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Dedication

Sir Isaac Newton, one of the greatest scientists of his time, wrote “If I
have seen further it is by standing on ye shoulders of Giants.” Although he
was almost certainly referring to his scientific achievements, the underling
concept of learning from our forbearer is true in any endeavor. Indeed, this
concept can be further extended to include those who are there in the
present day, supporting the activities of an individual as he or she
attempts to accomplish that which they view as important. With this
thought in mind, I have dedicated this book to the scientists who came
before me, those who mentored me, and those who work with me on
a daily basis. In addition, and perhaps more importantly, this text is
dedicated to the loving and supportive family that has helped me
become the person that I am today. Special thanks are offered to my
mother, father, sister, brother, my three children, and of course, my wife
Kathleen. These are the giants on whose shoulders I have stood upon.
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Foreword

The last three decades have witnessed a revolution in the drug discov-
ery and development process. Medicinal chemistry and in vitro screening
that were once major bottlenecks in the process of identifying novel thera-
peutics have been dramatically accelerated through the incorporation of
automation and the development of enabling technologies such as recom-
binant DNA and transfection technology. High-throughput screening
(HTS), parallel synthesis, and combinatorial chemistry have facilitated the
synthesis and biological evaluation of large numbers of potentially useful
compounds. These activities, in turn, have generated vast amounts of
data that can be analyzed to develop structure-activity relationships and
structure—property relationships useful for the optimization of lead com-
pounds. At the same time, new techniques, technological advances, and
a greater understanding of the importance of pharmacokinetics, animal
models, and safety studies have dramatically altered how new molecules
are selected for clinical study. Design strategies of clinical trials, biomarkers,
translational medicine, the regulatory landscape, intellectual property
rights, and the business environment have also changed dramatically over
the course of the last 30 years.

The complexities of the drug discovery and development process
cannot be overstated, nor can the wide range of expertise required for
the successful development of new, marketable therapeutics. In order
to thrive in this every changing landscape, individuals interested in a
career in the pharmaceutical industry or related fields must be more
than simply experts in their chosen field of study. They must also have
an understanding of the numerous, overlapping fields of their col-
leagues. Basic Principles in Drug Discovery and Development has captured
the critical information on the disparate processes, technologies, and
expertise required for modern drug discovery and development and
presents it in a logical and concise manner for students, practicing sci-
entists, and nonscientists with an interest in the pharmaceutical indus-
try. Dr Benjamin E. Blass, an experienced educator and scientist with
foundational knowledge in medicinal chemistry, drug design, biological
targets, and over 20 years of experience in industrial and academic drug
discovery and development, provides a comprehensive account of the
many functions involved in drug discovery and development, from ini-
tial medicinal chemistry conceptualization and in vitro biological evalu-
ation to clinical trials and beyond.

Copyright © 2015. Elsevier Science & Technology. All rights reserved.
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xiv FOREWORD

There are many aspects of this book that will help practicing scien-
tists, graduate students, and future drug discovery researchers to develop
a strong foundation in the concepts that govern the multidisciplinary
process of drug discovery. Through this unique text, they will acquire
an understanding of key aspects of drug discovery and development.
The organization of the subject material was chosen to allow the read-
ers to incrementally increase their knowledge in the wide range of disci-
plines required to identify new, marketable therapeutic agents. The book
is thoroughly written and includes 13 chapters with over 300 figures and
900 references. Throughout the text, the reader will become familiar with
more than 100 drugs and clinical candidates that exemplify important
theories and practices.

Each chapter contains examples of drugs pertaining to the material in
the chapter. The opening chapter provides an overview of drug discovery
and development. This serves as the foundation for the following 10 chap-
ters which describe the various functions involved in drug discovery and
development. The early phases of drug discovery are described in detail
through discussions of important topics such as target identification, tar-
get validation, lead identification, multidimensional lead optimization,
pharmacokinetics, preclinical pharmacodynamics, and early toxicol-
ogy. This is followed by discussions of preclinical activities, clinical trial
design, biomarkers, and translational medicine. Each chapter builds on
the previous chapters and this approach provides the readers with an inte-
grated view of the various, multidisciplinary functions required for the
drug discovery and development process.

