protein Analysis System
(ExPASy), macromolecule
crystallographic models, 422–
425

Exponential enrichment (SELEX)
process, aptamer sequencing,
tumor marker detection,
75–76

Expressed Sequencing Tags (EST) data,
biological pathway analysis,
142–146

External test set predictions, estrogen
receptor binding compounds,
comparative structural
connectivity spectral analysis,
254–256

Extracellular domains:
EGFR receptor inhibitor targeting,

1216–1217
metabotropic glutamate receptor

structure, 864–868
Extracellular potassium, myocardial

ischemia, 911–913
Extracellular signal-regulated kinases

(ERK1/2):
inhibitors, 1228–1229
therapeutic targeting, 1202–1205

Extraction procedures, natural product
purification, 49–51

Eyetech Pharmaceutical, Inc., RNA
mimetics, aptamer function,
1272–1273

“Fail early/fail often” principle, drug
discovery and development,
459–460

False negatives, protein-protein
interactions, yeast two-hybrid
systems, 489

False positives, protein-protein
interactions, yeast two-hybrid
systems, 488–489

Fasudil, Rho kinase inhibition, 1231
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FCSQuery software, HyperCyt system,
209–210

Fibroblast growth factor receptors
(FGFR), tyrosine kinases,
1200–1201

inhibitors, 1219–1221
File access functions, Excel software,

309
Filter disk techniques, parallel library

synthesis, 971–972
Firefly luciferase, coupled

bioluminescent assays,
694–700

ATP/luciferase reactions:
advantages of, 695–696
drug discovery, 695

high-throughput screening, 696–697
kinases, 698–699
limitations and considerations, 697–

698
phosphodiesterase, 699–700
phosphorolysis, 699

FITC-HSA, metal-enhanced
fluorescence:

overlabled proteins as ultrabright
probes, 639–642

silver fractal-like structures, 625–630
FK506 binding protein (FKBP),

structure-activity
relationship, 999–1001

FLAG tags, high-throughput flow
cytometry, soluble and bead-
based assemblies, 203–207

Flavone derivatives, GABAA receptor
complex, receptor and
pharmacophore models,
benzodiazepine binding sites,
822–823

Flavopiridol:
CDK inhibition, 1229
protein kinase inhibition, ATP 

binding site inhibitors,
1211–1212

FLIPR imaging system, high-throughput
bioassays, 594–597

FliTrx Random Display Lybrary system,
protein-protein interactions,
peptide display reagents,
517

Flow cytometry. See High-throughput
flow cytometry

targeted cancer therapy, antimimotics,
1363

Fludrocortisone, characteristics and
therapeutic applications, 1065

Fluorescein-conjugated peptides,
fMLFK-FITC, FPR ligand
screening, 210–211

Fluorescein probes, metal-enhanced
fluorescence (MEF), 639–
642

Fluorescence anisotropy (FA) probes,
molecular aptamers, 80–81

Fluorescence correlation spectroscopy
(FCS), high-throughput
screening bioassays, 594–595

Fluorescence imaging plate reader
(FLIPR), cell-based assays,
354–356

Fluorescence in situ hybridization
(FISH), metal-enhanced
fluorescence, enhanced
energy transfer, silver
surfaces, 648–649

Fluorescence polarization (FP), coupled
luminescent assays, 691

Fluorescence resonance energy transfer
(FRET):

aptamer-based analysis, platelet-
derived growth factor, 76–80

coupled luminescent assays, 691
high-throughput screening bioassays,

594–595
Fluorescent assays, coupled luminescent

assays vs., 693
Fluorescent labeling, protein-protein

interactions, protein
microarrays, 527–528

Fluorescent techniques, high-throughput
screening, 594–595

cell-based bioassays, 595
5-Fluorocytosine (5-FU), gene-directed

enzyme prodrug therapy, 775
Fluorophore-metal interactions, metal-

enhanced fluorescence,
604–609

anisotropic silver nanostructures,
615–618
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Fluorophore molecules:
aptamer-based fluorescence resonance

energy transfer analysis,
platelet-derived growth
factor, 77–80

metal-enhanced fluorescence:
directional emission, 655–660
enhanced DNA/RNA detection,

631–637
multiphonon excitation, 643–645

Fluoxetine, GABAA receptor complex,
819

Fluphenazine, prodrug development,
prolonged drug action
technologies, 770

Flutamide, antiandrogen properties, 1068
Follicle-stimulating hormone (FSH):

drug actions and applications,
1048–1049

gonadotrophin-releasing hormone
regulation, 1043–1045

Food and Drug Administration (FDA):
origins of, 339–343
risk assessment regulations, 345–349

Formula property, Excell software, 303
Formulation development assays, drug

development, 469–471
Formulations:

coupled luminescent assays, 722–725
prodrug development, peptide

delivery, 779–783
Formulation screens, protein

crystallization, 384–385
Formyl peptide receptor (FPR):

high-throughput flow cytometry, drug
discovery targets:

arrestin assemblies, 197–198
cell-based colocalization with

arrestin, 198–199
GPCR signaling pathways, 190
intracellular FPR traffic, arrestin

regulation, 199–200
ligand screening assay, 210–211
soluble and bead-based assemblies,

204–207
tail assembly, protein domain

display, 201–202
virtual screening case study with,

216–217

For-Next Loop, Visual Basic Editor task,
296–297

Förster distance value, metal-enhanced
fluorescence, enhanced
energy transfer, silver
surfaces, 645–649

Förster-like quenching:
metal-enhanced fluorescence,

overlabled proteins as
ultrabright probes, 639–642

metal-fluorophore interactions, 604–
609

Fosphenytoin, prodrug development:
aqueous solubility, 768–769
side effects reduction, 783–785

Four-dimensional connectivity matrix,
comparative structural
connectivity spectral analysis:

configurational entropy estimation,
276–278

molecular dynamics of compounds,
275–276

Four-dimensional quantitative structure-
activity relationships (4D-
QSARs), virtual screening,
95–96, 113

Fourier coefficients, x-ray diffraction,
protein structures, molecular
replacement, 419–420

Fourier synthesis:
x-ray crystallography, 392–396

Bragg’s law and angular
momentum, 397

X-ray crystal structure determination,
phase problem, 405

Fourier transform, x-ray diffraction,
protein structures:

electron clouds and thermal motion,
399

multiple isomorphous replacement,
407–412

Fourier transformation mass
spectrometry (FT-MS),
metabolomic/metabonomic
analysis, 137–138

Four-parameter logistic (4PL) model:
biomolecular screening assays, 669
muscarinic M1 receptor GTPg35 S

assay, 674–676
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FPR-Gia2 fusion protein, high-
throughput flow cytometry
characterization, 200–201

Fractal-like structures, metal-enhanced
fluorescence, silver
nanoparticles, 625–630

Fractionation-driven bioassays, natural
product development:

activity screening, 45–47
purification and isolation, 49–51

Fragment-based shape-matching
algorithm, virtual screening,
topological and shape
representation, 100

Fragment screening, defined, 375
Fragment tethering, crystallographic

structural models, site-
directed leads, 445–446

Friedel’s law, x-ray crystal structure
determination, anomalous
dispersion, 412–416

F test, comparative structural
connectivity spectral analysis,
corticosterone binding,
257–259

Fucosyltransferase (Fuc-T), click
chemistry, 993–997

Functionally related enzyme clusters
(FREC), biological networks,
162–164

Functional protein microarrays, protein-
protein interactions, 519

Function-oriented synthesis,
combinatorial chemistry
libraries, 1002–1004

Fungal disease, natural product
development for, 16–22

Fusion proteins:
antiviral agents, 1125–1126
crystallization factors, 382–383
protein-protein interactions:

mammalian two-hybrid systems,
506

peptide display reagents, 516–517
protein linkage maps, 507–509
three-hybrid systems, 505–506
yeast two-hybrid systems, 487–489

target and bail vectors, 490–494
virus-cell fusion inhibitors, 1141–1147

F-180 vasopressin analog, receptor
agonists/antagonists, 1050

GABA receptor ligands:
inhibitory neurotransmitter

mechanisms, 802–829
biosynthesis and metabolism,

803–804
classification and therapeutic

targets, 802–803
GABAA receptor complex, 807–

823
agonists and antagonists, 808–

811
benzodiazepine-allosteric binding

sites, 814–821
pharmacophore models,

821–823
receptor and pharmacophore

models, 811–814
GABAB receptor complex, 823–

827
agonists, 825
allosteric modulators, 827
antagonists, 825–827

GABAC receptor agonists and
antagonists, 828–829

metabolism inhibitors, 803–804
reuptake mechanisms, 804–806

therapeutic applications:
Alzheimer’s disease, 800–801
central nervous system ischemia,

800
disease conditions, 801–802
neurological diseases, 799
research background, 798–799

GABA-T enzyme:
GABA biosynthesis, 803
GABA metabolism inhibition,

803–804
Gadolinium-based contrast agents:

magnetic resonance imaging (MRI),
mechanisms and
enhancement:

limitations, 1331–1333
T1 contrast agents, 1311–1312

in vivo MR molecular imaging, tumor
cell surface receptors,
1320–1321
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GAL4 hybrid protein, protein-protein
interactions, 486–489

host yeast strains, 495
inhibition, with reverse two-hybrid

systems, 537–538
library selection, 501
mammalian two-hybrid systems, 506
three-hybrid system, 506
yeast two-hybrid systems, target and

bail vectors, 490–494
Ganciclovir (GCV):

gene-directed enzyme prodrug
therapy, 775

respiratory viral infection therapy,
1120–1121

Gas chromatography-mass spectrometry,
metabolomic analysis,
137–138

Gastric ulcers, animal models, 1015–
1016

Gastrointestinal cancer, animal models,
1019–1021

chemical induction model, 1019–1020
human gastric cancer cell

implantation, 1019
Gastrointestinal disease, animal models:

acute gastric lesion assessment, 1015
acute gastric mucosal injury,

1014–1015
chronic gastric ulcer, 1015–1016
colorectal cancer, 1020–1021

chemical induction model,
1020–1021

genetically modified model, 1020
inflammation-associated model,

1020
duodenal ulcers, acute and chronic,

1016
gastrointestinal cancer, 1019–1021

chemical induction model,
1019–1020

human gastric cancer cell
implantation, 1019

herbal medicines, 1021–1028
biological processes, 1021–1022
licorice, 1025–1027
phenolic compounds and

terpenoids, 1023–1028
curcumin, 1023–1024

polysaccharides, 1022–1024
mushroom/seaweed sources,

1022–1023
plant sources, 1023

terpenoid sources, 1027–1028
inflammatory bowel disease,

1016–1019
colitis severity assessment,

1018–1019
dextran sulfuate sodium, 1017–1018
dinitrobenzene sulfonic acid/

ethanol, 1017
trinitrobenzene sulfonic acid/

ethanol, 1017
GdDTPA contrast agent:

MRI tumor targeting, vasculature and
vascular targets, 1315

in vivo MR molecular imaging, tumor
cell surface receptors,
1320–1321

Gene-directed enzyme prodrug therapy
(GDEPT), tumor targeting,
772–775

Gene expression:
synthetic RNA molecules and

suppression of, 1282–1283
systems biology, 132–135

ADME/Tox drug development,
157–159

breast cancer drug development,
151, 153–156

clustering approaches, 138–139
gaucoma drug development,

148–151
microarrays, 132–133
serial analysis, 133–135

Gene network signatures, systems
biology, breast cancer drug
development, 155–156

Gene Ontology (GO) classification,
systems biology pathways,
160–164

Gene-prodrug activation therapy
(GPAT), tumor targeting,
772–775

GeNet database, contents and location,
129

Genetically modified models, colorectal
cancer, 1020
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GenMAPP database, contents and
location, 128–129

Genome-wide protein-protein
interactions, survey of,
508–510

Genomics:
drug development based on, 8
natural product activity screening, 44–

47
structural genomics:

crystallographic structural models,
446–447

defined, 376
systems biology and, 124–125

Geometric refinement statistics, protein
structural models validation,
432–433

Gilbenclamide, ventricular arrhythmias,
915–917

Gingko biloba, research and
development of, 17

Glass surface geometry, metal-enhanced
fluorescence, 609–630

anisotropic silver nanostructures, 615–
618

electrochemically deposited silver,
619–622

electroplated silver, 622
laser-deposited silver, 618–619
roughened silver electrodes, 622–624
silver colloid films, 610–615
silver fractal-like structures, glass

substrates, 624–630
silver island films, 610

Glaucoma drug development, systems
biology techniques, 146–152

Glitazones, diabetes therapy, 1077–1079
Global network architecture, biological

networks, 141–142
Global screening procedures, protein-

protein interactions, yeast
two-hybrid systems, 508–509

Glucagon, diabetes therapy, 1083
Glucagon-like peptide-1 (GLP-1),

diabetes therapy, 1082
Glucans, plant sources, 1022–1024
Glucocorticoid response elements

(GREs), glucocorticoid
receptors, 1061

Glucocorticoids:
anti-inflammatory and adverse effects,

1062–1063
nongenomic activities, 1062
receptors, 1060–1063
sepsis management, 943–946

clinical trials, 943–944
dose-dependent effects, 943, 945
future research, 949
mediator-specific anti-inflammatory

agents vs., 945–946
structure and therapeutic applications,

1060–1063
Glucose-dependent insulinotropic

polypeptide (GIP), diabetes
therapy, 1082

Glucose-induced insulin secretion,
diabetes mellitus therapy,
1074

a-Glucosidase inhibitors, diabetes
therapy, 1081–1082

Glu decarboxylase (GAD), GABA
biosynthesis, 803–804

Glu homologs:
AMPA receptor agonists, 839–840
AMPA receptor antagonists, 840–842
kainic acid receptor agonists and

antagonists, 844–846
Glutamate receptor ligands:

excitatory neurotransmitters, 829–868
AMPA receptor ligands, 837–843

agonists, 837–840
competitive/noncompetitive

antagonists, 840–842
modulatory agents, 842–843

glutamic acid receptor classification,
829–830

ionotropic receptor structure,
846–852

KA receptor agonists and
antagonists, 843–846

metabotropic receptor ligands, 851,
853–868

agonists, 853–857
backbone chain length

extension, 855–857
bioisosteres, 857
conformationally constraint

analogs, 853–855
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allosteric modulation, 860–862
noncompetitivve antagonists,

860–862
positive modulators, 862

competitive antagonists, 857–860
a-substitutions, 859–860
phenylglycines, 857–859

noncompetitive antagonists,
860–862

putative drug targeting, 862–863
structural properties, 863–868

NMDA receptor ligands, 830–837
competitive receptor antagonists,

832–833
glycine co-agonist site, 835–836
receptor agonists, 831–832
subtype-selective ligands,

therapeutic potential,
836–837

uncompetitive/noncompetitive
receptor antagonists, 833–
835

therapeutic applications:
Alzheimer’s disease, 800–801
central nervous system ischemia,

800
disease conditions, 801–802
neurological diseases, 799
research background, 798–799

Glutamic acid receptors, classification,
829–830

Glutathione S-transferases (GSTs):
protein-protein interactions:

affinity tagging and mass
spectroscopy, 531–533

tag systems, 523
in vitro toxicology assays, 480

1,3-b-Glycan, reserach and development,
16

Glyceraldehyde-3-phosphate
dehydrogenase (G3PDH):

backward reactions, 721–722
coupled luminescent assay speed and

linear response, 718
cytotoxicity measurements, coupled

luminescent assays, 700–701
DeathTRAK cycotoxicity assay:

basic properties, 701–702
biomass measurement, 704

3-(Glycidoxypropyl) trimethoxysilane
(GOPTES), metal-enhanced
fluorescence, ratiometric
surface sensing, 649–653

Glycine co-agonist site, NMDA receptor
antagonists, 835–836

Glycogen synthase kinase 3 (GSK3):
inhibitors, 1231–1232
therapeutic targeting, 1205

Glycoprotein gp120, virus-cell fusion
inhibitors, 1142–1147

Glycyrrhizin medicinal compounds,
gastrointestinal disease,
animal models, 1026–1027

Gold-coated glass surfaces, protein-
protein interactions, protein
microarray supports, 525–526

Gonadotrophin-releasing hormone
(GnRH), analogs and
antagonists, 1043–1045

Goniometer, x-ray diffraction data
collection, 399–402

Good Laboratory Practices (GLP):
natural product development, 56–58
toxicology assays, 479–481

Good Manufacturing Practices (GMP),
natural product
development, 56–58

G-protein-coupled receptor kinases
(GRKs):

drug tolerance mechanisms, 42–43
high-throughput flow cytometry, drug

discovery targets, 188–190
G-protein-coupled receptors (GPCR):

agonist/antagonist discrimination, 194
calcitonin, 1058
coupled bioluminescent assays, 694
drug tolerance mechanisms, 42–43
GABAB receptors, 823–827
glucagon, 1083
gonadotrophin-releasing hormone

agonists, 1043–1045
high-throughput flow cytometry, drug

discovery applications,
187–196

content volume, 193–194
diversity analysis, 190–192
FPR-arrestin colocalization in cells,

198–199
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FPR-Gia2 fusion protein
characterization, 200–201

FPR tail assembly, 201–202
HyperCyt system, 192–193, 196
informatics technology, 194–195
protein constructs, 196–197
screening techniques, 195–196
signaling pathways, 187–190
soluble and bead-based assemblies,

202–207
soluble receptors with G proteins,

197
high-throughput screening platforms,

593–594
luteinizing hormone, 1049
molecular drug action, 40
structural studies of, 450
thyrotropin-releasing hormone

receptors, 1040
vasopressin, 1050
virtual screening case study of,

216–217
G proteins, high-throughput flow

cytometry:
bead assembly, 205–207
bg subunits, 203–207
soluble GPCRs, 197

Gram-negative bacteria, dual mode
cycotoxicity/proliferation
assays, DeathTRAK
cycotoxicity assay, 707–709

Gram-positive bacteria, dual mode
cycotoxicity/proliferation
assays, DeathTRAK
cycotoxicity assay, 709–
711

Graphpad/Prism software, biomolecular
screening assays:

affinity models and parameter
estimates, 669

muscarinic M1 receptor GTPg35 S
assay, 670–671

Graves’ disease:
thionamide drugs, 1055–1056
thyroid hormone analogs and

receptors, iodide, 1055
Growth factors:

cancer cell proteomics, molecular
diagnosis, 74–75

thyroid hormone analogs and
receptors, 1054–1055

Growth hormone (GH), drug actions
and applications, 1047–1048

Growth-hormone-releasing hormone
(GHRH), analogs and
antagonists, 1043

Guanine quadruplex DNA ligands,
dynamic combinatorial
chemistry, 989–992

Guanosine analogs:
antiviral therapy, DNA polymerase

inhibitors, 1152–1155
IMP dehydrogenase inhibitors,

1173
Guanosine 5¢-diphosphate (GDP):

click chemistry, 993–997
G-protein-coupled systems, molecular

drug action, 40
Guanosine 5¢-diphosphate (GDP)-

guanosine 5¢-triphosphate
(GDP-GTP) exchange factor
(GEF), protein-protein
interactions, Sos recruitment
system (SRS), 502–503