Chapters 11 and 12 describe two important topics essential for running
an effective pharmaceutical R&D business: organizational structure
and patent protection. These chapters give the reader a true under-
standing of the organizational structure required for the success-
ful management of research and development organizations and the
importance of protecting intellectual property to ensure a good return
on investment. Patent protection is the life blood of the pharmaceutical
and biotech industries, and at the same time a source of innovation for
new discoveries. Patents ensure the sharing of discoveries and innova-
tions that might otherwise be kept as trade secrets. In the final chapter,
case studies demonstrating the practical application of the concepts
and principles described in the previous chapters are provided. These
vignettes also describe important lesson learned in each case, some of
which changed the way modern drug discovery research and develop-
ment programs are executed.

Although there are numerous textbooks that discuss various aspects
of the drug discovery and development process, none of them provides
a comprehensive view of the process. Basic Principles in Drug Discov-
ery and Development is unique in its comprehensive approach to this

Copyright © 2015. Elsevier Science & Technology. All rights reserved.
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complex endeavor. In writing this textbook, Dr Blass has provided an
important new tool for the education of the next generation and a valu-
able resource for people with a vested interest in the identification and
commercialization of novel medications.

Magid Abou-Gharbia, PhD, FRSC

Associate Dean for Research,

Laura H. Carnell Professor and Director Moulder
Center for Drug Discovery Research,

School of Pharmacy, Temple University

Philadelphia, PA, USA

Copyright © 2015. Elsevier Science & Technology. All rights reserved.

Blass, Benjamin E.. Basic Principles of Drug Discovery and Development, Elsevier Science & Technology, 2015. ProQuest Ebook
Central, http://ebookcentral.proquest.com/lib/upenn-ebooks/detail.action?doclD=2036170.
Created from upenn-ebooks on 2024-10-23 14:35:26.

Cipla v. Gilead IPR2025-00033 Petitioner Exhibit 1047-B



This page intentionally left blank

Copyright © 2015. Elsevier Science & Technology. All rights reserved.

Blass, Benjamin E.. Basic Principles of Drug Discovery and Development, Elsevier Science & Technology, 2015. ProQuest Ebook
Central, http://ebookcentral.proquest.com/lib/upenn-ebooks/detail.action?docID=2036170.
Created from upenn-ebooks on 2024-10-23 14:35:26.

Cipla v. Gilead IPR2025-00033 Petitioner Exhibit 1047-B



CHAPTER

5

Medicinal Chemistry

The ultimate goal of the vast majority of drug discovery and develop-
ment programs is the identification of a single, novel compound capable
of altering the outcome of a biological process. Whether the biological
process is pathological, such as cancer, or a lifestyle issue, such as male
pattern baldness, the end goal is essentially the same, a marketable ther-
apeutic entity. In the previous chapters, common biochemical targets
and methods of monitoring biological activity were described. While
these topics are important to the process, knowledge in these areas alone
is insufficient to drive a drug discovery program. If these were the only
tools available, the identification of compounds with interesting biologi-
cal properties would be possible, but moving beyond the initial starting
set of biologically active compounds would be a difficult task. In order
to move beyond initial starting points, such as literature leads, competi-
tor therapeutics, or in vitro screening hits, an additional set of skills and
knowledge is required. Program scientists must understand the rela-
tionship between the structures of biologically interesting compounds
and their properties, both biological and physicochemical. In addition,
they must have an understanding of the impact that subtle changes in
chemical structure can have on these properties. In other words, knowl-
edge of medicinal chemistry is a key component of drug discovery and
development.

The American Chemical Society’s division of medicinal chemistry
defines medicinal chemistry as “the application of chemical research tech-
niques to the synthesis of pharmaceuticals.” This rather restrictive defini-
tion implies that the field of medicinal chemistry is the sole purview of
those capable of synthesizing compounds, i.e., synthetic chemists. In real-
ity, however, this is not the case. A more accurate description of medicinal

chemistry is a field focused on understanding the chemical basis of the
biological effects of compounds by integrating fundamental concepts
from different fields such as synthetic chemistry, biochemistry, pharma-
cology, physiology, and molecular biology (Figure 5.1). Certainly, some
of the team members in a drug discovery program must be well versed
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FIGURE 5.1 Medicinal chemistry applies
knowledge derived from synthetic chemistry,

biochemistry, pharmacology, physiology, and Synthetic

molecular biology in an effort to understand Chemistry

the biological impact of candidate compounds. -

Itis an interdisciplinary science whose primary

goal is the identification of therapeutically use- Physiolo; chemistry

edicina
Chemistry

w

Molecular
Biology Pharmacology

ful compounds.

in synthetic chemistry so that new molecules can be prepared, but this is
not a requirement for contribution to medicinal chemistry efforts. To be
clear, an in-depth knowledge of how to make compounds for screening
is not a prerequisite for being able to understand and contribute to the
design aspects of medicinal chemistry, and it is the design elements of this
process that enable a program to move forward toward a new therapeutic
entity. This, of course, begs the question what are the design aspects
of medicinal chemistry and how are they applied as a program moves
forward?

STRUCTURE-ACTIVITY RELATIONSHIPS AND
STRUCTURE-PROPERTY RELATIONSHIPS

A deceptively simple answer to this question begins with the prem-
ise that a compound’s biological properties are a function of its chemical
structure. In addition, in a given series of related compounds, structural
changes across the series will lead to predictable changes in biological
properties. This relationship is referred to as a structure-activity relation-
ship (SAR). The impact of structural changes on biological properties such
as binding potency, functional activity, and selectivity can be monitored
in order to establish structure-activity relationships for each property.
In principle, program scientists simply need to understand relationships
between chemical structure and biological activity in a series of related
compounds in order to identify the compound with the most promising
biological properties and design compounds with improved properties.

In a similar manner, the physicochemical properties of a series of related
compounds are tied to the structure of the compounds. Changes in struc-
ture will lead to changes in physicochemical properties such as solubil-
ity, membrane permeability, lipophilicity, and total polar surface area.
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STRUCTURE-ACTIVITY AND STRUCTURE-PROPERTY RELATIONSHIPS 205

The relationship between a series of compounds and their physicochemical
properties is referred to as structure-property relationships. In theory, one
needs to only understand the relationship between chemical structure and
physical properties in order to identify a compound with optimal properties.

Pharmacokinetic (PK) properties such as absorption, distribution, metabo-
lism, and excretion, all of which are useful in describing how the body deals
with a compound in vivo, are also all a function of chemical structure. These
properties will be discussed in greater detail in Chapter 6, but at this juncture,
it is worth noting that changes in chemical structure will lead to changes in
these properties that can be predicted using the same principles noted for
structure—activity relationship and structure—property relationships. Knowl-
edge of the impact of structural changes on these properties should
provide the ability to quickly identify compounds with optimal pharma-
cokinetic properties.

In practice, none of these principles are as simple as they appear on paper.
As discussed in earlier chapters, biologically relevant macromolecular tar-
gets are complex, three-dimensional structures whose configurations are
controlled by a multitude of molecular interactions (e.g., hydrogen bonds,
saltbridges, hydrophobicinteractions, etc. See Chapter 3). These interactions
give rise to their function and, more importantly within the context of drug
discovery, afford-binding sites that are critical to their function. Binding of a
ligand, natural or otherwise, requires that theligand interact withamacromol-
ecule at a preferred binding site, employing the same forces that control the
configuration of the macromolecule as a whole. As such, in order to have
a complete understanding of the structure-activity relationship between a
target macromolecule and a series of related compounds, one must under-
stand how these interactions change as subtle structural changes are
applied across a series of potential ligands. Understanding these interac-
tions is further complicated by the fact that macromolecules are not static
entities. Binding of a ligand to a macromolecule can induce changes in the
binding site that create additional favorable interactions and increase bind-
ing strength. It is also important to note that in any given chemical series, it
may be possible to access hundreds, if not thousands, of possible candidate
compounds. It is neither economically feasible nor practical to prepare and
screen more than a small fraction of chemical space within a given series.