Guanosine 5¢-triphosphate, G-protein-
coupled systems, molecular
drug action, 40

Guanyl cyclase, molecular drug action,
enzyme receptors, 41

Guanylguanidine, diabetes therapy,
1077

Guvacine, GABA reuptake inhibition,
805–806

Hammerhead ribozymes:
preclinical/clinical utilizations,

1276–1277
RNA mimetics, 1274–1276

Hantaviruses, characteristics, 1112–
1113

Haystack storage system, high-
throughput screening,
compound storage, 574–
576

Heat map display, Excell reports,
331–334

Heat shock protein 90, targeted cancer
therapy, 1364
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Heavy atom replacement methods:
x-ray crystal structure determination,

406
anomalous dispersion, 412–416
isomorphous replacement, 407–412

x-ray diffraction, protein structures,
molecular replacement, 417–
420

Heavy metal compounds, anomalous
diffraction experiments,
388

Helicase-RNA primase, biomolecular
screening assays, RNA
synthesis inhibition, 1155

Helicobacter pylori:
plant-base medicines, 1024
polyphenol medicinal compounds,

1026–1027
Hemiester prodrugs, aqueous solubility,

769
Hemispherx Biopharma, Inc.,

immunostimulating RNA,
1290

Heparin, clinical trials, 949–950
Hepatitis C virus (HCV), antiviral

therapy, 1121
IMP dehydrogenase inhibitors, 1173
protease inhibitors, 1168–1169
RNA synthesis inhibition, 1162–

1163
Herbal medicines. See also Natural

products
gastrointestinal disease, animal

models, 1021–1028
biological processes, 1021–1022
licorice, 1025–1027
phenolic compounds and

terpenoids, 1023–1028
curcumin, 1023–1024

polysaccharides, 1022–1024
mushroom/seaweed sources,

1022–1023
plant sources, 1023

terpenoid sources, 1027–1028
Herceptin, protein kinase inhibitor

targeting, 1210
HER2/Neu, targeted cancer therapy,

signal transduction 
pathways, 1347

Herpes simplex virus (HSV), antiviral
therapy:

DNA polymerase inhibitors,
1147–1155

evolution of, 1135–1140
S-adenosylhomocysteine hydrolase

inhibitors, 1177
virus adsorption inhibitors, 1140–

1141
virus-cell fusion inhibitors, 1147

Herpesviridae:
antiviral therapy:

DNA polymerase inhibitors,
1147–1155

protease inhibitors, 1168–1169
characteristics of, 1113–1114

Heteronuclear multiple quantum
coherence (HMQC)
experiments,
multidimensional NMR
spectra, 235–236

Heteronuclear single quantum
correlation (HSQC)
experiments,
multidimensional NMR
spectra, 235–236

Hierarchical clustering:
gene expression data, systems biology,

138–139
virtual screening, 107

Hierarchically ordered spherical
description of environment
(HOSE), predicted spectra,
236

High content screening (HCS), cellular
assay development, 598

Highly active antiretroviral therapy
(HAART), HIV protease
inhibitors, 1168–1169

High-molecular-weight contrast agents,
MRI tumor targeting,
vasculature and vascular
targets, 1316

High-performance computing, virtual
screening and, 213–216

High-throughput flow cytometry:
FPR ligand screening assay, 210–

211
future research, 217
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G-protein-coupled receptor drug
discovery, 187–196

content volume, 193–194
diversity analysis, 190–192
HyperCyt system, 192–193, 196
informatics technology, 194–195
screening techniques, 195–196
signaling pathways, 187–190

high content techniques, HyperCyt
applications, 207

microfluidic mixing:
HyperCyt cell sorting, 208–209
sample carryover, 209
soluble compounds, 207–208

protein expression and
characterization, 196–202

arrestin-regulated intracellular FPR
traffic, 199–200

b2AR proof of principle, 202
FPR assemblies with arrestin,

197–198
FPR colocalization with arrestin,

198–199
FPR-Gia2 fusion protein, 200–201
FPR tail assembly, 201–202
GPCR constructs, 196–197
G protein-soluble GPCR

reconstitution, 197
research background, 186–187
software development, 209–210
soluble and bead-based assemblies,

202–207
b2AR, 205–206
cell cycle protein display, 206–207
FPR assemblies, 204–205

High-throughput protein production,
protein-protein interactions,
protein microarray reagents,
523–524

High-throughput screening (HTS):
automated systems technology,

570–586
accuracy and precision, 580–581
assay detection, 582
compound management, 572–578

close-loop screening, 578
composition, 572–573
nanoliter despensing, 576–578
plate format storage, 575

replication, 575–576
wet or dry storage, 573–575

data analysis, 584–586
data capture and quality control,

584–585
hit selection, 585–586
IC50 analysis, 585

infrastructure, 582–584
liquid handling, 578–580
plate design, 570–572
reagent management, 584
scheduling software, 583–584

bioassay technology, 586–598
assay formats, 587–588
cell-based assay design, 595–598
design criteria, 591

ligand-receptor binding
interactions, 592–594

mechanistic issues, 591–592
fluorescent methods, 594–595
reagent production, 588–591

cell-based assays, 354–356
combinatorial synthesis, 983–985
compound sources, 89–90
coupled bioluminescent assays, 696–

697
crystallographic structural models, in

silico screening vs., 443
current applications, 560–563
drug discovery and development and,

458–460, 560–563
flow cytometry and, 195–196
metal-enhanced fluorescence:

acronyms and symbols, 663
drug discovery applications, 660–

662
future research issues, 662–663
metal-fluorophore interactions, 604–

609
metal substrates, 609–630

anisotropic silver nanostructures,
615–618

electrochemically deposited silver,
619–622

electroplated silver, 622
laser-deposited silver, 618–619
roughened silver electrodes, 622–

624
silver colloid films, 610–615
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silver fractal-like structures, glass
substrates, 624–630

silver island films, 610
plate well sensing applications, 630–

660
directional emission, 654–660
enhanced DNA labels, 637–639
enhanced DNA/RNA detection,

630–637
enhanced energy transfer, silver

surfaces, 645–649
multiphoton excitation and

metallic nanoparticles, 643–
645

overlabeled proteins, ultrabright
probes as, 639–642

ratiometric surface sensing, 649–
653

solution-based assays, 653–654
multidomain clustering and, 107
natural product development:

activity screening, 46–47
future applications, 60–62
research background, 15–22

platform evolution and integration,
563–570

cellular assays, 566–567
drug discovery process, 567–569
instrumentation and screening

formats, 563–565
miniaturization, 565–566
quality control, 569–570

systems biology, 131–142
DNA sequence variations, 132
gene expression profiling, 132–

135
clustering approaches, 138–

139
microarrays, 132–133
serial analysis, 133–135

metabolomics and metabonomics,
137–138

microarray data, advanced
computational analysis,
139–142

biological networks, 141–142
linear pathways to complex

networks, 139–140
literature sources, 140–141

proteomics, 135–137
protein arrays, 136–137
yeast two hybrid system, 136

targeted cancer therapy, 1346
antimimotics, 1363
tumor vasculature, 1356–1357

virtual screening vs., 89, 114–116
His6-tagged FPR, high-throughput flow

cytometry, drug discovery
targets, 203–207

Histone deacetylase inhibitors, targeted
cancer therapy, 1358–1359

Histopathological assessment, colitis
severity, 1018

Hit selection criteria, automated high-
throughput screening,
585–586

HMR 1402 cardioselective ATP-
potassium channel
antagonists, 921–923

HMR 1883 cardioselective ATP-
potassium channel
antagonists, 919–921

HMR 1098 sodium salt, sulfonylurea
agents, 919–912

Home laboratory systems, x-ray
diffraction data collection,
402–403

Homeostasis, molecular drug actions,
37–39

Homogeneous assays:
DeathTRAK cycotoxicity assay:

basic properties, 701–702
biomass measurement (competitive

comparison), 704–711
ATP release assays, 704
dual-mode cytotoxicity/

proliferation, 705–712
gram-negative bacteria,

707–709
gram-positive bacteria, 709–

711
metabolic assays, 704–705

cytotoxic process measurements,
702–704

drug discovery applications, 702–
711

high-throughput screening formats,
565
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cell-based assays, 566–567
homogeneous time-resolved

fluorescence, 594–595
Homogeneous time-resolved

fluorescence (HTRF), high-
throughput screening
bioassays, 594–595

Homologous protein families,
macromolecule
crystallographic models, 422–
425

Hormone replacement therapy, estrogen
receptor agonists, 1071

Hormones. See Endocrine hormones;
specific hormones

Horseradish peroxidase (HRP), coupled
enzyme assays, 692–693

Host yeast strains, protein-protein
interactions, yeast two-hybrid
systems, 494–496

new developments in, 501–502
HPRD database, contents and location,

129
HTB cell line, platelet-derived growth

factor analysis, fluorescence
resonance energy transfer,
78–80

Human Cyc database, contents and
location, 129

Human cytomegalovirus (HCMV):
characteristics, 1114
respiratory viral infection therapy,

1120–1121
Human epidermal growth factor

receptors:
cancer cell proteomics, molecular

diagnosis, 74–75
receptor tyrosine kinases, 1200

Human gastric cancer cells, animal
implantation model, 1019

Human genome project, natural product
research and development,
15–22

Human immunodeficiency virus (HIV):
antiviral therapy, 1120–1121

acyclic nucleoside phosphonates,
1158–1161

evolution of, 1135–1140
protease inhibitors, 1163–1169

reverse transcriptase inhibitors,
1155–1158

RNA synthesis inhibition,
1161–1163

virus adsorption inhibitors,
1140–1141

virus-cell fusion inhibitors,
1142–1147

biopolymer solid-phase synthesis,
969–970

FDA guidelines concerning, 343
life cycle, 1136–1137
natural product development for,

16–17, 20–22
information sources, 27
marine sources, 32–33
plant sources, 29–30

phosphate prodrug development,
744–746

protease inhibitors:
antiviral therapies, 1163–1169
structure-based drug design, 438–

440
protein therapeutics, 442

Human metapneumovirus (HMPV),
characteristics of, 1111

Human serum albumin (HSA):
antistructure drug discovery, 442
metal-enhanced fluorescence:

anisotropic silver nanostructures,
616–618

electrochemically-deposited silver,
619–622

electroplating silver, 622
laser-deposited silver, 618–619
roughened silver electrodes, 622–625
silver colloid films, 611–615
silver fractal-like structures, 626–

630
silver island films, 610

Human trabecular meshwork (HTM)
cells, gaucoma drug
development, 148–151

Hybridization assays, metal-enhanced
fluorescence (MEF),
enhanced DNA/RNA
detection, 630–637

Hydrochloric acid, acute/chronic
duodenal ulcers, 1016
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Hydrogen atoms, protein structural
models, 428–432

Hydrogen bonding:
dynamic combinatorial chemistry,

988–992
protein structural models validation,

433
Hydrophilic corticosteroid prodrugs,

water-solubility, 749
Hydrostatic pressure (HP) mechanisms,

gaucoma drug development,
147–151

Hydroxyl groups, bioreversible prodrug
structures, 747–750

lactones, 750
lipophilic prodrugs, 749–750
steric hindrance, promoieties for, 750
water-soluble prodrugs, 748–749

Hydroxypropoxymethylphosphonate
adenine derivative
(HPMPA), acyclic 
nucleoside phosphonates,
1160–1161

HyperCyt system:
content volume management, 193–194,

207
FPR case study using, 217
microfluidic mixing:

cell sorting, 208–209
soluble compound analysis, 207–

208
sample delivery, 192–193
software development, 209–210
technology of, 196

Hyperthyroidism, thyroid hormone
analogs and receptors, 1055

Hypoglycemia, sulfonylurea agents,
1080

Hypotension, corticotropin-releasing
factor and related peptides,
1041

Hypothalamic hormones:
analogs and antagonists, 1039–1046

corticotropin-releasing hormone,
1040–1042

gonadotrophin-releasing hormone,
1043–1045

growth-hormone-releasing
hormone, 1043

somatostatin, 1045–1046
thyrotropin-releasing hormone,

1039–1040
antiobesity agents, 1084–1085

Hypoxia-inducible factor-1 (HIF-1),
targeted cancer therapy,
angiogenesis inhibition,
1355–1356

Hypoxia-selective prodrugs, tumor
targeting, 770–774

IC50 curve analysis:
biomolecular screening assays, affinity

models and parameter
estimates, 669

high-throughput screening, automated
procedures, 585

protein kinase inhibition, ATP 
binding site inhibitors, 1211–
1212

ICH guidelines, in vivo toxicology
assays, 480–481

Iconix Drug Matrix, gene expression
profiles, 157–159

Identity, RNA production, 1298–1299
If-Then-Else task, Visual Basic Editor,

296–297
Imaging techniques. See specific

techniques
Imidazole-4-acetic acid (IAA), GABAA

receptor agonists and
antagonists, 809–811

Immediate interactions algorithm,
gaucoma drug development,
148–151

Immobilized pH gradients (IPGs),
protein-protein interactions,
spectrometric reagents and
actions, 529

Immunoglobulin M (IgM), viral
respiratory infection
diagnosis, 1119–1120

Immunostimulation therapy, double-
stranded and stablilized
RNA, 1288–1290

definitions, 1288–1289
hemispherx Biopharma, 1290
preclinical/clinical utilization,

1289–1290
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Immunosuppressive agents:
insect sources, 30–31
natural product development, 18–19

IMP dehydrogenase inhibitors, antiviral
therapy, 1171–1173

Incubation media, multiplexing cell-
based assays, 357–359

Indirect response, molecular drug
actions, 37–39

Indirubin, CDK inhibition, 1229
Indocyanine green (ICG), metal-

enhanced fluorescence:
anisotropic silver nanostructures, 616–

618
electrochemically-deposited silver,

619–622
electroplating silver, 622
laser-deposited silver, 618–619
metal substrates, 610
roughened silver electrodes, 622–625
silver colloid films, 610–615
silver island films, 610

Infectious disease:
natural product development for,

20–22
respiratory viruses:

adenoviridae, 1113
animal models, 1126–1127
antiviral therapy:

current treatments, 1120–1121
development strategies,

1122–1126
infections, 1121–11222

bunyaviridae, 1112–1113
clinical syndromes, 1114–1118

acute laryngotracheobronchitis,
1116

bronchitis, 1117
common cold, 1114, 1116
laryngitis, 1116
pharyngitis, 1116
pneumonia, 1117–1118
tracheitis and tracheobronchitis,

1116
coronaviridae, 1109
diagnosis, 1118–1120
future research issues, 1127–1128
herpesviridae, 1113–1114
infection control, 1107–1108

orthomyxoviridae, 1111–1112
paramyxoviridae, 1109–1111
piconaviridae, 1108
public health and economic impact,

1107
seasonal patterns, 1106
specific pathogens, 1108–1114
structure and classification, 1106

Inflammation-associated models,
colorectal cancer, 1020

Inflammatory bowel disease (IBD),
animal models, 1016–1019

colitis severity assessment, 1018–1019
dextran sulfuate sodium, 1017–1018
dinitrobenzene sulfonic acid/ethanol,

1017
trinitrobenzene sulfonic acid/ethanol,

1017
Inflammatory mediators:

dissociated glucocorticoids, 1062–1063
sepsis pathophysiology, 939

Influenza virus:
neuraminidase inhibitors, 1169–1171
orthomyxoviridae, 1111–1112
seasonal patterns, 1106

Informatics:
high-throughput flow cytometry,

194–195
high-throughput screening, accuracy

and precision measurements,
580–581

Information retrieval services, natural
product development and
discovery, 24

Infrared coded resins, split-pool
synthesis, 979–980

Ingenuity pathways analysis, biological
pathway analysis, 143

Inhibitors:
antiviral therapy:

S-adenosyl-L-homocysteine
hydrolase inhibitors,
1173–1177

DNA/RNA synthesis inhibitors,
1147–1163

acyclic nucleoside phosphonates,
1158–1161

DNA polymerase inhibitorsr,
1147–1152
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reverse transcriptase inhibitors,
1155–1158

RNA synthesis processes,
1161–116

IMP dehydrogenase inhibitors,
1171–1173

neuraminidase inhibitors, 1169–
1171

research background, 1135–1140
viral adsorption inhibitors,

1140–1141
viral protease inhibitors, 1163–1169
virus-cell fusion inhibitors,

1141–1147
protein kinases:

allosteric inhibitors, 1213
alternative design strategies,

1214–1215
ATP binding site inhibitors,

1210–1212
potency, 1212
selectivity, 1210–1212

basic principles, 1205
bisubstrate analog inhibitors,

1213–1214
clinical trials, 1206–1209, 1215–1232
future research issues, 1232
serine/threonine kinases, 1225–

1232
SH2 domain inhibitors, 1213
substrate binding site inhibitors,

1212–1213
tyrosine kinases:

nonreceptor tyrosine kinases,
1221–1225

receptor tyrosine kinases,
1216–1221

protein-protein interactions:
microarrays and small molecules,

541–542
phage display, 541
in vivo genetic selection systems,

540–541
yeast two-hybrid system variants,

536–540
peptide aptamers, 539–540
reverse two-hybrid systems,

537–538
split-hybrid system, 538–539

targeted cancer therapy:
angiogenesis, 1353–1356
histone deacetylase, 1358–1359
kinesin antimimotics, 1361
proteosome inhibition, 1363–1364
small-molecule inhibitors, 1365–

1367
telomerase, 1359–1360

Inhibitory neurotransmitters, GABA
receptor ligand inhibition,
802–829

biosynthesis and metabolism, 803–
804

classification and therapeutic targets,
802–803

GABAA receptor complex, 807–823
agonists and antagonists, 808–811
benzodiazepine-allosteric binding

sites, 814–821
pharmacophore models, 821–823

receptor and pharmacophore
models, 811–814

GABAB receptor complex, 823–827
agonists, 825
allosteric modulators, 827
antagonists, 825–827

GABAC receptor agonists and
antagonists, 828–829

metabolism inhibitors, 803–804
reuptake mechanisms, 804–806

Insects, drug development using, 30–31
In silico screening, crystallographic

structural models, 442–443
In situ assembly, macromolecular

ligands, 997–998
In situ click chemistry, combinatorial

techniques, 992–997
In situ target-induced selection and

amplification, dynamic
combinatorial chemistry,
987–992

Instrumentation, high-throughput
screening platforms, 563–
565

Insulin:
diabetes mellitus therapy, 1073–1075
mechanism of action, 1075–1076
prodrug development, prolonged drug

action technologies, 770
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Insulin-like growth factors (IGFs):
growth hormone mediation, 1047–

1048
targeted cancer therapy, signal

transduction, 1349
Insulin receptor substrate (IRS)

proteins, mechanism of
action, 1076

Integrase, RNA synthesis inhibition,
1161–1163

Intellectual property rights, natural
product development, 61–62

Intensity decays, metal-enhanced
fluorescence, metal-
fluorophore interactions,
607–609

Interaction arrays, protein-protein
interactions, 522–523

Interaction suppression, protein-protein
interactions, yeast two-hybrid
systems, 506–507

Interferon-a:
respiratory viral infections, 1121–

1122
ribivarin and, 1121

Interlaboratory comparisons, potency
precision estimates, 676–
678

Interleukin (IL)-1:
respiratory viral infections, 1121–

1122
sepsis pathophysiology, 939

Internal ribosome entry sequence
(IRES), mRNA protein
production, 1287–1288

International Cooperative Biodiversity
Group (ICBG) program,
natural product
development, 62

Internet sites, natural product
development and discovery,
23, 58

Intracellular domains, EGFR receptor
inhibitor targeting, 1217–
1221

Intracellular phosphorylation:
acyclic nucleoside phosphonates, 1161
antiviral therapy, DNA polymerase

inhibitors, 1148–1155

Intracellular targeting, magnetic
resonance imaging,
1325–1328

long-term cell labeling contrast agents,
1326–1327

specific contrast agents, 1327–1328
Intraocular pressure (IOP), glaucoma

drug therapy and, 146–151
Inverse agonists, general principles, 35
Investigational New Drug (IND):

drug development phase for, 1–3
firefly luciferase, ATP/luciferase

reactions,
phosphodiesterases, 699–
700

natural product development, 56–58
In vitro techniques:

drug delivery assays, 472–474
drug development and, 1–2
drug metabolism assays, 477–478
mRNA protein production, 1287–

1288
natural product development, P-450

studies, 55–58
pharmacology assays, 460–462

bioanalytical chemistry assays and,
475–476

potency principles, 36
protein-protein interactions, display

technologies, 516
toxicology assays, 479–480

In vivo techniques:
drug metabolism assays, 477–478
genetic selection systems, protein-

protein interaction inhibition,
540–541

magnetic resonance imaging, tumor
cell surface receptors,
1320–1325

Gd-based contrast agents,
1320–1321

iron-oxide-based contrast agent,
1321–1323

multistep targeting and prelabeling,
1323–1324

signal amplification, 1324–1325
molecular imaging MRI, 1331–1332
pharmacology assays, 464–465
toxicology assays, 480–481



1422 INDEX

Iodide transport:
thyroid hormone analogs and

receptors, 1055
thyroid hormones, 1053–1057

Ion channels:
high-throughput screening cellular

assays, 597–598
ionotropic glutamate receptors,

851–853
molecular drug actions, 39

Ionizable/polar promoiety, prodrug
derivatization, aqueous
solubility improvement,
766–769

Ionotropic amino acid receptors:
glutamate receptor ligands, central

nervous system ischemia, 800
research background, 798–799

Ionotropic glutamate receptors,
structural properties, 846–
853

Iron-oxide contrast agents
magnetic resonance imaging (MRI),

mechanisms and
enhancement, 1313

intracellular targeting, long-term
labeling, 1326–1328

signal amplification, 1325
tumor cell surface receptors,

1319–1325
in vivo MR molecular imaging,

1321–1323
Irori Corporation scanning device, split-

pool synthesis resins, 980–
981

Isoguvacine, GABAA receptor agonists
and antagonists, 810–811

Isolation techniques, natural product
development, 47–51

Isomorphous replacement, x-ray crystal
structure determination, 406–
412

Iterative single-wavelength anomalous
scattering (ISAS), x-ray
diffraction, protein structures,
416

ITO-coated glass electrodes, metal-
enhanced fluorescence,
electroplated silver, 622, 624

Jablonski diagrams, metal-fluorophore
interactions, 604–605

Jarvis-Patrick clustering, virtual
screening, 107

Jod-Basedow effect, thyroid hormone
analogs and receptors,
1055

Kainic acid (KA):
glutamatic acid receptor classification,

829–830
AMPA receptor agonists, 838–

840
receptor agonists and antagonists,

843–846
Kazlausku destruction/amplification,

dynamic combinatorial
chemistry, 991–992

KB cytotoxicity assay, taxol research,
58–59

KEGG database, contents and location,
129

Ketoconazole, corticosteroid synthesis
inhibition, 1064

Kidney targeting, prodrug development,
778–779

Kinases, coupled luminescent assays,
firefly luciferase, 698–
699

Kinesin inhibitors, antimimotic targeted
cancer therapy, 1361

Knowledge-based methods, virtual
screening, docking and
scoring software, 212

Kohonen maps, gene expression data,
systems biology, 138–139

K-value clustering, gene expression 
data, systems biology,
138–139

Laboratory data management:
Excel software:

clipboard function, 304–306
opening and saving data files,

306–307
research background, 287–289
saving text and CSV files,

307
text import wizard, 306–307



INDEX 1423

Visual Basic for Applications,
290–303

automated report generation,
327–334

heat map display, 331–334
worksheet formatting, 328–330

data file reading and writing,
307–319

file access types, 309
file selection, 308–309
opening and closing sequential

access files, 309–311
sequential access files, 311–

315
event-driven programming,

297–299
external database imports,

319–327
dabatase characteristics,

319–320
data imports, 322–326
ODBC access issues, 320–322

fundamental principles, 291–303
language primer, 293–297
macro recording, 290–291
object entities, 299–303
Oracle ODBC connection, 327
string data manipulation and

parsing, 315–319
Visual Basic Editor elements,

292–293
x-ray diffraction data, home

laboratories, 402–403
lac repressor, protein-protein

interactions:
bacterial display systems, 515
genetic selection systems and

inhibition of, 540–541
Lactate dehydrogenase, severe acute

respiratory syndrome, 0
b-lactam antibiotics, prodrug

development:
bioconversion mechanisms, 743–744
oral drug delivery, 756

Lactones, hydroxyl prodrugs, 750
l phage display, protein-protein

interactions, 514–515
genetic selection systems and

inhibition of, 540–541

Lamivudine, reverse transcriptase
inhibitors, 1156–1158

Lanreotide, somatostatin receptors,
1046

Large neutral amino acids transport
(LAT), prodrug structures,
brain targeting properties,
777–778

Laryngitis, respiratory viruses and,
1116

Laser-deposited silver, metal-enhanced
fluorescence, 618–619

Latent hits, virtual screening limitations,
97

Lead discovery, high-throughput
screening procedures,
562–563

Lead optimization:
bioanalytical chemistry assays, 474–

476
drug delivery assays, 472–474
drug discovery and development and,

458–460
high-throughput screening vs.,

compound flow, 567–568
HIV protease inhibitors, 1166–1169
protein structural models:

crystallographic screening, 443–
444

structure-based drug design, 436–
438

in vitro toxicology assays, 479–480
LeadScope program, virtual screening,

two-dimensional substructure
searching, 99

Least squares refinement, protein
structural models, 425–432

Leave-N-out (LNO) cross validation,
pattern recognition models,
238–239

Leave-one-out (LOO) cross validation:
comparative structural connectivity

spectral analysis, aryl
hydrocarbon receptor
binding, 271

comparative structurally assigned
spectra analysis, aromatase
enzyme model, 240, 242–244

pattern recognition models, 238–239
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Legal issues, RNA production,
1290–1300

manufacturing protocols, 1290–1294
long RNA, 1291–1294
oligonucleotides, 1290–1291

regulatory aspects, 1294–1300
identity, 1298–1299

messenger RNA, 1299–1300
mRNA, 1297–1298
oligonucleosides, 1296–1297
oligonucleotides, 1298–1299
purity, 1296

Lentinus edodes, polysaccharide extracts,
1023

Lethal dose (LD50):
dual mode cycotoxicity/proliferation

assays, DeathTRAK
cycotoxicity assay, 705–712

in vivo toxicology assays, 480–481
Leukemia, natural product development

for, 17–18
Leukocyte antigen-related phosphatase

(LARP), PhosTRAK
phosphatase assay, 715–716

Levodopa, prodrug structures, enhanced
brain delivery, 766

Lex-A protein, protein-protein
interactions:

library selection, 501
three-hybrid system, 506
yeast two-hybrid systems, target and

bail vectors, 490–494
Library design:

combinatorial chemistry:
design issues, 1001–1004
on-bead screening, 974
parallel synthesis, 971–972
split-pool synthesis, 973–974

binary encoding, 977–979
infrared coded resins, 979–980
radio-frequency tagging, 980–981
recursive deconvolution, 976
tagging methods, 977

protein-protein interactions:
screening approach, 508
yeast two-hybrid systems, 495–501

targeted cancer therapy, small-
molecule inhibitors, synthetic
chemicallibraries, 1366–1367

Licorice-based medicinal agents,
gastrointestinal disease,
animal models, 1025–1027

Ligand-based virtual screening, basic
principles, 90

Ligand binding:
protein crystallization, 386–388

limitations of, 448–449
receptor mechanisms, 38
structure-based drug design, 436–438

Ligand-gated ion channels, molecular
drug actions, 39

Ligand-growing algorithms, protein
structural models, 433–434

Ligand-receptor binding, high-
throughput screening
bioassays, 592–594

Likelihood estimation, protein structural
models, 426–432

Limit of detection (LOD):
bioanalytical chemistry assays, 475–

476
cytotoxicity measurements, coupled

luminescent assays, 700–701
DeathTRAK cycotoxicity assay, 719
PhosTRAK phosphatase assay, 719

Limits of agreement (LsA):
acceptance criteria properties, 683–687
estimated outcomes properties, 682–

683
potency precision estimates:

acceptance criteria, 674
replication-experiment studies, 672–

673
Linear pathway analysis, microarray

data, 139–140
Linear response, coupled luminescent

assays, 718
Linear techniques, pattern recognition

models, 238
Lipinski’s rules of five, drug delivery

assays, 472–474
Lipopeptidolactone (FR901469),

reserach and development,
16

Lipophilic characteristics:
drug delivery assays, 472–474
GABA receptor ligands, reuptake

inhibition, 805–806
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glucocorticoid receptors, 1060–1063
prodrug structures:

brain targeting prodrugs, 775–776
hydroxyl prodrugs, 749–750
nasal drug delivery, 764–766
oral drug delivery, 753–754
phosphonate group prodrugs, 747
prolonged duration of action

designs, 769–770
Lipoxygenase (LOX) inhibition,

polyphenol medicinal
compounds, 1026–1027

Liquid chromatography-mass
spectrometry (LC-MS):

metabolomic analysis, 137–138
protein-protein interactions, 530

Liquid handling protocols, high-
throughput screening
automation, 578–580

Literature sources:
microarray data, 140–141
natural product development, 22–28

Long RNA, legal manufacturing
protocols, 1291–1294

Long terminal repeat (LTR) promoter,
RNA synthesis inhibition,
1161–1163

Long-term labeling, MRI cell trafficking,
intracellular targeting,
1326–1327

Low-molecular-weight contrast agents,
MRI tumor targeting,
vasculature and vascular
targets, 1315

Low-molecular-weight natural products,
activity screening, 45–47

Luminance properties, coupled
luminescent assays, 691

fluorescence assays vs., 693
Luminescence. See specific luminescence

techniques
Luteinizing hormone (LH):

drug action and applications, 1049
gonadotrophin-releasing hormone

regulation, 1043–1045
Lymphopenia, severe acute respiratory

syndrome, 0
Lymphostin, research and development,

19

Lytic formulations, coupled luminescent
assays, 725

MACCS keys, virtual screening, two-
dimensional molecular
fingerprints, 102–103

Macrobeads, split-pool synthesis,
984–985

Macroimagers, cell-based assays, 354–
356

Macromolecules:
combinatorial chemistry, thiol-based in

situ ligand assembly, 997–
998

crystallographic models, 420–422
de novo model construction, 422–

425
formulation development assays, 470–

471
prodrug development, 784–785
x-ray diffraction, 390–392

Macro recording:
heat map display, 331–334
Visual Basic for Applications (Excel

software), 290–291
Macugen, RNA mimetics, aptamer

function, 1271–1273
Magnetic resonance imaging (MRI):

cancer research, 1310
contrast agents and enhancement,

1311–1313
relaxation properties, 1313–1314
T1 contrast agents, 1311–1312
T2 contrast agents, 1312–1313

intracellular targets, 1325–1328
long-term cell labeling contrast

agents, 1326–1327
specific contrast agents, 1327–1328

limitations and future research,
1331–1333

molecular imaging, activated contrast
agents, 1328–1329

CEST/PARACEST contrast agents,
1329

enzymatic activation, 1328
molecular MRI and MR spectroscopy,

1329–1331
reporter molecules, CSI imaging,

1330–1331
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tumor cell surface receptors,
1318–1325

isolated cell molecular imaging,
1318–1320

in vivo molecular imaging,
1320–1325

Gd-based contrast agents,
1320–1321

iron-oxide-based contrast agent,
1321–1323

multistep targeting and
prelabeling, 1323–1324

signal amplification, 1324–1325
tumor vasculature and vascular

targets, 1313, 1315–1318
high-molecular-weight contrast

agents, 1316
low-molecular-weight contrast

agents, 1315
moleular imaging, 1316–1318

Magnetic resonance spectroscopy
(MRS):

molecular MRI and, 1329–1331
tumor therapy vs. MRI, 1310

Magnolia officinalis, research and
development, 17

Mammalian AdoHcy hydrolase, S-
adenosylhomocysteine
hydrolase inhibitors,
1174–1177

Mammalian peptide display system,
protein-protein interactions,
515–516

Mammalian target of rapamycin
(mTOR), targeted cancer
therapy, signal transduction,
1350–1351

Mammalian two-hybrid systems, protein-
protein interactions, 506

N-mannich bases, bioreversible prodrug
structures, 751

Mapacalcine, marine sources, 32–33
Marine organisms, as drug sources, 31–

33
Mass spectrometry (MS):

analytical chemistry assays, 463–464
protein-protein interactions, 528–533

affinity tagging, 531–533
LC-MS approaches, 530

protein detection and image
analysis, 530

protein identification, 530–531
reagents, 528–533
two-dimensional polyacrylamid gel

electrophoresis, 528–529
Matrix approach, protein linkage maps,

protein-protein interactions,
yeast two-hybrid systems,
507–509

Maximum likelihood refinement, protein
structural models, 425–432

Maximum tolerated dose (MTD),
toxicology assays, 478–481

M13 bacteriophage, protein-protein
interactions, peptide display
reagents, 517

Mean ratio (MR):
acceptance criteria properties, 683–

687
estimated outcomes, 680–683
potency precision estimates,

replication-experiment
studies, 672–673

Measles, paramyxovirus, 1110–1111
Mechanism-based drug development:

disease-seeking drugs, 8
natural product reserach, 60–62

Mechanistic enzymology, high-
throughput screening,
bioassay design, 591–592

Median partitioning, virtual screening,
109–110

Mediator-specific anti-inflammatory
therapies, sepsis
management:

clinical trials, 939–940
efficacy measurements, 940–943
future research, 948–949
glucocorticoids vs., 945–946
inflammatory mediators, 939
research background, 938–939

Medicinal chemistry-based drug
development, defined, 8

MEDLINE abstracts:
biological pathway analysis, 145–146
microarray data, 140–141

MedScan system, microarray data,
140–141
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Meglitinide analogs, diabetes therapy,
1080–1081

Melting point reduction, prodrug
derivatization, aqueous
solubility improvement,
766–769

Membrane-anchoring (MA) domain,
protein-protein interactions,
Sos recruitment system
(SRS), 502–503

Membrane permeation, prodrug
development, peptide
formulations, 782–783

Membrane proteins, crystallization,
381–382

Membrane transporters, ophthalmic drug
delivery, prodrug drug
development, 761–762

MERIX BIosciences, mRNA protein
production, 1288

Messenger RNA (mRNA):
gaucoma drug development, 147–151
gene expression profiling, systems

biology, 133–134
hammerhead ribozymes, 1276–1277
identity techniques, 1299–1300
protein production, 1283–1288

definitions, 1283–1284
MERIX Biosciences, 1288
mimetics, 1285
preclinical/clinical utilization,

1285–1288
purity controls, 1297–1298
S-adenosylhomocysteine hydrolase

inhibitors, 1173–1177
small inhibitory RNA (siRNA)

synthesis, 1279–1280
Metabolic assays, DeathTRAK

cycotoxicity assay, biomass
measurement, 704–705

Metabolic pathways:
diabetes mellitus therapy, 1073
GABA biosynthesis, 803–804
systems biology and, 126–127

microarray data, 139–140
Metabolite isolation, drug metabolism

assays, 478
Metabolomics, systems biology

applications, 137–138

Metabonomics, systems biology
applications, 137–138

Metabotropic glutamate receptor
ligands, excitatory
neurotransmitters, 851,
853–868

agonists, 853–857
backbone chain length extension,

855–857
bioisosteres, 857
conformationally constraint analogs,

853–855
allosteric modulation, 860–862

noncompetitivve antagonists,
860–862

positive modulators, 862
competitive antagonists, 857–860

a-substitutions, 859–860
phenylglycines, 857–859

noncompetitive antagonists, 860–862
putative drug targeting, 862–863
structural properties, 863–868

MetaCore:
biological pathway analysis, 143–144
systems biology, future applications,

161–164
Metal-enhanced fluorescence (MEF),

high-throughput screening:
acronyms and symbols, 663
drug discovery applications, 660–662
future research issues, 662–663
metal-fluorophore interactions, 604–

609
metal substrates, 609–630

anisotropic silver nanostructures,
615–618

electrochemically deposited silver,
619–622

electroplated silver, 622
laser-deposited silver, 618–619
roughened silver electrodes, 622–624
silver colloid films, 610–615
silver fractal-like structures, glass

substrates, 624–630
silver island films, 610

plate well sensing applications, 630–
660

directional emission, 654–660
enhanced DNA labels, 637–639
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enhanced DNA/RNA detection,
630–637

enhanced energy transfer, silver
surfaces, 645–649

multiphoton excitation and metallic
nanoparticles, 643–645

overlabeled proteins, ultrabright
probes as, 639–642

ratiometric surface sensing, 649–
653

solution-based assays, 653–654
Metal-fluorophore interactions, metal-

enhanced fluorescence, 604–
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Metallic nanoparticles, metal-enhanced
fluorescence, multiphonon
excitation, 643–645

Metallic spheroids, metal-enhanced
fluorescence, anisotropic
silver nanostructures, 615–
618

Metallic surfaces, metal-fluorophore
interactions, 604–609

Metal substrates, metal-enhanced
fluorescence, 609–630
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618

electrochemically deposited silver,
619–622

electroplated silver, 622
laser-deposited silver, 618–619
roughened silver electrodes, 622–624
silver colloid films, 610–615
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Metaregression analysis, mediator-
specific anti-inflammatory
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941–943

Metformin, diabetes therapy, 1077
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(MNNG):
colorectal cancer models, 1020–1021
gastrointestinal cancer cell models,

1020
N-Methyl-N-nitrosourea (MNU),

gastrointestinal cancer cell
models, 1020

Micafungin, reserach and development,
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Microarrays:
photolithographic synthesis, 981–983
protein microarrays, protein-protein

interactions, 517–528
antibody microarrays, 519, 522
detection methods, 527–528
functional protein, 519
high-throughput protein production,

523–524
interaction arrays, 522–523
peptide microarrays, 522
ProteinChip technology, 518
protein delivery systems, 526–527
reagents, 523–528
small-molecule inhibition, 541–542
supports, 524–526
surface plasmon resonance arrays,

522
protein-protein interactions, 517–

528
antibody microarrays, 519, 522
detection methods, 527–528
functional protein, 519
high-throughput protein production,

523–524
interaction arrays, 522–523
peptide microarrays, 522
ProteinChip technology, 518
protein delivery systems, 526–527
reagents, 523–528
supports, 524–526
surface plasmon resonance arrays,

522
systems biology, 124–125

ADME/Tox drug development,
158–159

advanced computational analysis,
139–142

biological networks, 141–142
linear pathways to complex

networks, 139–140
literature sources, 140–141

breast cancer drug development,
153–156

gaucoma drug development,
148–152

gene expression profiling, 132–133
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flow cytometry:
HyperCyt cell sorting, 208–209
sample carryover, 209
soluble compounds, 207–208

Microimaging technologies, cell-based
assays, 355–356

Microorganisms, natural product drug
development, 27, 29

MicroRNAs (miRNA), cell function,
1263

Microsoft Query application, Excel
Visual Basic for 
Applications, data import,
322–326