Fortunately, it is not necessary to have a complete picture of all aspects
of the structure-activity relationships for a series of compounds against
a given target in order to understand how one can manipulate biological
properties by making subtle changes in structure across the series. A struc-
ture-activity relationship can be viewed as a jigsaw puzzle. Long before all
of the pieces are put into place, it is possible to anticipate the full image that
will be provided upon completion of a jigsaw puzzle. In the same sense, a
small series of compounds with appropriately applied structural changes
can provide a wealth of information. These data can then be used to predict
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206 5. MEDICINAL CHEMISTRY

biological properties of potential candidate compounds and direct pro-
gram choices toward desirable properties and away from potential dead
ends. These concepts are best explained through simplified examples in
which one assumes that the structure of the macromolecular target is static
and that the overall structure of the series of compounds in question are
identical in all respects, except in the areas indicated in each example.
Consider, for example, a class of compounds that contains a substituted
aromatic ring in the same position, but are otherwise identical in structure
(Figure 5.2). If the aromatic ring in question is directed into solvent space

Entry R 1C4, Entry R ICy,
(M) (nM)
1 Methoxy 10000 4 Fluoro 50
2 Methyl 1000 5 CN 20
3 Chloro 100 6 NO, 2

FIGURE 5.2  Altering the substituents on an aromatic ring can have a significant impact
on biological activity. In this hypothetical set of compounds, potency at the biological tar-
get increases as the benzene ring becomes increasingly electron poor. These data suggest
that additional electron-donating R-groups such as an NH, would have lower potency than
R-groups that are electron withdrawing, such as a CF;.

(that is, outside of the binding pocket), then changes in the substitution pat-
tern of the aromatic ring would be expected to have little impact on the
potency of the compounds. On the other hand, if the aromatic ring is posi-
tioned toward the binding pocket, differences in substitution patterns on
the aromatic ring could have a significant impact on potency. In this hypo-
thetical example, potency at the target is strongly influenced by the elec-
tronic nature of the R-group. Electron-donating substituents, such as methyl
and methoxy, decrease potency, while electron-withdrawing groups, such
as chlorine, bromine, or trifluoromethyl, increase potency. Using this struc-
ture activity information, one would conclude that other electron-donating
groups in this position will not provide potent compounds, while alternative
electron-withdrawing groups would be likely to provide compounds with
a high degree of potency. For example, an analog wherein the R-group is a
trifluoromethyl group (-CF;), an electron-withdrawing substituent, would
be predicted to be relatively potent in this assay. Importantly, if one were
interested in identifying additional analogs in this series of compounds by
changing other areas of the molecule, the above structure-activity relation-
ship analysis would suggest that new compounds should contain aromatic
rings with electron-withdrawing groups in the position shown.
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STRUCTURE-ACTIVITY AND STRUCTURE-PROPERTY RELATIONSHIPS 207

In a similar manner, physical restrictions of a ligand-binding site can be
elucidated by examining binding data. As in the previous case, consider a
series of compounds that are identical, except for the presence of a variable
R-group on an aromatic ring. In this case, however, rather than altering the
electronic nature of the R-group, a series of increasingly sterically demand-
ing substituents are employed (Figure 5.3). The blue line represents the outer

S
R A

Entry R IC5y | Entry R 1Cs
(nM) (nM)

1 H 1100 4 |Isopropyl| 20

2 Methyl| 500 5 t-Butyl 50

3 Ethyl 200 6 Phenyl | 10000

FIGURE 5.3 In any given ligand-binding site, the “walls” of the binding site are com-
prised of the backbone and side chain features of the macromolecular target. In this example,
the outer perimeter of the biding cavity is designated by the blue line. Binding of the hypo-
thetical ligand becomes more efficient as the R-group fills the available space and hydropho-
bic interaction increases (entries 2-5). Exceeding the size of the cavity (entry 6), however, will
cause a dramatic loss in binding efficiency, as the candidate compound no longer fits within
the allowed space (as indicated by the red line).