Microtubule-targeting agents,
antimimotic targeted cancer
therapy, 1360–1361

Microvessel density (MVD), magnetic
resonance imaging (MRI),
mechanisms and
enhancement, vasculature
and vascular targets, 1315

Miller indices:
x-ray crystal structure 

determination:
anomalous dispersion, 412–416
multiple isomorphous replacement,

407–412
structure factor, 405–406

x-ray diffraction data collection, 400–
402

x-ray diffraction patterns:
Bragg’s law, 397
macromolecule crystals, 392

Mimetics:
mRNA function, protein production,

1285
RNA-based therapies:

aptamer function, 1270–1271
natural and modified RNA, 1266

small inhibitory RNA (siRNA)
synthesis, 1280–1281

synthetic RNA, hammerhead
ribozyme function, 1274–
1276

Mineralocorticoids, characteristics and
therapeutic applications,
1064–1065

Miniaturization:
high-throughput screening platforms,

565–566
photolithographic synthesis, 981–

983
split-pool synthesis, radio-frequency

tagging, 980–982
Minifingerprint techniques, virtual

screening, 103
Minimum significant ratio (MSR):

acceptance criteria properties, 683–
687

concentration-response assays, 668–
669

potency precision estimates:
acceptance criteria, 674
fou-parameter logistic (4PL) 

model, 674–676
model parameter and outcome

estimates, 673–674
replication-experiment studies, 672–

673
statistical properties:

data-generating model, 678–679
estimated outcomes, 679–683

MINT database, protein-protein
interactions, 533–536

MIPS database, microarray data, 141
Mithramycin, bone metabolism, 1059
Mitogen-activated protein kinases

(MAPK):
inhibitors, 1225–1232

ERK compounds, 1228–1229
JNK compounds, 1228
P38 MAP compounds, 1226–

1228
therapeutic targeting, 1202–1203

Mitomycin C, hypoxia-selective
prodrugs, tumor targeting,
773–774

Mitotane, corticosteroid synthesis
inhibition, 1064

Mixing techniques:
CellCard system, 360
high-throughput flow cytometry,

192–193
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Modeling pathways, systems biology,
125–127

Model parameters:
comparative structural connectivity

spectral analysis:
aryl hydrocarbon receptor binding,

267–271
corticosterone binding, 258–259

protein structural models, 431–432
replication-experiment studies, 673–

674
Modulatory agents, AMPA receptors,

842–843
Molecular aspects of drug action, 37–

42
enzyme receptors, 40–41
G-protein-coupled systems, 40
ion channels, 39
natural product activity screening, 46–

47
receptors, 37–39
target selection, 41–42
transcription factors, 41

Molecular beacon aptamer (MBA),
platelet-derived growth
factor analysis, fluorescence
resonance energy transfer,
77–80

Molecular biology, combinatorial
chemistry and, 963–965

Molecular chaperones, protein kinase
inhibitor design, 1215

Molecular descriptors:
quantitative structure-activity

relationships, 95–96
virtual screening, 91–92

Molecular diagnosis, cancer cell
proteomics, 74–75

Molecular diversity:
high-throughput flow cytometry,

drug discovery targets,
190–192

virtual screening, 94
Molecular dynamics, comparative

structural connectivity
spectral analysis:

configurational entropy, 276–278
four-dimensional connectivity matrix,

275–276

Molecular fingerprints, virtual screening,
102–106

profiling and scaling, 104–106
three-dimensional pharmacophores,

103–104
two-dimensional, 102–103

Molecular geometry, protein structural
models, refinement of, 427–
432

Molecular imaging, MRI tumor
targeting:

activated contrast agents, 1328–1329
CEST/PARACEST contrast agents,

1329
enzymatic activation, 1328

tumor cell surface receptors,
1318–1325

tumor neovasculature, 1316–1318
Molecular networks, systems biology

interpretations, 141–142
condition-specific molecular/

functional networks, 163–
164

Molecular prototypes, natural product
research and development,
14–22

Molecular replacement (MR), x-ray
diffraction, protein structures,
416–420

Molecular similarity concept, virtual
screening, 92–94

quantification, 97–98
Molecular structural models,

comparative structural
connectivity spectral analysis,
245–271

aromatase enzyme model, 261–264
aryl hydrocarbon receptor binding

model, 264–271
corticosterone binding:

artificial neural network model,
259–261

three-dimensional models, 256–
259

two-dimensional model of estrogen
receptor binding compounds,
247–256

Molecular weight (MW), analytical
chemistry assays, 463–464
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Monocrystalline iron oxide (MION),
magnetic resonance imaging
(MRI), mechanisms and
enhancement:

T2 contrast agents, 1313
tumor cell surface receptors,

1319–1325
in vivo MR molecular imaging,

1321–1323
Monovalent systems, protein-protein

interactions, phage display
technology, 512–515

Monte Carlo simulation:
biological networks, 142

future applications, 161–164
estimated outcomes, statistical

properties, 679–683
macromolecule crystallographic

models, 425
Morphological assessment, colitis

severity, 1018
Mozenavir:

protease inhibitor properties,
1166–1169

structure-based drug design, 439–440
MPW database, contents and location,

129
Multidimensional nuclear magnetic
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spectrometric data-activity
relationships, 233–236

Multidomain clustering, virtual
screening, 107

Multiphonon excitation, metal-enhanced
fluorescence, 643–645

Multiple cell line screening:
CellCard technology, 356–357

antimitotic cellular arrays case
study, 362–363

card preparation, 360
compound addition and assay

protocol, 360–361
experiment design and plate layout,

359–360
image analysis and data

visualization, 361–362
key features of, 370
multiplexed antiproliferation screen,

367–370

multiplexing cell-based assays,
357–359

96-well mixing and dispensing
format, 360

reading protocol, 361
tissue culture, 360
TUNEL assay case study, 363

multiplex dose curve analysis,
363–366

research background, 354–356
Multiple isomorphous replacement

(MIR), x-ray crystal structure
determination, 406, 410–412

anomalous dispersion, 412–416
Multiple isomorphous replacement with

anomalous dispersion
(MIRAS), x-ray crystal
structure determination, 415–
416

Multiple linear regression (MLR)
statistical techniques:

comparative structural connectivity
spectral analysis:

aryl hydrocarbon receptor binding,
266–271

13C-15N heteronuclear connectivity
matrix, antibiotic
cephalosporins, 273–275

estrogen receptor binding
compounds, 251–256

comparative structurally assigned
spectra analysis:

aromatase enzyme model, 240,
242–244

aryl hydrocarbon receptor binding,
244–245

quantitative spectrometrid data-
activity relationships, 232

Multiple-wavelength anomalous
dispersion (MAD), x-ray
crystal structure
determination, 415–416

Multiplexing techniques:
cell-based assays:

antimitotic compounds, 362–363
antiproliferation screening, cell type

selective compounds, 367–
370

basic principles, 357–359
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high-throughput flow cytometry, drug
discovery targets, diversity
analysis, 191–192

TUNEL assay, dose curve analysis,
363–366

Multistep targeting techniques:
molecular MRI imaging, limitations,

1332–1333
tumor cell surface receptors, in vivo

MR molecular imaging,
1323–1324

Muscarinic M1 receptor GTPg35 S assay:
biomolecular screening assay,

concentration-response
models and outcomes, 670–
671

example data, 674–676
Muscimol, GABAA receptor complex:

agonists and antagonists, 808–811
pharmacophore models, 812–814

Mushrooms, polysaccharide agents from,
1022–1023

Mycena pura, research and development,
17–18

Mycophenolic acid, IMP dehydrogenase
inhibitors, 1172–1173

Mycoplasma genitalium, systems biology
and, 126–127

Mycoplasma pneumonia, bronchiolitis,
1117

Mycoses, natural product development
for, 16–22

Myeloperoxidase (MPO), colitis severity
assessment, 1018–1019

Myocardial ischemia, extracellular
potassium effects, 911–914

Myocilin gene expression, gaucoma drug
development, 148–151

Nabumetone, bioconversion, 741
N-acetylneuraminic acid (NANA),

influenza virus inhibition,
1169–1171

NanoKan benzopyran library, radio-
frequency tagging, 980–
982

Nanoliter dispensing, high-throughput
screening compounds,
576–578

Nanorods, metal-enhanced fluorescence,
anisotropic silver
nanostructures, 615–618

Nanowell structures, protein-protein
interactions, protein
microarray supports, 525–526

Naproxen, prodrug development, topical
drug delivery, 757–759

Nasal drug delivery, prodrug
development, 762–766

ehanced brain delivery, 766
lipophilic prodrugs, 764–766
peptide prodrugs, 766
transport-mediated absorption, 766
water-soluble prodrugs, 763–764

Nateglinide, diabetes therapy, 1081
Native American medicine, history of,

13–14
Natural killer cells, herbal terpenoid

inhibition, 1027–1028
Natural products. See also Herbal

medicines
activity screening, 43–47
defined, 12
development and discovery, 22–33,

55–59
environmental sources, 23–24, 29–

33
insects, 30–31
marine organisms, 31–33
microbes, 24, 29
plants, 29–30
vertebrates, 31

historical background, 58–59
literature sources, 22–28
regulatory guidelines and

nonclinical development,
55–58

future prospects, 60–63
history and background, 12–14
isoluation and purification, 47–51
pharmacodynamics, 33–43

drug tolerance, 42–43
general principles, 34–37
molecular aspects, 37–42

enzyme receptors, 40–41
G-protein-coupled systems, 40
ion channels, 39
receptors, 37–39
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transcription factors, 41

protein targets, 33–34
research and development update,

14–22
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synthesis, 53–55
targeted cancer therapy, small-

molecule inhibitors,
1365–1366

Natural Products Repository (NPR),
natural product
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134–135

Negative accuracy, screening for, 5–7
“Negative-signal” characteristics,

coupled luminescent assays,
firefly luciferase, 698–699

Nei Ching anthology, 12
Neighborhood behavior, molecular

similarity quantification, 98
Neovasculature, MRI tumor targeting,

molecular imaging, 1316–
1318

Network analysis algorithms, future
applications, 161–164

Network motifs, biological networks, 142
Neural networks, virtual screening, drug

likeness studies, 114
Neuraminidase inhibitors:

antiviral therapy, 1169–1171
influenza virus, 1112
oseltamivir, antiviral agents, 1124–
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Neurohypophyseal hormones, drug

action and therapeutic
applications, 1049–1053

oxytocin, 1052–1053
vasopressin, 1049–1052

Neurological drugs, GABA and
glutamate receptor ligands,
799

Neuropeptide Y, antiobesity agents,
1084–1085

Neuropsychiatric disorders, natural
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Neurotoxins, insect sources, 30–31

Neurotransmitters:
GABA receptor ligand inhibition,
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biosynthesis and metabolism,

803–804
classification and therapeutic

targets, 802–803
GABAA receptor complex, 807–823

agonists and antagonists, 808–811
benzodiazepine-allosteric binding

sites, 814–821
pharmacophore models,

821–823
receptor and pharmacophore

models, 811–814
GABAB receptor complex, 823–827

agonists, 825
allosteric modulators, 827
antagonists, 825–827

GABAC receptor agonists and
antagonists, 828–829

metabolism inhibitors, 803–804
reuptake mechanisms, 804–806

glutamate receptor ligands excitation,
829–868

AMPA receptor ligands, 837–843
agonists, 837–840
competitive/noncompetitive

antagonists, 840–842
modulatory agents, 842–843

ionotropic receptor structure,
846–852

KA receptor agonists and
antagonists, 843–846

metabotropic receptor ligands, 851,
853–868

agonists, 853–857
backbone chain length

extension, 855–857
bioisosteres, 857
conformationally constraint
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allosteric modulation, 860–862

noncompetitivve antagonists,
860–862

positive modulators, 862
competitive antagonists, 857–860

a-substitutions, 859–860
phenylglycines, 857–859
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noncompetitive antagonists,
860–862

putative drug targeting, 862–863
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NMDA receptor ligands, 830–837
competitive receptor antagonists,

832–833
glycine co-agonist site, 835–836
receptor agonists, 831–832
subtype-selective ligands,

therapeutic potential,
836–837

uncompetitive/noncompetitive
receptor antagonists, 833–835

receptor classification, 829–830
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New Drug Application (NDA), natural

product development, 57–58
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301–303
Nidula candida, research and
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NIEHS database, ADME/Tox drug

development, 158–159
Nilutamide, antiandrogen properties,
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96-well platform design:

drug delivery assays, 473–474
high-throughput screening, 564–565
multiple cell line screening, 360
protein-protein interactions, protein

microarray delivery systems,
526–527

Nipecotic acid, GABA reuptake
inhibition, 805–806

Niphatevirin, marine sources, 32–33
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chemistry, structure-activity
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2-Nitroimidazoles, hypoxia-selective
prodrugs, tumor targeting,
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competitive receptor antagonists,
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glycine co-agonist site, 835–836
receptor agonists, 831–832

subtype-selective ligands,
therapeutic potential,
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products, 55–58
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AMPA receptors, 840–842
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metabotropic glutamate receptors,

allosteric modulation,
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NMDA receptors, 833–834
subtype-selective NMDA ligands,
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Noncrystallographic symmetry (NCS)

restraints, protein structural
models, 429–432

Nongenomic activity, glucocorticoid
receptors, 1062

Nonhierarchical clustering, virtual
screening, 107

Nonlabile metal complexes, dynamic
combinatorial chemistry,
988–922

Nonlinear techniques, pattern
recognition models, 238

Nonnucleoside reverse transcriptase
inhibitors (NNRTIs),
antiviral therapy, 1158

HIV protease inhibitors, 1168–1169
Nonreceptor tyrosine kinase inhibitors,

therapeutic targeting,
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Bcr-Abl, 1201, 1221–1222
Src kinases, 1201–1202, 1222–1225

Nonspecific effects, natural product
pharmacodynamics, 33–34

Nonsteroidal anti-inflammatory drugs
(NSAIDs), prodrug
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side effects reduction, 784
topical drug delivery, 757–759

Nonstructural proteins, antiviral 
therapy:

protease inhibitors, 1168–1169
RNA synthesis inhibition, 1162–1163
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271–278
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molecular dynamics of
compounds, 275–276
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antibiotic cephalosporin
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comparative modeling approaches,
231–232
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aryl hydrocarbon receptor
binding, 244–245

corticosterone binding, 240–241
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aromatase enzyme model,
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binding model, 264–271
corticosterone binding:

artificial neural network model,
259–261

three-dimensional models,
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estrogen receptor binding
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future research issues, 280–281
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238–239
molecular structure integration,

239–245
multidimensional techniques,

233–236
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(NOESY), multidimensional
spectra, 235–236
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Nuclear receptors, ADME/Tox drug
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Nucleic acid detection (NAD):
nuclein isolation, 1260–1262
viral respiratory infection diagnosis,

1119–1120
Nuclein isolation, nucleic acid

characterization, 1260–1262
Nucleosides:

antiviral therapy:
DNA polymerase inhibitors,

1148–1155
HIV protease inhibitors, 1168–

1169
reverse transcriptase inhibitors,

1156–1158
virus-cell fusion inhibitors,

1147–1148
natural product development, 20–22
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303

Occupancy parameter, macromolecule
crystallographic models, 420–
422

Octreotide, somatostatin receptors,
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anticoagulant agents, 946–948
mediator-specific anti-inflammatory

agents, 940–943
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applications, 214–216

Oligomycin F, research and
development, 18–19

Oligonucleosides, RNA production,
regulatory guidelines,
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Oligonucleotides:
antiviral agents, 1125–1126
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967–970
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legal manufacturing protocols,

1290–1291
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974–975

binary encoding, 977–979
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tagging methods, 977
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interactions, protein
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structural analysis, 245–271
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spectrometric data-activity
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access protocols, 320–322
data import, 322–326
Oracle connection, 327
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protein interactions, yeast
two-hybrid systems:

library approach, 508–509
protein linkage maps, 507–509

Ophthalmic drug delivery, prodrug drug
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Oracle software:
Excel Visual Basic for Applications,

ODBC connection, 327
laboratory data management, 289

Oral drug delivery:
prodrug development, absorption

mechanisms, 752–756
carrier-mediated transport, 754–

756
lipophilic drugs, 753–754

zanamivir, neuraminidase inhibitors,
1171

Orlistate, structure and properties,
1085–1086
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Oseltamivir:
neuraminidase inhibitors, 1171
respiratory viral infection therapy,
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targeting, 1217–1218
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1057–1060
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parathyroid hormone, 1057–

1058
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metabolism, 1057–1058
Outcome estimates:

replication-experiment studies, 673–
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statistical properties, 679–683
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fluorescence (MEF), 639–
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acceptance criteria properties, 683–

687
estimated outcomes, statistical

properties, 679–683
statistical properties, data-generating

model, 678–679
Oxytocin, drug action and therapeutic

applications, 1052–1053

Paclitaxel. See Taxol
Palivizumab, respiratory syncytial virus
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Panax ginseng, drug development from,

29–30
Pancreatic polypeptide, antiobesity

agents, 1084–1085
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interactions, phage display
technology, 512–515
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profiles, 158

Parainfluenza viruses, characteristics of,
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Parallel-distributed-artificial neural
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connectivity spectra analysis
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binding, 259–261
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on-bead screening, 974

Paramagnetic enhanced chemical
exchange saturation transfer
(PARACEST) contrast
agent, MRI molecular
imaging, 1329

Parameter estimates, biomolecular
screening assays, 669
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Parasiticde, natural products for, 30
Parathyroid hormone (PTH), bone

metabolism, 1057–1058
Parsing strings, Excel VBA function,

315–319
Partial agonists, general principles, 35
Partial least-squares discriminant

analysis (PLS-DA), biological
effect modeling, 231–232

Particle carryover, high-throughput flow
cytometry, 192–193

Partitioning methods, virtual screening,
108–112

cell-based partitioning, 108–109
decision tree algorithms, 110–112
direct space methods, 109–110
performance evaluation, 115–116

PathArt, biological pathway analysis,
144

PathDB, biological pathway analysis,
145

Pathway Assist, biological pathway
analysis, 145

Pattern recognition model development,
NMR spectral information
management, 236–237

Patterson function:
x-ray crystal structure determination:

anomalous dispersion, 413–416
multiple isomorphous replacement,

407–412
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x-ray diffraction, protein structures,
molecular replacement, 417–
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Peak plasma levels (Cmax), drug
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Pegvisomant, growth hormone receptor
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Peptide aptamers, protein-protein
interaction inhibition,
539–540

Peptide chains, macromolecule
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425
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mass spectrometry, 530–531
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interactions, 522
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biopolymer solid-phase synthesis,

965–970
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antagonists, 1044–1045
gucagon-like peptide-1, diabetes

therapy, 1082
natural product research and

development, 14–15
marine sources, 32–33
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prodrug development:
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aqueous solubility 
improvement, 780
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membrane permeation

improvement, 782–783
nasal delivery, 766

somatostatin receptor antagonists,
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automation, 580–581
virtual screening, 114–116
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development sources, 28
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receptors (PPAR):

herbal sources for, 1027–1028
thiazolidinedione receptors, 1078

pG5CAT, protein-protein 
interactions, mammalian 
two-hybrid systems, 506

Phaclofen, GABAB receptor 
antagonists, 825–827

Phage display, protein-protein
interactions, 512–515

inhibitors, 541
Pharmacodynamics, natural 

products, 33–43
drug tolerance, 42–43
general principles, 34–37
molecular aspects, 37–42

enzyme receptors, 40–41
G-protein-coupled systems, 40
ion channels, 39
receptors, 37–39
target selection, 41–42
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(PKM), drug development,
3