boundary of a hydrophobic pocket of a binding site. Increasing the size of
the lipophilic substituent increases hydrophobic interactions between the
ligand and the binding pocket, increasing binding strength as long as the
R-group does not exceed the size of the lipophilic space. Once the ligand
exceeds the size limit of the hydrophobic pocket, binding potency falls off
rapidly. The compound no longer fits within the binding site, as indicated
by the red line in the hypothetical binding pocket in Figure 5.3. With this
information in hand, one can reasonably predict that compounds in which
the R-group is an aromatic ring will be significantly less potent than those
where smaller substituents are employed, irrespective of the nature of the
appended aromatic ring. There is not enough room in the binding site to
accommodate larger groups in this position.

The placement and orientation of functionality capable of forming
hydrogen bonds can also have a significant impact on ligand binding, and
an analysis of binding data within the framework of a structure-activity
relationship can provide a great deal of insight when considering the design
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208 5. MEDICINAL CHEMISTRY

FIGURE 5.4 In this hypothetical scenario, the binding site of a protein is defined by the
blue line. In (a), a 4-fluorobenyl substituent occupies a small portion of the binding site.
Addition of an amine side chain meta to the fluorine atom (b) allows the hypothetical ligand
to form a hydrogen bond with an amide side chain, strengthening the binding interaction.
Replacing the propyl amine side chain with a piperidine ring (c) adds rigidity to the ligand
while maintaining the newly accessible hydrogen bonding interaction. Relocating the piperi-
dine ring so that it is ortho to the fluorine atom (d), however, prevents the ligand from access-
ing the amide hydrogen bond partner, as the orientation of the ligand in the binding pocket
no longer favors this interaction.

of next-generation compounds. Once again, a hypothetical series of com-
pounds that are identical with the exception of the substitution pattern of
an aryl ring (Figure 5.4) is considered. In this case, an amide side chain of
an amino acid in the binding site is available to form a hydrogen bond with
a suitably functionalized ligand. The monofluoronated species (a) is inca-
pable of forming a hydrogen bond, and thus derives no additional bind-
ing strength from the presence of the amide side chain. If, however, the
ligand also contained a properly positioned propyl amine side chain (b), the
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THE ROLE OF CHIRALITY 209

resulting compound would be able to form the hydrogen bond indicated,
strengthening the interaction between the ligand and the binding pocket.
Knowledge of the increased binding energy, as indicated by ICs; screening
data against the target of interest, would suggest that replacing the propyl
amine side chain with a piperidine (c) would provide a compound of simi-
lar potency, as both compounds would provide the framework necessary
for the formation of a critical hydrogen bond. In contrast, one could pre-
dict that relocating the amine hydrogen bond donor ortho to the fluorine
atom (d) would position the potential hydrogen bond donor away from
the hydrogen bond acceptor (amide). No significant increase in binding
strength would be expected in this scenario.

THE ROLE OF CHIRALITY

All of the aforementioned examples describe the relationship between
structural changes and biological activity in a two-dimensional framework.
In reality, of course, biological activity, cellular function, and life in general
occur in three-dimensional space. Macromolecular targets that are the focus
of drug discovery and development efforts possess complex three-dimen-
sional structures. This forms the basis of their ability to differentiate between
potential ligands, even in cases where a pair of compounds are simply mirror
images of each other. As such, a discussion of structure-activity relationships
must include an examination of how changes in the three-dimensional struc-
ture of a series of compounds impact biological activity.