Pharmacology assays:
developability assays, 468–469
in vitro techniques, 460–462
in vivo techniques, 464–465



INDEX 1439

Pharmacophores:
antiviral agents, 1141–1143
GABAA receptor complex models,

811–814
benzodiazepine binding sites,

821–823
virtual screening, 100–102
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therapeutic targeting, 1204–1205

Phosphonate groups, prodrug
development, 747

acyclic nucleoside phosphonates,
1158–1161

Phosphonic acid moiety, oral drug
delivery, lipophilic
characteristics of prodrugs,
754
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Phosphotyrosine levels, high-throughput
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716–717
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723–724
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assay detection, 583
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enhanced DNA labeling, 637–639
enhanced DNA/RNA detection, 631–

637
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development, 18
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antiviral therapy, 1121
bronchiolitis, 1117
structural properties, 1108
therapeutic agents for, 1125

Pin-based spotting, combinatorial
synthesis, 938–985

4-PIOL, GABAA receptor complex:
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pharmacophore models, 812–814
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antagonists, 809–811
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domain targeting, 1219
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herbal therapeutic agents,
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mushroom/seaweed sources,

1022–1023
history of, 12–14
research opportunities and, 15–22

Plasmid reagents, protein-protein
interactions, yeast two-hybrid
systems, 489–501

Platelet-derived growth factor (PDGF):
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81

fluorescence energy transfer, 76–80
targeted cancer therapy, signal

transduction, 1350
tyrosine kinases, 1201

inhibitors, 1219–1221
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design criteria, 570–572
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directional emission, 654–660
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enhanced DNA/RNA detection,
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surfaces, 645–649
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nanoparticles, 643–645
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ratiometric surface sensing, 649–653
solution-based assays, 653–654

miniaturization, 565–566
Platform technology, high-throughput

screening, 563–570
cellular assays, 566–567
drug discovery process, 567–569
instrumentation and screening

formats, 563–565
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quality control, 569–570

Pleconaril, antiviral agents, 1125
Pleurotus ostreatus, natural product drug

development, 29
P38 MAPK inhibitors, structure and

properties, 1226–1228
Pneumocystis carinii, natural product

development for, 20–22
Pneumonia, viral agents, 1117–1118
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development, 30
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minimization, comparative
structural connectivity
spectral analysis,
configurational entropy,
277–278

Polyacrylamid gel, protein-protein
interactions, protein
microarray supports, 524–526

Polyamidoamine (PAMAM) dendrimers,
magnetic resonance imaging
(MRI), mechanisms and
enhancement, T1 contrast
agents, 1312

Polyanionic compounds, virus adsorption
inhibitors, 1140–1141

Polychlorinated biphenyls (PCBs),
comparative structural
connectivity spectral analysis,
264–271
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Polychlorinated dibenzo-difurans
(PCDD), comparative
structural connectivity
spectral analysis, 264–271

Polychlorinated dibenzo-p-dioxins
(PCDD):

comparative structural connectivity
spectral analysis, 264–271

comparative structurally assigned
spectra analysis, 244–245

Polycrystalline iron oxide (SPIO),
magnetic resonance imaging
(MRI), mechanisms and
enhancement:

T2 contrast agents, 1313
tumor cell surface receptors,

1319–1325
Polydimethylsiloxane (PDMS), protein-

protein interactions,
functional protein
microarrays, 519

Polymerase chain reaction (PCR):
multiple tumor markers, whole-cell-

based aptamers, 82–83
protein crystallization, 383
protein-protein interactions:

protein linkage maps, 507–509
in vitro display technologies, 516

serial analysis of gene expression,
134–135

viral respiratory infection diagnosis,
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Polymorphisms, systems biology, DNA
sequence variation, 132

Polyoxometalate (PM523), antiviral
agents, 1124–1126

Polypeptides:
glucose-dependent insulinotropic

polypeptide, 1082
insect sources for, 30–31

Polyphenol-based herbal medicines,
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1027

Polysaccharides, herbal therapeutic
agents, 1022–1024

mushroom/seaweed sources,
1022–1023

plant sources, 1023

Polystyrene-co-divinylbenzene,
biopolymer solid-phase
synthesis, 966–970

Polyvalent display, protein-protein
interactions, 512–515
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Positive control, coupled luminescent

assays, 719–720
Positron emission tomography (PET),

cancer cell proteomics, 74
Posterior probability, protein structural

models, 426–432
Postsource decay (PSD), protein-

protein interactions,
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531

Posttranslational modifications (PTMs),
proteomics, systems biology
applications, 135–136

Potassium channels, ATP-sensitive
potassium channel
antagonists:

myocardial ischemia effects, 911–
913

nonselective antagonists, 915–917
proarrhythmic effects, 923–924
research background, 909–911
selective antagonists, 917–923

HMR 1402 cardioselective
compound, 921–923

HMR 1883 cardioselective
compound, 919–921

ventricular arryhthmias, 914–924
ventricular rhythm, 913–914

Potassium perchlorate, structure and
therapeutic application,
1056–1057

Potency:
general principles, 36–37
protein kinase inhibition, 1212
virtual screening limitations and,

98–99
Potency precision estimates, 671–678

acceptance criteria, 674
example data, 674–676
interlaboratory comparisons, 676–

678
model parameter and outcome

estimates, 673–674
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replication-experiment protocol, 671–
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outcomes, 672–673
statistical model, 672

Power law principles, biological
networks, 141–142

Precipitation agents, protein
crystallization, 385

Precision parameters, high-throughput
screening automation,
580–581

Preclinical studies. See also Clinical 
trials

developability assays, 466–468
hammerhead ribozymes, 1276–1277
immunostimulating RNA, 1289–

1290
mRNA function, protein production,

1285–1288
natural product development, 56–
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RNA mimetics, aptamer function,

1271–1272
small inhibitory RNA, 1281–1282
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Predicted binding models, comparative
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aromatase enzyme, 262–264
aryl hydrocarbon receptor binding,

266–271
corticosterone binding, 258–259

Predicted distance dependencies, metal-
fluorophore interactions,
604–605

Pregnane X-receptor (PXR), ADME/
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surface receptors, in vivo MR
molecular imaging, 1323–
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Prey structures, protein-protein
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protein linkage maps, 507–509
yeast two-hybrid systems, 485–489
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comparative structural connectivity
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corticosterone binding,
257–259

NMR spectral information content,
230–231

Prior probability, protein structural
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mathematics, 426–432

Proarrhythmic effects, ATP-sensitive
potassium agonists, 923–925

Probabilistic methods, quantitative
structure-activity
relationships, virtual
screening, 113–114

Prodrugs:
bioreversible structures, 740–752

amines and amides, 750–752
N-acyl prodrugs, 751
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phosphoroxymethyl
derivatives, 751–752

N-mannich bases, 751
carboxyl groups, 741–744

acyloxyalkyl prodrugs, 743–744
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amides, 744

hydroxyl groups, 747–750
lactones, 750
lipophilic prodrugs, 749–750
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750
water-soluble prodrugs, 748–749

phosphate groups, 744–746
phosphonate groups, 747
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740

definitions and concepts, 735–738
chemical delivery system, 737–738
double-prodrug concept, 735–737
soft drug concept, 737

pharmaceutical applications, 752–785
aqueous solubility improvement,

766–769
hemiester structures, 769
phosphates, 767–769

etoposides, 767–768
fosphenytoin, 768–769
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carrier-mediated transport,
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transdermal delivery, 759–760

nasal drug delivery, 762–766
ehanced brain delivery, 766
lipophilic prodrugs, 764–766
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transport-mediated absorption,
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ophthalmic drug delivery, 760–762
oral drug delivery, 752–756

lipophilic drugs, 753–754
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carrier-mediated transport,
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chemical drug delivery system,
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colon targeting, 778
kidney targeting, 778–779
tumor targeting, 770–775

antibody-directed enzyme
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gene-directed enzyme prodrug
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hypoxia-selective drugs,
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duration of action, 769–770
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peptide formulation and delivery,
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780
enzyme stability, 780–782
membrane permeation
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Profiling techniques, molecular

fingerprints, virtual screening,
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1071–1072

Progestins, structure and properties,
1071–1072
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cycotoxicity assay:
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ATP release assays, 704
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metabolic assays, 704–705
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702–704
drug discovery applications, 702–711
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interactions, yeast two-hybrid
systems:

library selection, 501
target and bail vectors, 494

“Proof of concept’ paradigm, small
inhibitory RNA, 1282

Propofol, GABAA receptor complex,
819

Propranolol, transdermal drug delivery,
prodrug development,
759–760

Propylthiouracil, therapeutic
applications, 1055–1056

Pro-soft drug, defined, 737
Prostaglandin analogs, ophthalmic drug

delivery, prodrug drug
development, 761–762

Prostate-specific antigen (PSA), cancer
cell proteomics, molecular
diagnosis, 74–75

Protamine, nuclein isolation, 1260–1262
Protease inhibitors:

antiviral therapy, 1163–1169
biopolymer solid-phase synthesis,

969–970
prodrug development, peptide

formulation and delivery,
780

structure-based drug design, 438–440
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systems, 507
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formulation development assays, 470–

471
multiple tumor markers, whole-cell-

based aptamers, 81–83
systems biology applications, 136–137

ProteinChip technology, protein-protein
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microarrays, 518

Protein-compound complexes, x-ray
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molecular replacement, 419–
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macromolecule crystallographic

models, 420–422
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416
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anomalous diffraction
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observation and documentation,

384
research background, 377–379

data collection, 399–402
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425
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drug discovery, 434–447
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interface, 433–434
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HIV protease inhibitors, 438–
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therapeutics, 442

electron clouds and thermal motion,
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Fourier synthesis, 392–396
heavy atom replacement, 406
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home laboratory data collection,
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synchrotron diffraction data
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ATP binding site inhibitors,
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future research issues, 1232
receptor tyrosine kinases, 1216–

1221
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1195–1196

serine/threonine kinases, 1202–1205
cyclin-dependent kinases, 1203–

1204
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glycogen synthase kinase 3, 1205
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MAP kinases, 1202–1203
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phosphoinositide 3-kinase, 1204–

1025
inhibitors, 1231

protein kinase C and A, 1204
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Rho kinase, 1204
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signal transduction phosphorylation,
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structure-based drug design, 440–441
therapeutic applications, 1199–1205
tyrosine kinases, 1199–1202

nonreceptor tyrosine kinases,
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Bcr-Abl, 1201
inhibitors, 1221–1222

inhibitors, 1221–1225
Src kinases, 1201–1202

inhibitors, 1222–1225
receptor tyrosine kinases, 1200–

1201
EGF receptors, 1200

extracellular domain inhibition,
1216–1217

intracellular domain inhibition,
1217–1219

inhibitors, 1216–1221
PDGF receptors, 1201

inhibitors, 1221
VEGF/bEGF receptors, 1200–

1201
inhibitors, 1219–1221

Protein-ligand complexes, protein
structural models, 433–434

Protein linkage maps (PLMs), protein-
protein interactions, yeast
two-hybrid systems, 507–509
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Protein microarrays, protein-protein
interactions, 517–528

antibody microarrays, 519, 522
detection methods, 527–528
functional protein, 519
high-throughput protein production,

523–524
interaction arrays, 522–523
peptide microarrays, 522
ProteinChip technology, 518
protein delivery systems, 526–527
reagents, 523–528
small-molecule inhibition, 541–542
supports, 524–526
surface plasmon resonance arrays, 522

Protein-protein interactions:
computational analysis, 533–536
inhibitors:

microarrays and small molecules,
541–542

phage display, 541
in vivo genetic selection systems,

540–541
yeast two-hybrid system variants,

536–540
peptide aptamers, 539–540
reverse two-hybrid systems,

537–538
split-hybrid system, 538–539

peptide display technologies, 509,
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bacterial display, 515
eukaryotic display systems, 515–516
phage display, 512–515
reagents, 516–517
in vitro display, 516

protein mass spectrometry, 528–533
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LC-MS approaches, 530
protein detection and image

analysis, 530
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protein microarrays, 517–528

antibody microarrays, 519, 522
detection methods, 527–528
functional protein, 519

high-throughput protein production,
523–524

interaction arrays, 522–523
peptide microarrays, 522
ProteinChip technology, 518
protein delivery systems, 526–527
reagents, 523–528
supports, 524–526
surface plasmon resonance arrays,

522
research background, 483–484
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basic principles, 485–489
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501–502
interaction suppression, 506–507
mammalian two-hybrid systems, 506
new applications for, 506–511
new developments in, 501–506
protease trap, 507
protein three-hybrid systems,

503–506
reagents, 489–501

library choice, 495–501
reporter genes and host yeast

strains, 494–495
target and bait vectors, 489–494

Sos recruitment system, 502–503
two-bait system, 502
USPS system, 503
whole genome applications, 507–509

Protein structural models, refinement
process, 432

Protein targets, natural product
pharmacodynamics, 33–34

Protein therapeutics, x-ray
crystallographic studies, 442

Protein three-hybrid systems, protein-
protein interactions, 504–506

Protein tyrosine kinases (PTKs),
therapeutic targeting,
1199–1202

nonreceptor tyrosine kinases,
1201–1202

Bcr-Abl, 1201
inhibitors, 1221–1222

inhibitors, 1221–1225
Src kinases, 1201–1202

inhibitors, 1222–1225
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EGF receptors, 1200

extracellular domain inhibition,
1216–1217

intracellular domain inhibition,
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inhibitors, 1216–1221
PDGF receptors, 1201

inhibitors, 1221
VEGF/bEGF receptors, 1200–1201

inhibitors, 1219–1221
targeted cancer therapy, 1348–1349

Proteoglycans, plant sources, 1023–1024
Proteomics:

cancer cells, molecular aptamers:
fluorescence anisotropy probe,

proetin analysis, 80–81
fluorescence energy transfer, PDGF

analysis, 76–80
molecular diagnosis, 74–75
multiple tumor markers, whole-cell-

based selection, 81–83
research background, 73–74
tumor marker detection, 75–76

drug development based on, 9
macromolecule crystallographic

models, 422–425
protein-protein interactions,

microarray technologies, 523
systems biology applications, 135–137

protein arrays, 136–137
yeast two hybrid system, 136

Proteosome inhibition, targeted cancer
therapy, 1363–1364

Protonation state, protein structural
models validation, 433

Proximal causality principle:
CFR Part II guidelines, 343–344
drug discovery regulations, 349–351
regulatory guidelines, 338–339

Pseudolaric acids, herbal sources for,
1027–1028

Pseudolarix kaempferi, terpenoid herbal
compounds, 1027–1028

PTK787/ZK222584, VEGFR inhibitor,
1220

PTP1B, in silico screening, 443
PubGene, biological pathway analysis,
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Public health impact:
respiratory viral infections, 1107
viral respiratory infection control,

1107–1108
Pulmonary delivery routes, drug delivery

assays, 473–474
PUREmessenger, mRNA quality

control, 1294–1298
Purgative, natural products as, 30
Purification techniques:

natural product development,
47–51

protein crystallization, 382–383
protein-protein interactions, affinity

tagging and mass
spectroscopy, 531–533

RNA production, quality control,
1296–1299

messenger RNA, 1299–1300
oligonucleotides, 1298–1299

Pyridoxal-5¢-phosphate (PLP), GABA
biosynthesis, 803–804

QT intervals, ATP-sensitive potassium
channels, 910

Quality control (QC):
bioanalytical chemistry assays, sample

quality, 475–476
high-throughput screening, 569–570

data capture, 584–585
RNA production, 1294–1300

Quantitative spectrometric data-
activity relationships
(QSDARs):

comparative structural connectivity
spectra analysis:

aromatase enzyme binding models,
263–264

binning algorithms, 279–280
configurational entropy, 277–278

information management, nuclear
magnetic resonance:

binning algorithm development,
279–280

biological effect modeling, 231
carbon-nitrogen connectivity matrix,

271–278
four-dimensional matrix

construction:
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configurational entropy
estimation, 276–278

molecular dynamics of
compounds, 275–276

heteronuclear CoSCoSA
antibiotic cephalosporin
model, 271–275

comparative modeling approaches,
231–232

content analysis, 229–231
CoSASA models:

aromatase enzyme, 240, 242–
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aryl hydrocarbon receptor
binding, 244–245

corticosterone binding, 240–
241

CoSCoSA molecular structure
incorporation, 245–271

aromatase enzyme model,
261–264

aryl hydrocarbon receptor
binding model, 264–271

corticosterone binding:
artificial neural network model,

259–261
three-dimensional models,

256–259
two-dimensional model of

estrogen receptor binding
compounds, 247–256

future research issues, 280–281
linear and nonlinear aspects, 238
LOO/LNO model validation,

238–239
molecular structure integration,

239–245
multidimensional techniques,

233–236
pattern recognition and model
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predicted spectra, 236
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information, 232–233

Quantitative structure-activity
relationships (QSARs):

ADME/Tox drug development,
157–159

comparative structural connectivity
spectral analysis:

aromatase enzyme binding models,
261–264

configurational entropy, 277–278
corticosterone binding, 258–259

comparative structurally assigned
spectra analysis, aromatase
enzyme model, 243–244

current applications, 228–229
pharmacophore analysis, 102
screening techniques, 5–7
virtual screening:

basic principles, 95–96
four-dimensional models, 113
future issues, 116
probabilistic methods, 113–114
three-dimensional models, 112–113
two-dimensional models, 112

Quassinoside glycoside, natural product
development, 20–22

Quencher molecules, aptamer-based
fluorescence resonance
energy transfer analysis,
platelet-derived growth
factor, 77–80

Quinones, hypoxia-selective prodrugs,
tumor targeting, 772–774

Radioactive decay engineering (RDE),
metal-fluorophore
interactions, 604–609

Radio-frequency tagging, split-pool
synthesis resins, 980–981

Radiolabeled ligands, high-throughput
screening bioassays, 592–
594

Raloxifene, structure and properties,
1070

Ramachandran plot, protein structural
models validation, 432–433

Randomized Aldactone Evaluation
Study (RALES), aldosterone
antagonists, 1066

Range object, Excell software, 301–303
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1057–1058

RANTES chemokines, viral respiratory
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Ras genes:
MAPK protein kinase targeting,

1202–1205
protein-protein interactions, Sos

recruitment system (SRS),
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Ratiometric surface sensing, metal-
enhanced fluorescence, 649–
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RB6145, hypoxia-selective prodrugs,
tumor targeting, 773–774

R568 compound, calcimimetics
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Reaction master mixes, coupled
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READIT assay, firefly luciferase,
ATP/luciferase reactions,
phosphoroylsis, 699
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high-throughput screening:

automated management, 584
bioassay reagent production,
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protein-protein interactions:

peptide display technologies,
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protein microarrays, 523–528
yeast two-hybrid systems, 489–501

library choice, 495–501
reporter genes and host yeast

strains, 494–495
target and bait vectors, 489–494

Real-time polymerase chain reaction
(RT-PCR), three-dimensional
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Receptor agonists:
ATP-sensitive potassium channels,

proarrhythmic effects,
923–925

estrogens, 1070
follicle-stimulating hormone,

1048–1049
GABAA receptor complex, 808–811
GABAB receptor complex, 825
GABAC complex, 828–829

glutamate receptors:
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NMDA receptors, 831–832
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kainic acid receptors, 843–846
metabotropic glutamate receptor

ligands, 853–857
backbone chain length extension,

855–857
bioisosteres, 857
conformationally constrained

analogs, 853–855
oxytocin mediation, 1052–1053
progesterone, 1072
somatostatin, 1045–1046
thiazolidinediones, 1078
vasopressin mediation, 1050–1051