The concept of chirality is fundamental to understanding structure—
activity relationships and was originally postulated by Lord Kelvin more than
100years ago. He stated “I call any geometrical figure, or group of points, ‘chi-
ral’, and say that it has chirality if its image in a plane mirror, ideally realized,
cannot be brought to coincide with itself.”! Although this statement applies
to any arrangements of materials, within the context of drug discovery the
most common occurrence of chirality is a tetrahedral carbon atom with four
different substituents (Figure 5.5). In this scenario, the substituents can be

/ FIGURE 5.5 Chiral compounds
cannot be superimposed on their

mirror image. The two isomers are

referred to as enantiomers (R and S).

| Chirality often plays a key role in
biological activity, as nature is a chi-

I”I//I‘ ‘“\\\\ ral environment.
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210 5. MEDICINAL CHEMISTRY

attached to the central carbon atom in one of two arrangements, which are
non-superimposable mirror images of each other. The two separate isomers
are referred to as enantiomers or optical isomers, and in the absence of a
chiral environment, they are identical in all respects, except for the direction
in which they rotate plane polarized light. Biological macromolecules, being
chiral, offer an environment that predictably discriminates between enantio-
mers, leading to dramatic changes in the functional activity between pairs of
enantiomers. Darvon? and Novrad?? (Figure 5.6), for example, are identical

/

Darvon® Novrad ®

FIGURE 5.6 Darvon® and Novrad® are identical, save for the nature of the chiral cen-
ter present in each. The enantiomers have very different properties in a biological setting.
Darvon® is an analgesic that activates the p-opioid receptor, while Novrad® is an antitussive
agent with minimal efficacy as an analgesic. Unlike its enantiomer, Novrad® has little affinity
for the p-opioid receptor.

except for the difference in chirality, and this leads to substantially dif-
ferent biological activity. The former is a potent analgesic that acts as a
p-opioid receptor agonist,* while the latter is an antitussive with minimal
potency at the p-opioid receptor.® This underscores the importance of how
a deceptively simple change in molecular structure, the inversion of a chi-
ral center, can have a significant influence on therapeutic action. In fact,
a single change at a chiral center is a drastic change in three-dimensional
space and is certainly not viewed as a subtle change to a medicinal chem-
ist. From the perspective of a drug discovery scientist, there is also the
underlying question of how one could employ knowledge of the impact of
chiral inversions in order to design better candidate compounds. In other
words, what is the relationship between structural changes induced by
chiral inversion and biological activity?

An understanding of the impact of chiral inversion on biological activity,
and thus understanding the role of chirality in structure-activity relation-
ships, is best accomplished through the examination of a practical example.
Consider, for example, Tamiflu® (oseltamivir), an influenza neuramini-
dase inhibitor pro-drug useful for the treatment of the common flu.® X-ray
crystallographic studies of this compound in the binding site of influenza
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@) O\C b) Ot\

FIGURE 5.7 (a) The active agent derived from Tamiflu® (oseltamivir) occupies the bind-
ing site of influenza neuraminidase, the boundaries of which are delineated by the wire
mesh. (b) Inversion of the amide chiral center causes the acetamide to protrude from the
binding cavity in this model, demonstrating the importance of the orientation of this chiral
center (RCSB 2QWK).

neuraminidase (Figure 5.7(a)) portray a tight-fitting interaction, which
explains its potent impact on enzymatic activity. The translucent gray sur-
face represents the outer edges of the binding site, marking the physical
limits for potential inhibitors of this enzyme.” Hypothetically, one could
invert a single chiral center of this compound and produce an alternative
structure that, in all other respects, is structurally identical to the active
component of Tamiflu®. As indicated in Figure 5.7(b), however, this modifi-
cation has a significant impact on the interaction of the hypothetical ligand
with the binding site. Rather than fitting within the confines of the bind-
ing site, the proposed ligand protrudes through the theoretical boundary
defined by the atoms of the binding site. The negative interaction produced
by the “bumping” of atoms of the ligand and the target have a negative
impact on binding interactions, which in turn decreases biological potency.

In the case of Tamiflu®, knowledge of the X-ray structure and the availabil-
ity of advanced protein modeling techniques can provide insight into how
theoretical compounds might fit into the binding site of influenza neuramini-
dase, providing guidance for prioritization. If an X-ray structure is not avail-
able, however, one can still apply design principles in order to predict activity
and prioritize compound preparation and screening. Comparison of in vitro
screening data for a series of related compounds that are identical except for
the orientation of a single chiral center, for example, would provide indirect
knowledge of the limitation of the ligand-binding site. For the purposes of
illustration, consider a series of compounds with an embedded amino acid
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FIGURE 5.8 1In a series of otherwise identical compounds, differences in chirality can
have a significant impact on biological activity. Although an X-ray crystal is a valuable tool
in identifying areas where changes in chirality will have the largest impact, it is not required.
In this hypothetical example, potency differences between the R-series (top) and the S-series
(bottom) clearly demonstrate that the R-series is heavily favored.

(Figure 5.8). When the embedded amino acid is a glycine moiety, there is no
chirality at the a-carbon, as both substituents are hydrogen. Incorporation
of either naturally occurring alanine or its enantiomer, however, renders the
molecule chiral, as would the incorporation of the enantiomers of leucine or
phenylalanine. A comparison of the screening results from this set of seven
compounds indicates that the ligand-binding site strongly favors one of the
two possible enantiomers. Inn vitro potency improves with increased steric
bulk in one enantiomeric series (the R-series, top), but the same changes in
the opposite enantiomeric series (the S-series, bottom) leads to significant loss
of potency. With these screening results in hand, one could reasonably pre-
dict that compounds with the S-configuration at this chiral center would be
significantly less potent than the R-series and should be deprioritized when
considering potential candidate compounds.

PUSH AND PULL IN STRUCTURE-ACTIVITY
RELATIONSHIPS

The examples discussed so far are all based on the assumption that
changes to the candidate compound are isolated to one location within the
molecular framework. In practice, however, this is not always the case. As
drug discovery programs evolve through the process of identifying a hit
in an assay, developing a lead series, and finally choosing a clinical candi-
date, multiple changes to the molecular framework of the original hit will
be examined. These changes often produce similar compound classes that
may have similar SAR patterns. It is important to keep in mind, however,
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QUANTITATIVE STRUCTURE-ACTIVITY RELATIONSHIPS 213

that “similar” is not “same.” Given two related, but ultimately different
compound classes, there may be significant overlap between the SAR
patterns of the two classes of compounds, but there are also likely to be
differences. If, for example, a series of imidazopyridines (Figure 5.9(a)) had

RV N RN R NN R NN
1S | N I N N
Y N > N Y N > N
\
N~ R N~ R N~ R NN R
(a) (b) (@] (d)

FIGURE 5.9 Compounds (a), (b), (c), and (d) have similarities that could lead to overlap-
ping SAR, but the increasing number of nitrogen atoms present in each structure changes the
character of the aromatic rings. If the aromatic rings” sole function is structural support for
the functionality required for binding, then SAR patterns may be comparable. On the other
hand, if the aromatic rings are critical to binding, then changes in nitrogen counts may lead
to very different SAR patterns for each series of compounds.

a known SAR pattern of activity as kinase inhibitors, it would be reason-
able to expect that the related triazolopyridines series (Figure 5.9(b)) might
also be active against the same kinase. Similar SAR patterns would likely
emerge in the triazolopyridines class, but there may be differences as a
result of the presence of an additional nitrogen atom in the five-membered
ring. The corresponding tetrazolopyridines (Figure 5.9(c)) are also similar
to the original lead series, as are the tetrazolopyrimidines (Figure 5.9(d)),
but each step away from the original compound class changes the chemi-
cal nature of the compound class and can result in unexpected changes is
SAR patterns. Making the assumption that the SAR patterns of similar com-
pound classes will be identical is a risky proposition. It is well worth the
effort to test the limits of the overlap of SAR patterns between related series.