Receptor antagonists:
ATP-sensitive potassium channel

antagonists:
nonselective antagonists, 915–917
selective antagonists, 917–923

HMR 1402 cardioselective
compound, 921–923

HMR 1883 cardioselective
compound, 919–921

corticotropin-releasing factor, 1042
estrogens, 1070
follicle-stimulating hormone,

1048–1049
GABAA receptor complex, 808–811
GABAB receptor complex, 825–827
GABAC complex, 828–829
glucocorticoids, 1063
glutamate receptors:

competitive/noncompetitive AMPA
receptors, 840–842

NMDA receptors, 832–833
glycine co-agonist site, 835–

836
uncompetitive and

noncompetitive antagonists,
833–835

gonadotrophin-releasing hormone,
1044–1045

kainic acid receptors, 843–846
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metabotropic glutamate receptor
ligands, 857–862

competitive antagonists, 857–860
a-substitutions, 859–860
phenylglycines, 857–859

noncompetitive antagonists,
allosteric modulators,
860–862

mineralocorticoids, 1065–1066
oxytocin mediation, 1052–1053
progesterone, 1072
somatostatin, 1046
somatotropin, 1048
vasopressin mediation, 1050–1051

Receptors:
aldosterone, 1065
androgens, 1066–1067
antiobesity agents, 1084–1085
calcitonin, 1058
corticotropin-releasing factor,

1040–1042
estrogen, 1069
follicle-stimulating hormone,

1048–1049
GABAA receptor complex models,

811–814
benzodiazepine sites, 821–823

GABAB receptor complex, 823–827
agonists, 825
allosteric modulators, 827
antagonists, 825–827

glucagon, 1083
glucocorticoid, 1060–1063
insulin, 1075–1076
mineralocorticoids, 1065
molecular drug action, 37–39

enzymes, 40–41
ion channels, 39

oxytocin mediation, 1052
parathyroid hormone, 1058
progesterone, 1071–1072
somatostatin, 1045
sulfonylureas, 1079–1080
thiazolidinediones, 1078
thyroid hormone mediation,

1053–1054
thyrotropin-releasing hormone,

1040
vasopressin mediation, 1050

Receptor tyrosine kinases (RTKs),
therapeutic targeting,
1200–1201

EGF receptors, 1200
extracellular domain inhibition,

1216–1217
intracellular domain inhibition,

1217–1219
inhibitors, 1216–1221
PDGF receptors, 1201

inhibitors, 1221
VEGF/bEGF receptors, 1200–1201

inhibitors, 1219–1221
Reciprocal lattice, x-ray diffraction,

Fourier synthesis, 396
Recombinant human granulocyte

colony-stimulating factor
(rhG-CSF), thionamide
drugs, 1056

Recombinant proteins:
crystallization factors, 382–383
natural product research and

development, 14–22
Recursive deconvolution, split-pool

synthesis, 976
Recursive partitioning, virtual screening,

decision tree algorithms,
110–112

Redman’s screening characteristics,
5–7

5a-Reductase inhibitors, structure and
applications, 1068

Refinement process, macromolecule
crystallographic models, 425–
432

Reflections, x-ray defraction spots,
396–397

Regression-based methods, virtual
screening, docking and
scoring software, 212

Regulators of G-protein signaling 
(RGS) proteins, high-
throughput flow cytometry,
drug discovery targets,
188–190

Regulatory guidelines:
CFR Part 11 guidelines, 343–344
FDA origins, 339–343
future issues, 349–351



INDEX 1451

natural product development, 55–58
research background, 337–339
risk assessment, 344–349
RNA production, 1294–1300

identity, 1298–1299
messenger RNA, 1299–1300

mRNA, 1297–1298
oligonucleosides, 1296–1297
oligonucleotides, 1298–1299
purity, 1296

Rejection rules, acceptance criteria
properties, 685–687

Relational databases, Excel Visual 
Basic for Applications,
319–320

Relative binding activity (RBA):
comparative structural connectivity

spectral analysis,
configurational entropy,
277–278

estrogen receptor binding compounds,
comparative structural
connectivity spectral analysis,
247–256

Relative growth parameter, TUNEL
assay, multiplex dose curve
analysis, 364–366

Relaxation properties, contrast agents,
magnetic resonance imaging,
1313

Relenza, respiratory viral infection
therapy, 1120

Remote-docking mechanisms, protein
kinase inhibitor design,
1214–1215

Renal-specific drug delivery, prodrug
development, 778–779

Repaglinide, diabetes therapy, 1081
Replication-experiment studies:

acceptance criteria, 683–687
data-generating model, 678–679
estimated outcomes, 679–683
high-throughput screening

compounds, 575–576
potency precision estimates, 671–672

outcomes, 672–673
statistical model, 672

statistical properties of estimates and
acceptance criteria, 678–687

Reporter genes:
high-throughput screening cellular

assays, 597–598
protein-protein interactions, yeast two-

hybrid systems, 489
host yeast strains, 494–496
reagents, 489–501

Reporter molecules, chemical shift
molecular imaging,
1330–1331

Report generation, Excel software,
327–334

Reproducibility, screening for, 5–7
Research Consortium for Structural

Biology, macromolecule
crystallographic models, 422

Resin beads, split-pool synthesis, 973–974
infrared coding, 979–980
radio-frequency tagging, 980–981

Resolution limit, x-ray diffraction data
collection, 402

Resonance energy transfer (RET),
metal-enhanced fluorescence:

drug discovery applications, 661–662
silver surfaces, 645–649

Respiratory syncytial virus immune
globulin intravenous (RSV-
IGIV) agent, 1110–1111

Respiratory syncytial virus (RSV):
acute laryngotracheobronchitis, 1116
animal models, 1126–1127
bronchiolitis, 1117
immunologic and nonimmunologic

factors, 1121–1122
paramyxovirus, 1110–1111
pneumonia and, 1118
seasonal patterns, 1106

Respiratory viruses:
adenoviridae, 1113
animal models, 1126–1127
antiviral therapy:

current treatments, 1120–1121
development strategies, 1122–1126
infections, 1121–11222

bunyaviridae, 1112–1113
clinical syndromes, 1114–1118

acute laryngotracheobronchitis, 1116
bronchitis, 1117
common cold, 1114, 1116
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laryngitis, 1116
pharyngitis, 1116
pneumonia, 1117–1118
tracheitis and tracheobronchitis,

1116
coronaviridae, 1109
future research issues, 1127–1128
herpesviridae, 1113–1114
infection control, 1107–1108
infection diagnosis, 1118–1120
orthomyxoviridae, 1111–1112
paramyxoviridae, 1109–1111
piconaviridae, 1108
public health and economic impact,

1107
seasonal patterns, 1106
specific pathogens, 1108–1114
structure and classification, 1106

Retigabine, GABAA receptor complex,
819

Reuptake mechanisms, GABA receptor
ligand, 804–806

Reverse Kretschmann (RK)
configuration, metal-
enhanced fluorescence,
directional emission, 656–
660

Reverse-phase high-pressure liquid
chromatography (RP-
HPLC), protein-protein
interactions, 530

Reverse three-hybrid systems, protein-
protein interaction inhibition,
536–537

Reverse transcriptase inhibitors, antiviral
therapy, 1155–1158

Reverse two-hybrid systems, protein-
protein interaction inhibition,
536–538

Rhinoviruses:
animal models, 1126–1127
genomic structure, 1108
protease inhibitor therapy, 1168–1169
therapeutic agents for, 1125

Rhodamine B, metal-enhanced
fluorescence:

metal-fluorophore interactions, 607–
609

multiphonon excitation, 643–645
silver island films, 642

Rhodopsin, high-throughput flow
cytometry, drug discovery
targets, G-protein-coupled
receptor signaling pathways,
188–190

Rho kinase:
inhibitors, 1231
therapeutic targeting, 1204

Ribivarin:
IMP dehydrogenase inhibitors,

1172–1173
respiratory viral infection therapy,

1120–1121
Ribonucleases (Rnases),

natural/modified RNA,
1265–1266

Ribonucleic acid (RNA):
antiviral drug development, 1120–

1121
helicase-RNA primase inhibition,

1155
IMP dehydrogenase inhibitors,

1173
synthesis inhibitors, 1161–1163

aptamer three-dimensional structures,
1267–1273

amplification, 1270
definitions, 1267–1269
Eyetech Pharmaceutical

development, 1272–1273
mimetics, 1270–1271
preclinical and clinical utilization,

1271–1272
future research issues, 1300
immunostimulation therapy,

1288–1290
definitions, 1288–1289
hemispherx Biopharma, 1290
preclinical/clinical utilization,

1289–1290
legal issues in production of,

1290–1300
manufacturing protocols, 1290–

1294
long RNA, 1291–1294
oligonucleotides, 1290–1291
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regulatory aspects, 1294–1300
identity, 1298–1299

messenger RNA, 1299–1300
mRNA, 1297–1298
oligonucleosides, 1296–1297
oligonucleotides, 1298–1299
purity, 1296

mRNA protein production, 1283–
1288

definitions, 1283–1284
MERIX Biosciences, 1288
mimetics, 1285
preclinical/clinical utilization,

1285–1288
multiple tumor markers, whole-cell-

based aptamers, 82–83
respiratory viruses:

Bunyaviridae, 1112–1113
Coronaviridae, 1109
Orthomyxoviridae, 1111–1112
Paramyxoviridae, 1109–1111
Picornaviridae, 1108

structural and chemical properties,
1260–1267

active pharmaceutical ingredients,
1264

cellular functions, 1262–1263
natural and modified forms,

1265–1267
nuclein isolation, 1260–1262
therapeutic applications, 1263–1264

synthetic compounds:
antisense and ribozymes, 1273–1278

definitions, 1273–1274
hammerhead ribozymes:

mimetics, 1274–1276
preclinical/clinical utilization,

1276–1277
small inhibitory RNA, 1277–1278

gene expression suppression,
1282–1283

small inhibitory RNA, 1278–1282
definitions, 1278–1280
mimetics, 1280–1283
preclinical evaluation, 1281–1282

systems biology and, 124–125
viral synthesis inhibition, process

inhibitors, 1161–1163

Ribozyme Pharmaceuticals, small
inhibitory RNA, 1277–1278

Ribozymes, synthetic RNA, 1273–1278
definitions, 1273–1274
hammerhead ribozymes:

mimetics, 1274–1276
preclinical/clinical utilization,

1276–1277
small inhibitory RNA, 1277–1278

Ringworm, natural product development
for, 30

Risk assessment, regulatory guidelines,
339, 344–349

RNA interference (RNA-i)-based
agents:

antiviral agents, 1125–1126
viral respiratory infections, 1122–

1124
Robotic systems:

automated high-throughput screening,
582–584

sample mounter, x-ray diffraction,
synchrotron data collection,
405

Rolling circle amplification (RCA),
protein-protein interactions,
protein microarrays, 527–
528

Rose Bengal, metal-enhanced
fluorescence, metal-
fluorophore interactions,
607–609

Rotational search methods, x-ray
diffraction, protein structures,
molecular replacement, 417–
420

Roughened silver electrodes, metal-
enhanced fluorescence, 622–
625

Rozites caperata, natural product
development, 29

R121919 prototype, corticotropin-
releasing factor antagonist,
1042

RSU1069, hypoxia-selective prodrugs,
tumor targeting, 773–774

Rsym, x-ray diffraction data collection,
400–402
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RU 486, structure and properties, 1072
Rubidium quantum yields, metal-

enhanced fluorescence,
metal-fluorophore
interactions, 608–609

“Rule of three,” crystallographic
fragment screening, 445

Saccharomyces cerevisiae, protein-
protein interactions:

eukaryotic display systems, 515–516
hybrid inhibition systems, 536–539
yeast two-hybrid systems, 487–489,

508–509
Saclofen, GABAB receptor antagonists,

825–827
Safety assessment:

natural product development, 56–58
screening procedures, 6–7
in vivo toxicology assays, 480–481

Salicylaldimine monomers, dynamic
combinatorial chemistry,
988–992

Salting in/out process, protein
crystallization, 377–379

Sample carryover process, microfluidic
mixing, high-throughput flow
cytometry, 209

Sample delivery techniques, high-
throughput flow cytometry,
drug discovery targets,
192–193

Sample size, screening procedures,
6–7

Saponaria officinalis, drug development
from, 29–30

Saquinavir, protease inhibitor properties,
1164–1169

SB203580, P38 MAPK inhibitors,
1228

Scaling factors, molecular fingerprints,
virtual screening, 104–106

SCH-C antagonist, virus-cell fusion
inhibitors, 1144–1147

Scheduling software, automated high-
throughput screening,
583–584

Schizophrenia, glutamate transmitter
systems, 801–802

Scintillation proximity assay (SPA):
coupled luminescent assays, 691–692

limitations and considerations, 697–
698

high-throughput screening platforms,
565–566

bioassay development, 593–594
Scoring programs, virtual screening,

212
Screening techniques. See also Activity

screening
characteristics of, 5–7
crystallographic structural models:

crystallographic fragment screening,
444–445

crystallographic screening, 443–444
in silico screening, 442–443

drug discovery and interpretation of,
3–9

FPR ligands, 210–211
fragment screening, defined, 375
high-throughput flow cytometry,

195–196
high-throughput screening formats,

563–565
multiple cell lines:

CellCard technology, 356–357
antimitotic cellular arrays case

study, 362–363
card preparation, 360
compound addition and assay

protocol, 360–361
experiment design and plate

layout, 359–360
image analysis and data

visualization, 361–362
key features of, 370
multiplexed antiproliferation

screen, 367–370
multiplexing cell-based assays,

357–359
96-well mixing and dispensing

format, 360
reading protocol, 361
tissue culture, 360
TUNEL assay case study, 363

multiplex dose curve analysis,
363–366

research background, 354–356
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natural product activity, 43–47
respiratory viruses, 1123–1124
targeted cancer therapy, signal

transduction, 1351–1352
x-ray crystallography, defined, 375

Seaweed, polysaccharide agents from,
1022–1023

Second-messenger kinases, G-protein-
coupled receptors (GPCR),
high-throughput flow
cytometry, drug discovery
targets, 188–190

Second messenger response:
high-throughput screening formats,

cell-based assays, 567
molecular drug action, enzyme

receptors, 41
molecular drug actions, 37–39

Selective androgen receptor modulators
(SARMs), anabolic action,
1067–1068

Selective estrogen receptor modulator
(SERM):

action of, 1069–1070
therapeutic applications, 1071

Selectivity:
general principles, 36
protein kinase inhibition, ATP binding

site inhibitors, 1210–1212
virtual screening limitations and,

98–99
Selenium, x-ray diffraction, protein

structures, anomalous
dispersion, 416

SELEX production, RNA mimetics,
aptamer function, 1270–
1271

Self-assembled monolayer (SAM),
protein-protein interactions,
protein microarray supports,
525–526

Self-organizing maps (SOM), gene
expression data, systems
biology, 138–139

Self-quenching mechanisms, metal-
enhanced fluorescence,
overlabled proteins as
ultrabright probes, 639–
642

Self-regulation:
drug discovery guidelines, 349–351
protocols, 339

Self-selected components, dynamic
combinatorial chemistry,
986–992

Self-treatment guides, history of, 13–14
Seminaftofluoresceins (SNAFLs), metal-

enhanced fluorescence,
ratiometric surface sensing,
650–653

Seminaftorhodafluors (SNARFs), metal-
enhanced fluorescence,
ratiometric surface sensing,
650–653

Sensitivity:
coupled luminescent assay speed and

linear response, 719
molecular imaging MRI, 133–1332
PhosTRAK phosphatase assay, 719
screening for, 5–7

SENTRA database, contents and
location, 129

Separation/chemical techniques, natural
product development:

activity screening, 45–47
isolation and purification, 49–51

Sepsis management:
anti-coagulants, 946–948

clinical trials, 946
coagulation pathways, 946
efficacy factors, 946–948

glucocorticoids, 943–946
clinical trials, 943–944
dose-dependent effects, 943, 945
mediator-specific anti-inflammatory

agents vs., 945–946
mediator-specific anti-inflammatory

therapies:
clinical trials, 939–940
efficacy measurements, 940–943
glucocorticoids, 943–946

clinical trials, 943–944
dose-dependent effects, 943, 945

inflammatory mediators, 939
research background, 938–939

Sequence assignment, macromolecule
crystallographic models, 424–
425
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Sequential access files, Excel software:
opening and closing, 309–311
reading and writing, 311–315

Serial analysis of gene expression
(SAGE), systems biology,
133–135

Serine proteases, HSV antiviral therapy,
1168–1169

Serine/threonine kinases:
targeted cancer therapy:

aurora kinases, 1361–1362
mammalian target of rapamycin,

1350–1351
therapeutic targeting, 1202–1205

cyclin-dependent kinases, 1203–1204
inhibitors, 1229

glycogen synthase kinase 3, 1205
inhibitors, 1231–1232

inhibitors, 1225–1232
MAP kinases, 1202–1203

inhibitors, 1226–1229
phosphoinositide 3-kinase, 1204–

1025
inhibitors, 1231

protein kinase C and A, 1204
inhibitors, 1229–1231

Rho kinase, 1204
inhibitors, 1231

Sesquiterpene lactone, natural product
development, 20–22

Severe acute respiratory syndrome
(SARS):

antiviral drug development, 1125–
1126

coronavirus agents, 1109
pneumonia and, 1117–1118
replication system, 1124

Shape representation, virtual screening,
99–100

Side-chain modification, prodrug
development, peptide
formulations, stability
improvement, 782

Side effects reduction, prodrug
development, 783–785

Signal amplification, in vivo MR
molecular imaging, tumor
cell surface receptors,
1324–1325

Signaling pathways:
G-protein-coupled receptors (GPCR),

high-throughput flow
cytometry, drug discovery
targets, 187–190

microarray data, 139–140
Signal-to-noise ratio, x-ray diffraction

data collection, 402
Signal transduction pathways:

protein kinase pohsphorylation,
1193–1194

activation mechanisms, 1198–1199
targeted cancer therapy, 1346–1352

Bcr/Abl, c-Kit, and PDGF, 1350
EGF receptor pathway, 1347–1349
HER2/Neu inhibition, 1347
insulin-like growth factor signaling,

1349
mammalian target of rapamycin,

1350–1351
screening assays, 1351–1352

Silver nanoparticles, metal-enhanced
fluorescence:

anisotropic silver nanostructures, 615–
618

electrochemically-deposited silver,
619–622

electroplating techniques, 622
enhanced energy transfer, 645–649
fractal-like structures on glass

substrates, 625–630
laser-deposited silver, 618–619
metal-fluorophore interactions, 607–

609
roughened silver electrodes, 622–625
silver colloid films, 610–615
silver island films, 610

overlabled proteins as ultrabright
probes, 640–642

ratiometric surface sensing, 650–
653

Silver staining, protein-protein
interactions, mass
spectrometry techniques, 530

Similarity coefficients, molecular
similarity, virtual screening,
94

Similarity paradox, virtual screening
limitations, 97
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Similar property principle:
molecular similarity, virtual screening,

93–94
virtual screening limitations and

paradox of, 96–97
Single isomorphous replacement with

anomalous dispersion
(SIRAS), x-ray crystal
structure determination, 414–
416

Single-nucleotide polymorphism (SNPs),
systems biology, DNA
sequence variation, 132

Single-wavelength anomalous dispersion
(SAD), x-ray crystal
structure determination, 415–
416

Single-well compound profiling,
multiplexed antiproliferation
screening, 367–370

Sin Nombre virus (SNV), characteristics,
1112–1113

Site-directed lead discovery by fragment
tethering:

crystallographic structural models,
445–446

defined, 375–376
Site-specific drug delivery. See also

Targeting mechanisms;
Tumor targeting

prodrug development, 770–779
brain targeting, 775–778

carrier-mediated transport,
776–778

chemical drug delivery system,
776

lipophilic prodrugs, 775–776
colon targeting, 778
kidney targeting, 778–779
tumor targeting, 770–775

antibody-directed enzyme
prodrug therapy, 774

gene-directed enzyme prodrug
therapy, 774–775

hypoxia-selective drugs, 772–
774

Size exclusion chromatography (SEC),
protein crystallization,
382–383

Skeletonization calculations,
macromolecule
crystallographic models, 423–
425

Small inhibitory RNA (siRNA):
Alnylam Pharmaceuticals 

manufacture of, 1282
definitions, 1278–1280
gene expression suppression,

1282–1283
preclinical evaluation, 1281–1282
RNA mimetics, 1280–1281
synthetic manufacturing, 1277–1278

Small-molecule inhibitors:
protein-protein interactions, 537–

538
microarrays, 541–542

targeted cancer therapy, 1365–1367
natural products, 1365–1366
synthetic chemical libraries,

1366–1367
Soaking compounds, crystal-based 

drug discovery, 386–388
Sodium dodecyl sulfate 

polyacrylamide gel
electrophoresis (SDS-
PAGE):

analytical chemistry assays, 463–464
protein crystallization, 382–383

Soft drug concept, defined, 737
Software programs. See also specific

programs
automated high-throughput 

screening, scheduling
software, 583–584

biological pathway analysis, 142–
146

high-throughput flow cytometry,
209–210

natural product structural
identification, 52–53

NMR spectral information
management, 278–279

pathway analysis, future 
development, 159–164

virtual screening:
docking and scoring software, 212
high-performance computing,

214–216
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Solid-phase synthesis:
combinatorial chemistry and, 963–970

biopolymers, 965–970
click and in situ click chemistry,

992–997
organic synthesis, 970

Soluble assemblies, high-throughput flow
cytometry, 202–207

b2AR, 205–206
cell cycle protein display, 206–207
FPR assemblies, 204–205
microfluidic mixing, 207–208

Solution-based assays, metal-enhanced
fluorescence, 653–654

Solvent flattening, x-ray diffraction,
protein structures, anomalous
dispersion, 415–416

Solvent X-ray scattering, protein
structural models, 429–432

Somatostatin, analogs and antagonists,
1045–1046

Somatotropin, drug actions and
applications, 1047–1048

Sos recruitment system (SRS), protein-
protein interactions:

development of, 502–503
yeast two-hybrid systems, 488–489

SPAD database, contents and location,
129

Sparse matrix design, protein
crystallization formulation,
384–385

Spatial coordinates, macromolecule
crystallographic models, 420–
422

Specificity:
general principles, 35
molecular drug actions, receptors,

38–39
natural product pharmacodynamics,

protein targets, 33–34
protein-protein interactions, antibody

microarrays, 522
screening for, 5–7

Spectrometric data-activity relationships
(SDAR):

NMR spectral information content,
229–231

pattern recognition techniques, 237

Spectroscopic analysis:
information management, nuclear

magnetic resonance:
binning algorithm development,

279–280
biological effect modeling, 231
carbon-nitrogen connectivity matrix,

271–278
four-dimensional matrix

construction:
configurational entropy

estimation, 276–278
molecular dynamics of

compounds, 275–276
heteronuclear CoSCoSA

antibiotic cephalosporin
model, 271–275

comparative modeling approaches,
231–232

content analysis, 229–231
CoSASA models:

aromatase enzyme, 240, 242–244
aryl hydrocarbon receptor

binding, 244–245
corticosterone binding, 240–241

CoSCoSA molecular structure
incorporation, 245–271

aromatase enzyme model,
261–264

aryl hydrocarbon receptor
binding model, 264–271

corticosterone binding:
artificial neural network model,

259–261
three-dimensional models,

256–259
two-dimensional model of

estrogen receptor binding
compounds, 247–256

future research issues, 280–281
linear and nonlinear aspects, 238
LOO/LNO model validation,

238–239
molecular structure integration,

239–245
multidimensional techniques,

233–236
pattern recognition and model

development, 236–237
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predicted spectra, 236
research background, 228–236
simulated vs. experimental

modeling, 232
software product development,

278–279
structurally assigned chemical shift

information, 232–233
natural product structural

identification, 52–53
proteomics, systems biology

applications, 135–136
Speed limitations, coupled luminescent

assays, 718
Spironolactone, aldosterone antagonists,

1066
Split-hybrid system, protein-protein

interaction inhibition, 536,
538–539

Split-pool synthesis:
combinatorial chemistry libraries,

973–974
binary encoding, 977–979
infrared coded resins, 979–980
radio-frequency tagging, 980–981
recursive deconvolution, 976
tagging methods, 977

macrobeads, 984–985
SPOT technology, protein-protein

interactions, protein
microarray reagents, 524

Spotted arrays, combinatorial synthesis,
983–985

Square wave analysis, x-ray diffraction,
Fourier synthesis, 393–396

SR121463, vasopressin receptor agonists/
antagonists, 1051

SRA880 antagonist, somatostatin
receptors, 1046

Src family kinases:
nonreceptor tyrosine kinase inhibitors,

1201–1202
domain inhibitors, 1222–1224
substrate binding sites, 1224–1225

protein kinase structures, 1197–
1198

Src homology 2 (SH2), protein kinase
structures, 1197–1198

domain inhibitors, 1213

ss-Fl-DNA, metal-enhanced fluorescence
(MEF), enhanced DNA/
RNA detection, 631–637

SSR149415, vasopressin receptor
agonists/antagonists, 1051

Stability-indicating assay, drug
development, 470–471

Stabilized RNA, immunostimulation
therapy, 1288–1290

definitions, 1288–1289
hemispherx Biopharma, 1290
preclinical/clinical utilization,

1289–1290
Standard deviation (STDEV), coupled

luminescent assays, 719–720
Statistical modeling:

acceptance criteria properties, 683–
687

assay systems, 4–9
comparative structural connectivity

spectral analysis:
aryl hydrocarbon receptor binding,

266–271
estrogen receptor binding

compounds, 247–256
estimates and acceptance criteria, 678–

687
acceptance criteria properties, 683–

687
data-generating model, 678–679
estimated outcome properties, 679–

683
high-throughput screening bioassays,

588
potency precision estimates,

replication-experiment
studies, 672

Staurosporine, protein kinase A and C
inhibition, 1229–1231

Stavudine-5¢(phenyl methoxy-L-alaninyl)
phosphate, prodrug
development, 746

Stereoisomeric structures, molecular
drug actions, receptors, 38–
39

Steric hindrans, hydroxyl prodrugs, 750
Steroids, anabolic:

actions and applications, 1067–1068
inhibitors, 1070–1071
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STKE database, contents and location,
129

Storage protocols, high-throughput
screening compounds:

closed-loop screening, 578
nanoliter dispensing, 576–578
plate formats, 575
replication, 575–576
wet or dry storage, 573–575

Streptomyces hygroscopicus
ascomyceticus, research and
development, 18

Streptomyces osterogriseus, research and
development, 18–19

Streptomyces platensis, research and
development, 18

String data manipulation and parsing,
Excel VBA function, 315–
319

Structural diversity, combinatorial
chemistry libraries,
1002–1004

Structural genomics:
crystallographic structural models,

446–447
defined, 376

Structure-activity relationship (SAR):
antiviral agents:

reverse transcriptase inhibitors,
1157–1158

virus-cell fusion inhibitors,
1144–1147

biochemical assays, 354–356
combinatorial chemistry:

nuclear magnetic resonance,
998–1001

thiol-based in situ macromolecular
ligand assembly, 998

crystallographic screening, 444
current applications, 228–229
drug discovery and development and,

458–460
GABAA receptor complex, receptor

and pharmacophore models,
811–814

high-throughput screening,
compound management,
573

natural product development, 61–62

Structure-based compound libraries,
defined, 376

Structure-based drug design (SBDD):
defined, 376
HIV protease inhibitors, 438–440
lead optimization, 436–438
limitations of, 449–450
protein kinases, 440–441
work flow for, 434–436

Structured Query Language (SQL),
Excel Visual Basic for
Applications, data import,
325–327

Structure factor, X-ray crystal structure
determination, 405–406

Structure identification, natural product
development, 51–53

S-T segment changes, ATP-sensitive
potassium channels, 913

Study design, failures in, 6–7
Subroutines, Excel software:

GetSaveAsFilename, 308–309
Visual Basic Editor task, 293–297

Substrate binding sites:
protein kinase inhibitors, 1212–1213
Src family kinase inhibitors, 1224–

1224
Substructure analysis, virtual screening,

two-dimensional substructure
searching, 99

Subtype-selective NMDA ligands,
glutamate receptors,
therapeutic applications,
836–837

Subunit proteins, molecular drug action,
ion channels, 39

SU5416 compound, VEGFR inhibitor,
1219

SU6668 compounds:
PDGFR inhibitor, 1221
VEGFR inhibitor, 1219

“Suicide gene therapy,” tumor targeting,
772–775

Sulfinpyrazone, virtual screening, 217
Sulfonylurea agents:

diabetes therapy, 1079–1080
HMR 1883 cardioselective ATP-

potassium channel
antagonists, 919–921
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ventricular arrhythmias:
nonselective ATP-sensitive

potassium channel
antagonists, 916–917

selective ATP-sensitive potassium
channel antagonists, 917–923

Sum-squared difference, protein
structural models, 425–432

Surface-enhanced laser/desorption
ionization (SELDI):

multiple tumor marker detection,
81–83

protein-protein interactions, protein
microarrays, 527–528

Surface-enhanced Raman scattering
(SERS), metal-enhanced
fluorescence:

metal substrates, 610
roughened silver electrodes, 625
silver fractal-lilke structures, 626–630

Surface plasmon-coupled emission
(SPCE), metal-enhanced
fluorescence, directional
emission, 655–660

Surface plasmon resonance-biomolecular
interaction analysis (SPR-
BIA), protein-protein
interactions, 522

Surface plasmon resonance (SPR)
arrays, protein-protein
interactions, 522

protein microarray detection, 527–
528

Surface supports, protein-protein
interactions, protein
microarray reagents, 524–
526

SwissProt database, contents and
location, 129

“Switch” two-hybrid system, protein-
protein interactions, 487–
489

Symmetry-related reflections, x-ray
diffraction data collection,
400–402

Synchrotron diffraction data, protein
crystals, 403–405

Synergy screen, protein crystallization
formulation, 384–385

Synthesis procedures:
corticosteroid synthesis inhibition,

1063–1064
natural product development, 53–55

Synthetic mimics, virtual screening and,
114–116

Synthetic RNA:
antisense and ribozymes, 1273–1278

definitions, 1273–1274
hammerhead ribozymes:

mimetics, 1274–1276
preclinical/clinical utilization,

1276–1277
small inhibitory RNA, 1277–1278

gene expression suppression,
1282–1283

small inhibitory RNA, 1278–1282
definitions, 1278–1280
mimetics, 1280–1283
preclinical evaluation, 1281–1282

Systems biology:
biological pathway analysis, resources

for, 142–146
database sources, 127–131
definitions, 124–125
drug discovery applications, 146–159

ADME/Tox systems, 156–159
breast cancer, 151–156
glaucoma, 146–151

future applications, 164–165
high-throughput data, 131–142

DNA sequence variations, 132
gene expression profiling, 132–

135
clustering approaches, 138–139
microarrays, 132–133
serial analysis, 133–135

metabolomics and metabonomics,
137–138

microarray data, advanced
computational analysis,
139–142

biological networks, 141–142
linear pathways to complex

networks, 139–140
literature sources, 140–141

proteomics, 135–137
protein arrays, 136–137
yeast two hybrid system, 136
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modeling pathways, cells, whole
organs, and diseases, 125–
127

pathway analysis software
development, 159–164

condition-specific molecular and
functional networks, 163–
164

Tag-free methodology, combinatorial
chemistry, 985–1001

click and in situ click chemistry,
992–997

dynamic chemistory and allied
methods, 985–992

macromolecular ligands, thiol-
based in situ assembly,
997–998

Tag fusions, recombinant protein
crystallization, 382–383

Tagging methods:
affinity tagging, protein-protein

interactions, mass
spectroscopy, 531–533

split-pool synthesis, 977
binary encoding, 977–979
radio-frequency tagging, 980–981

TAK-779 compound, virus-cell fusion
inhibitors, 1144–1147

Tamiflu, respiratory viral infection
therapy, 1120, 1124–1126

Tamoxifen, estrogen receptors,
1069–1070

Tandem affinity purification (TAP),
protein-protein interactions,
affinity tagging and mass
spectroscopy, 532–533

Tandem assays, natural product activity
screening, 45–47

Tanimoto coefficient (Tc), molecular
similarity quantification,
98

Target-based virtual screening, basic
principles, 90

TAR-GET database, contents and
location, 129–130

Target-directed selection, dynamic
combinatorial chemistry,
985–992

Targeting mechanisms. See also Tumor
targeting

cancer drug discovery:
antimimotics, 1360–1363

aurora kinases, 1361–1362
cell-based assays, 1362–1363
kinesin inhibitors, 1361
microtubule-targeting agents,

1360–1361
Bcr/Abl, c-Kit, and PDGF, 1350
DNA targets, 1357–1360

DNA methylation, 1357–1358
histone deacetylase inhibitors,

1358–1359
telomerase inhibitors, 1359–

1360
EGF receptor pathway, 1347–1349
evolution of, 1344–1346
heat shock protein 90, 1364
HER2/Neu, 1347
information resources for,

1367–1368
insulin-like growth factor signaling,

1349
mammalian target of rapamycin

(mTOR), 1350–1351
proteosome inhibition, 1363–1364
screening assays, 1351–1352
signal transduction targets,

1346–1352
small-molecule drug sources,

1365–1367
natural products, 1365–1366
synthetic chemical libraries,

1366–1367
tumor vasculature, 1352–1357

angiogenesis inhibitors, 1353–
1356

HIF-1a target, 1355–1356
VEGF axis, 1354–1355

antivascular agents, 1356
high-throughput techniques,

1356–1357
metabotropic glutamate receptors,

862–863
prodrug development, 770–779

brain targeting, 775–778
carrier-mediated transport,

776–778
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chemical drug delivery system,
776

lipophilic prodrugs, 775–776
colon targeting, 778
kidney targeting, 778–779
tumor targeting, 770–775

antibody-directed enzyme
prodrug therapy, 774

gene-directed enzyme prodrug
therapy, 774–775

hypoxia-selective drugs, 772–774
protein kinases, 1199–1205

protein tyrosine kinases, 1199–1202
serine/threonine kinases, 1202–1205

Target vectors, protein-protein
interactions, yeast two-hybrid
systems, 489–494

Taxol:
antimimotic targeted cancer therapy,

1360–1361
historical perspective on, 58–59
hydroxyl prodrugs, steric hindrance

inhibition, 750
research and development, 18–19
supply crisis involving, 59, 61–62
toxicology studies, 57

Taylor expansion, protein structural
models, refinement
mathematics, 426–432

T-Cell Protein Tyrosine Phosphatase
(TCPTP), PhosTRAK
phosphatase assay, 715–716

T1 contrast agents, magnetic resonance
imaging (MRI), mechanisms
and enhancement, 1311–
1312

T2 contrast agents, magnetic resonance
imaging (MRI), mechanisms
and enhancement, 1311–1312

“Tea bag” parallel synthesis, early
research, 971–972

Technique-based drug development. See
also specific techniques

defined, 8–9
Technology platforms, high-throughput

screening procedures,
561–563

Telomerase inhibitors, targeted cancer
therapy, 1359–1360

Tenofovir, acyclic nucleoside
phosphonates, 1159–1161

Terminal Uracil Nick-End Label
(TUNEL) assay:

CellCard system, 363
multiplexed dose curve analysis,

363–366
Terpenoids, gastrointestinal disease,

animal models, 1023–1028
Testosterone:

anabolic action, 1067–1068
prodrug development, nasal drug

delivery, 763–764
Tethering technique, thiol-based in situ

macromolecular ligand
assembly, 997–998

Tetracycline repressor (TetR), protein-
protein interactions, split-
hybrid inhibition system,
538–539

Tetraethylorthosilicate (TEOS), metal-
enhanced fluorescence,
solution-based assays, 653–
654

Text Import Wizard, Excel data file
management, 306–307

Therapeutic area drug development,
drug-seeking diseases, 7

Therapeutic index (TI), developability
assays, 468–469

Therapeutic ratio (TR), developability
assays, 468–469

Thermal factor, protein structural
models, 430–432

Thermal motion:
macromolecule crystallographic

models, 420–422
x-ray diffraction, protein structure,

398–399
Thermodynamics, PhosTRAK

phosphatase assay, 716–717
Thiazolidinediones (TZDs), diabetes

therapy, 1077–1079
Thionamide drugs, thyroid hormone

mediation, 1055–1056
THIP bicyclic analog, GABAA receptor

complex:
agonists and antagonists, 808–811
pharmacophore models, 812–814
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Three-dimensional arrays, protein-
protein interactions, protein
microarray supports, 524–
526

Three-dimensional connectivity matrix:
biological binding activity models,

280–281
multidimensional NMR spectra,

233–236
Three-dimensional pharmacophores,

virtual screening, 100–102
molecular fingerprints, 103–104

Three-dimensional quantitative
spectrometric data activity
relationships (3D-QSDAR),
corticosteroid binding,
CoSCoSA model, 256–259

Three-dimensional quantitative
structure-activity
relationships (3D-
QSARs):

comparative structural connectivity
spectra analysis, aromatase
enzyme binding models,
263–264

current applications, 228–229
two-dimensional quantitative

spectrometric data-activity
relationships, comparison,
231

virtual screening, 95–96, 112–113,
115–116

Three-dimensional techniques, virtual
screening, 104, 106

Thrombin inhibitors, prodrug
development, carrier-
mediated transport, 754–
756

Through-space models, comparative
structural connectivity
spectral analysis, aryl
hydrocarbon receptor
binding, 267–271

Thymidine kinase (TK), antiviral
therapy, DNA polymerase
inhibitors, 1148–1155

Thymidylate synthase (TM), thiol-based
in situ macromolecular
ligand assembly, 997–998

Thyroid hormones, structure and
therapeutic application,
1053–1057

analogs, 1054–1055
iodide, 1055
potassium perchlorate, 1056–1057
therapeutic analogs, 1054
thionamide drugs, 1055–1056
thyroxine/tri-iodothyronine receptors,