QUANTITATIVE STRUCTURE-ACTIVITY
RELATIONSHIPS

Identifying structure activity trends is an integral part of the drug discov-
ery process, but ultimately this aspect of the process is inherently limited by
the number of compounds that can be prepared in the lifetime of a discovery
campaign. Although it may be possible to generate several hundred, or per-
haps even a few thousand analogs in any given series, the theoretical num-
ber of compounds that could be prepared is virtually unlimited. Efforts to
merge the concepts of structure-activity relationships with computational
methods and growing computer power led to the development of quantita-
tive structure-activity relationship (QSAR) models. In simple terms, QSAR
models represent an attempt to mathematically quantify molecular proper-
ties and correlate changes in these properties to changes in biological activity.
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214 5. MEDICINAL CHEMISTRY

This information is then used to predict the impact of potential alterations in
the molecular structure on the biological activity of potential candidate com-
pounds. In theory, if one could develop a QSAR model capable of accurately
predicting biological activity in a given series of compounds, then the compu-
tational power of modern computer systems could be employed to determine
which compounds to prepare, greatly simplifying the selection process.

In practice, QSAR models require that molecular properties be distilled to
mathematical equations, and this is not easily accomplished. Early efforts to
develop mathematical relationships between structure and activity include
the Hammett equation. Originally proposed in 1937 by Louis Plack Hammett,

log (K/Ko) =po (5.1)

Equation (5.1): The Hammett equation: K and K; are equilibrium con-
stants for the hydrolysis of benzoic acid derivatives, where K is the value
for a substituted benzoic acid and K is the value for the unsubstituted
reference compound, p is a reaction constant, and o is a substituent con-
stant that is dependent only on the electronic effects of the substituent.

log (K/Ko) =p*o*+8E; (5.2)

Equation (5.2): The Taft Equation: Ko and K are the equilibrium con-
stants for a reference reaction and a reaction in which substituents are
present, o* describes the electrical field and inductive effective of a sub-
stituent in the reaction, and p* is a sensitivity constant that defines the
impact of polar effects on the rate of the reaction. Steric effects in the reac-
tion are defined by the term E, and 9 is a sensitivity factor that considers
the sensitivity of the reaction to steric effects.

log (1/C) = alogP + b(logP)* + po + SEs +d (5.3)

Equation (5.3): The Hansch equation: The terms p, o, 9, and E; are
defined in the same manner as in Eqns (5.1) and (5.2); logP is the octanol/
water partitioning coefficient; and a, b, and d are mathematical constants
derived through linear regression analysis of experimental data. The
concentration at which a biological response is being measured for data
analysis is defined by the term “C.”

this formula proposes that the rate of hydrolysis of a benzoic ester is a func-
tion of the electronic effects of the substituents of a benzene ring according to
Eqn (5.1).8 Although limited in its scope and not directly applicable to drug
discovery, the concepts proposed by Hammett were considered revolutionary
at the time. Robert W. Taft modified the Hammett equation in 1952 by incor-
porating the concept of steric effects in an attempt to broaden the applicability
of the equation (Eqn (5.2)),” but many additional factors remained outside the
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realm of this model. Corwin Hansch, often referred to as the father of QSAR,
was one of the early pioneers in developing mathematical representations of
the interactions of drugs and their biological targets. He was the first scien-
tist to demonstrate that biological activity could be quantitatively related to
physicochemical characteristics of compounds (Eqn (5.3)). His equations built
upon the work of Hammett and Taft, but he added concepts such as lipophi-
licity (logP) and “active concentration” (C) in order to improve the utility of
the formula for predictive purposes.'’

Of course, the complexity of the equations required to predict the molecu-
lar properties of candidate compounds increases with each parameter added,
and there are many to consider. Additional molecular factors that could be
considered as part of an effort to predict biological and physicochemical attri-
butes of candidate compounds include molecular weight, total polar surface
area, interatomic distance and angles, potential for hydrogen bonding (as a
donor or acceptor), and three-dimensional shape just to name a few. In the
absence of the appropriate computer technology and software, it would be
nearly impossible to perform the necessary calculation on a sufficient number
of compounds within the time frame of the typical drug discovery project. Up
until the end of the twentieth century and the beginning of the twenty-first
century, computer capacity and software technology limited the translation
of computational data into drug discovery efforts and compound design.

Efforts to apply the principles of QSAR to drug design on a practical
level began with the development of “decision trees” designed to guide
compound design. Rather than preparing a large number of analogs, one
could explore the SAR parameters of a particular compound class by fol-
lowing the guide points set in the decision tree. The Topliss Scheme