1053–1054
Thyroid peroxidases (TPO):

iodide mediation, 1055
thionamide drugs, 1055–1056

Thyrotrophin-releasing hormone
receptors (TRH-R), analogs
and antagonists, 1040

Thyrotrophin-releasing hormone (TRH):
analogs and antagonists, 1039–1040
prodrug development, peptide

formulations, stability
improvement, 782

Thyroxine (T4), structure and
therapeutic application,
1053–1057

Tiagabine, GABA reuptake inhibition,
805–806

Tibetan medicine, history of, 13
Tiered screening/testing, drug

development and, 2–3
Time-dependent hybridization, metal-

enhanced fluorescence
(MEF), enhanced
DNA/RNA detection, 631–
637

Time-resolved fluorimetry (TRF),
protein-protein interactions,
protein microarray detection,
527

Time/space constraints, protein-protein
interactions, yeast two-hybrid
systems, 488–489

Timing issues, natural product
purification and isolation, 51

Tirapazamide (TPZ), hypoxia-selective
prodrugs, tumor targeting,
773–774

Tissue culture, CellCard system, 360
Tissue factor pathway inhiibitor (TFPI),

sepsis management, 946–948
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TLS groups, protein structural models,
428–432

Tolbutamide, diabetes therapy, 1079
Topical drug delivery, prodrug

development, 757–759
Topological representation, virtual

screening, 99–100
Topological segregation, split-pool

synthesis, reaction
functionality, 979

Toxicity mechanisms. See also
Cytotoxicity assays

protein-protein interactions, phage
display technology, 514–515

Toxicology studies:
developability assays, 478–481

in vitro toxicology, 479–480
in vivo toxicology, 480-481

natural product development, 56–58
pharmacokinetic assays, 477
Taxol case study, 57–59

Tracheitis, viral agents for, 1116
Tracheobronchitis:

influenza virus, 1112
viral agents for, 1116

Training sets, pattern recognition
techniques, 237

Transcription activation:
glucocorticoid receptors, 1061–1062
protein-protein interactions, yeast two-

hybrid systems, 487–489
RNA synthesis inhibition, 1162–1163

Transcription factors, molecular drug
action, 41

Transdermal drug delivery, prodrug
development, 759–760

Transiently transfected cell populations,
high-throughput screening
bioassays, 590–591

Transmembrane helices:
FPR models, 216–217
protein structures, 382

Transmembrane receptors, protein-
protein interactions, yeast
two-hybrid systems, 486–489

Transmission electron microscopy
(TEM), metal-enhanced
fluorescence, solution-based
assays, 653–654

TRANSPATH database, contents and
location, 130

Transport-mediated absorption, prodrug
structures, 766

Triazole synthesis, click chemistry,
993–997

Tribrid systems, protein-protein
interactions:

kinase tribid system, 506
yeast two-hybrid systems, 488–489

Trichoderma polysporum, research and
development, 18–19

Trichoderma viride, natural product
development, 29

Trichothecium roseum, research and
development, 17

Trididemnum solidum, research and
development, 18–19

Tri-iodothyronine (T3), structure and
therapeutic application,
1053–1057

Trilostane, corticosteroid synthesis
inhibition, 1064

“Trimer-of-hairpins” structure, virus-cell
fusion inhibitors, 1144–1147

Trinitrobenzene sulfonic acid (TNBS)/
ethanol-induce colitis,
inflammatory bowel disease,
animal models, 1017

Tripterygium wilfordii species, terpenoid
herbal compounds,
1027–1028

Tripterygium winfordii, research and
development, 19

Triptolide, research and development,
19

Triterpenoid, natural product
development, 20–22

T7Select vector, protein-protein
interactions, peptide display
reagents, 517

Tubulin-targeting drugs, antimimotic
targeted cancer therapy,
1360–1361

Tumor cell surface receptors, magnetic
resonance imaging,
1318–1325

isolated cell molecular imaging,
1318–1320
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in vivo molecular imaging, 1320–1325
Gd-based contrast agents,

1320–1321
iron-oxide-based contrast agent,

1321–1323
multistep targeting and prelabeling,

1323–1324
signal amplification, 1324–1325

Tumor markers, cancer cell proteomics:
aptamer-based detection, 75–76
molecular diagnosis, 74–75
multiple markers, whole-cell-based

aptamer selection, 81–83
Tumor necrosis factor (TNF)-a:

herbal terpenoid inhibition, 1027–1028
respiratory viral infections, 1121–1122
sepsis pathophysiology, 939

Tumor targeting:
magnetic resonance imaging, 1310

contrast agents and enhancement,
1311–1313

relaxation properties, 1313–1314
T1 contrast agents, 1311–1312
T2 contrast agents, 1312–1313

intracellular targets, 1325–1328
long-term cell labeling contrast

agents, 1326–1327
specific contrast agents, 1327–1328

limitations and future research,
1331–1333

molecular imaging, activated
contrast agents, 1328–1329

CEST/PARACEST contrast
agents, 1329

enzymatic activation, 1328
molecular MRI and MR

spectroscopy, 1329–1331
reporter molecules, CSI imaging,

1330–1331
tumor cell surface receptors,

1318–1325
isolated cell molecular imaging,

1318–1320
in vivo molecular imaging,

1320–1325
Gd-based contrast agents,

1320–1321
iron-oxide-based contrast

agent, 1321–1323

multistep targeting and
prelabeling, 1323–1324

signal amplification, 1324–1325
tumor vasculature and vascular

targets, 1313, 1315–1318
high-molecular-weight contrast

agents, 1316
low-molecular-weight contrast

agents, 1315
moleular imaging, 1316–1318

prodrug development, 770–775
antibody-directed enzyme prodrug

therapy, 774
gene-directed enzyme prodrug

therapy, 774–775
hypoxia-selective drugs, 772–774

Two-dimensional chemical structure
representation, protein
structural models, 428–432

Two-dimensional 13C NMR spectroscopy,
comparative structural
connectivity spectral analysis,
molecular structural analysis,
245–271

Two-dimensional gel electrophoresis (2-
DE), proteomics, systems
biology applications, 135–136

Two-dimensional polyacrylamide gel
electrophoresis (2D PAGE),
protein-protein interactions,
spectrometric reagents and
actions, 528–529

Two-dimensional quantitative
spectrometric data-activity
relationships (2DSDAR),
biological effect modeling,
231

Two-dimensional quantitative structure-
activity relationships (2D-
QSARs), virtual screening,
95–96, 112

Two-dimensional substructure searching,
virtual screening, 99

Two-dimensional techniques, virtual
screening, 104, 106

Tyrosine kinases. See also Protein
tyrosine kinases

high-throughput screening formats,
564–565
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Ubiquitin-based split-protein sensor
(USPS), protein-protein
interactions, 504

yeast two-hybrid systems, 488–489
Ubiquitin-specific proteases (UBPs),

protein-protein interactions,
504

Ulcerative colitis (UC):
animal models, 1016–1019

severity assessment, 1018–1019
trinitrobenzene sulfonic acid/

ethanol-induce colitis,
1017

dinitrobenzene sulfonic acid/ethanol,
1017

Ulcers:
animal models:

chronic gastric, 1015–1016
duodenal, 1014–1015

acute/chronic, 1016
herbal therapeutic agents, 1021–

1028
biological processes, 1021–1022
licorice, 1025–1027
phenolic compounds and

terpenoids, 1023–1028
curcumin, 1023–1024

polysaccharides, 1022–1024
mushroom/seaweed sources,

1022–1023
plant sources, 1023

terpenoid sources, 1027–1028
Ultrabright probes, metal-enhanced

fluorescence (MEF),
overlabeled proteins, 639–
642

Ultraviolet (UV) detection, analytical
chemistry assays, 463–464

Ulvans lactuc, polysaccharide extracts,
1023–1024

UMBBD database, contents and
location, 130

Uncompetitive receptor antagonists,
NMDA receptors, 833–
835

Unformatted Text format, Excel data
management, 304–306

Unigene database, contents and location,
130

Upper limit of quantification (ULQ),
bioanalytical chemistry
assays, 475–476

Uracil compounds, AMPA receptor
agonists, 838–840

URA3 gene, protein-protein interactions,
inhibition, with reverse two-
hybrid systems, 537–538

Urocortin, drug actions of, 1041

Vaccines:
current research on, 1135–1140
influenza virus, 1112

Valacyclovir, prodrug development,
carrier-mediated transport,
756

Validation procedures, protein structural
models, 432–433

Valinomycin, biopolymer solid-phase
synthesis, 967–970

van der Waals forces, antiviral therapy,
DNA polymerase inhibitors,
1152–1155

Vapor diffusion, crystallization format,
380–381

Varicella-zoster virus (VZV):
acyclovir therapy, 1120–1121
characteristics, 1113–1114
DNA polymerase inhibitors,

1148–1155
Vascular endothelilal growth factor

receptors (VEGFR):
hammerhead ribozymes, 1276–1277
receptor tyrosine kinases, 1200–

1201
inhibitors, 1219–1221

Vascular endothelilal growth factor
(VEGF):

RNA mimetics, aptamer function,
1271–1272

targeted cancer therapy, angiogenesis
inhibitors, 1354–1355

Vasculature and vascular targets:
MRI tumor targeting, 1313, 1315–

1318
high-molecular-weight contrast

agents, 1315
low-molecular-weight contrast

agents, 1315
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neovasculature mmolecular imaging,
1316–1318

targeted cancer therapy, 1352–1357
angiogenesis inhibitors, 1353–1356

HIF-1a target, 1355–1356
VEGF axis, 1354–1355

antivascular agents, 1356
high-throughput techniques,

1356–1357
Vasopressin, drug action and therapeutic

applications, 1049–1052
Vasopressors, sepsis management,

glucocorticoids vs. mediator-
specific anti-inflammatory
agents, 945–946

Venereal disease, natural product
development, 30

Venom sources, drug development using,
30–31

Ventricular arrhythmias:
ATP-sensitive potassium channel

antagonists, 914–924
channel agonists, proarrhythmic

effects, 923–924
nonselective antagonists, 915–917
selective antagonists, 917–924

HMR 1402 cardioselective
antagonist, 921–923

HMR 1883 cardioselective
antagonist, 919–921

extracellular potassium effects,
911–913

Vertebrates, drug development from, 31
Vibrational properties, protein structural

models, 428–432
Vigabatrin, GABA metabolism

inhibition, 803–804
Vinca alkaloids, antimimotic targeted

cancer therapy, 1361
Viral disease. See also Antiviral therapy

natural product development for,
20–22

respiratory clinical syndromes,
1114–1118

acute laryngotracheobronchitis, 1116
bronchitis, 1117
common cold, 1114, 1116
laryngitis, 1116

pharyngitis, 1116
pneumonia, 1117–1118
tracheitis and tracheobronchitis,

1116
respiratory infection, diagnosis,

1118–1120
Viral DNA synthesis:

acyclic nucleoside phosphonate
inhibitors, 1158–1161

polymerase inhibitors, 1147–1155
reverse transcriptase inhibition,

1155–1158
Viral genome products, natural product

development techniques,
21–22

“Virtual cell” construction, systems
biology and, 126–127

Virtual screening (VS), 210
chemical database generation and

maintenance, 212–213
clustering techniques, 106–107
compound sources, 89–90
docking and scoring, 212
drug likeness, 114
evolution of, 88
FPR case study, 216–218
future research issues, 116
high-performance computing, 213–

216
high-throughput screening vs., 89, 210
ligand- vs. target-based techniques, 90
limitations of, 96–99

molecular similarity quantification,
97–98

potency and selectivity issues, 98–99
similar property principle, 96–97

molecular descriptors and chemical
spaces, 91–92

molecular fingerprints, 102–106
profiling and scaling, 104–106
three-dimensional pharmacophores,

103–104
two-dimensional, 102–103

molecular similarity concept, 92–94
partitioning methods, 108–112

cell-based partitioning, 108–109
decision tree algorithms, 110–112
direct space methods, 109–110
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performance evaluation, 114–116
quantitative structure-activity

relationship analysis:
basic principles, 95–96
four-dimensional models, 113
probabilistic methods, 113–114
three-dimensional models, 112–113
two-dimensional models, 112

three-dimensional pharmacophores,
100–102

topological and shape representations,
99–100

two-dimensional substructure
searching, 99

two-dimensional vs. three-dimensional
methods, 104, 106

Virus-directed enzyme prodrug therapy
(VDEPT), tumor targeting,
772–775

Viruses:
adsorption inhibitors, 1140–1141
life cycle, 1136–1137
neuraminidase inhibitors, 1169–1171
protease inhibitors, 1163–1169
structure and properties, 1106
virus-cell fusion inhibitors, 1141–1147

Visual Basic Editor (VBE):
basic elements, 292–293
language primer, 293–297
macro recording, 290–291

Visual Basic for Applications (Excel
software), laboratory data
management, 290–303

automated report generation, 327–334
heat map display, 331–334
worksheet formatting, 328–330

data file reading and writing, 307–319
file access types, 309
file selection, 308–309
opening and closing sequential

access files, 309–311
sequential access files, 311–315

event-driven programming, 297–299
external database imports, 319–327

dabatase characteristics, 319–320
data imports, 322–326
ODBC access issues, 320–322

fundamental principles, 291–303

language primer, 293–297
macro recording, 290–291
object entities, 299–303
Oracle ODBC connection, 327
string data manipulation and parsing,

315–319
Visual Basic Editor elements, 292–

293
VLX Biological Modeler, biological

pathway analysis, 145
Volvariella volvacea, natural product

drug development, 29

Waller’s test data, estrogen receptor
binding compounds,
comparative structural
connectivity spectral analysis,
254–256

Ward’s agglomerative clustering, virtual
screening, 107

Water-soluble prodrugs. See Aqueous
solubility

Wave scattering properties, x-ray
crystallization of protein
structures, 390

Fourier synthesis, 392–396
Weighting factor, protein structural

models, 430–432
Well platforms:

high-throughput screening:
accuracy and precision

measurements, 580–581
compound storage, 574–575,

575
design criteria, 570–572
metal-enhanced fluorescence

(MEF), 630–660
directional emission, 654–660
enhanced DNA labels, 637–639
enhanced DNA/RNA detection,

630–637
enhanced energy transfer, silver

surfaces, 645–649
multiphoton excitation and

metallic nanoparticles, 643–
645

overlabeled proteins, ultrabright
probes as, 639–642
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ratiometric surface sensing, 649–
653

solution-based assays, 653–654
miniaturization, 565–566

96-well platform design:
drug delivery assays, 473–474
high-throughput screening, 564–565
multiple cell line screening, 360
protein-protein interactions, protein

microarray delivery systems,
526–527

Whole-cell-based aptamers, multiple
tumor markers, 81–83

Whole genome approach, protein-
protein interactions, yeast
two-hybrid systems, 507–509

WIT2 database, contents and location,
130

Wolff-Chaikoff effect, thyroid hormone
analogs and receptors, 1055

WOMBAT (WOrld of Molecular
BioAcTivity) database,
virtual screening, 212–213

Workbook events, Visual Basic for
Applications:

laboratory data management, 298–
299

ODBC protocol, 321–322
Worksheet objects, Excell object entities,

300–303
formatting protocols, 328–330

World Health Organization (WHO),
natural product research and
development and, 14

Wortmanin, structure and properties,
1231

X-ray crystallography, protein structures:
anomalous dispersion, 412–416

Friedel’s law, 412
structure determination, 413–416

Bragg’s law and angular dependence,
396–397

crystallization trials, 376–389
anomalous diffraction

derivatization, 388
cryopreservation for, 385–386
data sources, 388–389
demonstration experiment, 389

drug discovery and, 386–388
factors in, 382–383
formats, 380–381
formulation screens, 384–385
membrane protein, 381–382
observation and documentation, 384
research background, 377–379

data collection, 399–402
de novo model construction, 422–425
diffraction principles, 389–390
drug discovery applications, 434–447

antistructures, 441–442
crystallographic screening, 443–444
fragment screening, 444–445
lead optimization, structure-based

drug design, 436–441
HIV protease inhibitors, 438–440
protein kinases, 440–441

in silico screening, 442–443
site-directed leads, fragment

tethering, 445–446
structural genomics, 446–447
therapeutics, 442

drug discovery interface, 433–434
electron clouds and thermal motion,

398–399
Fourier synthesis, 392–396
heavy atom replacement, 406
home laboratory data collection, 402–

403
limitations in drug discovery, 447–4508
macromolecule crystals, 390–392, 420–
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433
model refinement and analysis, 425–

432
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406–412
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structure factor, 405–406
synchrotron diffraction data
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537–538
split-hybrid system, 538–539

interaction suppression, 506–507
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503–506
reagents, 489–501

library choice, 495–501
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whole genome applications, 507–509
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applications, 136
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enhanced DNA labeling,
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Zanamivir:
antiviral agents, 1124–1126

neuraminidase inhibitors, 1171
respiratory viral infection therapy,

1120
ZD1839, EGFR intracellular domain

targeting, 1217–1218
Zidovudine (AZT):

brain targeting, chemical drug 
delivery system principle,
776

DNA polymerase inhibitors,
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development, 744–746

reverse transcriptase inhibitors,
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Zinc complexes, dynamic combinatorial
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Z values, coupled luminescent assays,
719–720


	Cover
	Drug Discovery Handbook
	Contributors����������������������������������������������������
	Contents����������������������������������������
	Preface�������������������������������������
	Introduction: Drug Discovery In The 21 Century
	1. Natural Products
	2. Cancer Cell Proteomics Using Molecular Aptamers
	3. Molecular Similarity Methods And Qsar Models As Tools For Virtual Screening
	4. Systems Biology: Applications In Drug Discovery
	5. High-throughput Flow Cytometry
	6. Combining Nmr Spectral Information With Associated Structural Features To Form Computationally Nonintensive, Rugged, And Objective Models of Biological Activity
	7. Using Microsoft Excel As A Laboratory Data Management Tool
	8. Age Of Regulation
	9. Simultaneous Screening Of Multiple Cell Lines Using The Cellcard System
	10. Protein X-ray Crystallography In Drug Discovery
	11. Biological And Chemistry Assays Available During Drug Discovery And Developability Assessment
	12. Strategies And Methods In Monitoring And Targeting Protein–protein Interactions
	13. High-throughput Screening: Evolution Of Technology And Methods
	14. Metal-enhanced Fluorescence: Application To High-throughput Screening And Drug Discovery
	15. Methods For The Design And Analysis Of Replicate-experiment Studies To Establish Assay Reproducibility And The Equivalence Of Two Potency Assays
	16. Coupled Luminescent Methods In Drug Discovery: 3-min Assays For Cytotoxicity And Phosphatase Activity
	17. Design And Pharmaceutical Applications Of Prodrugs
	18. Gaba And Glutamate Receptor Ligands And Their Therapeutic Potential In Cns Disorders
	19. Cardiac Sarcolemmal Atp-sensitive Potassium Channel Antagonists: Novel Ischemia-selective Antiarrhythmic Agents
	20. Factors Influencing The Efficacy Of Mediator-specific Anti-inflammatory, Glucocorticoid, And Anticoagulant Therapies For Sepsis
	21. Combinatorial Chemistry In The Drug Discovery Process
	22. Herbal Medicines And Animal Models Of Gastrointestinal Diseases
	23. Endocrine And Metabolic Agents
	24. Respiratory Viruses
	25. Strategies In The Design Of Antiviral Drugs
	26. Protein Kinase Inhibitors In Drug Discovery
	27. Rna-based Therapies
	28. Novel Imaging Agents For Molecular Mr Imaging Of Cancer
	29. Targets And Approaches For Cancer Drug Discovery
	Index�������������������������������

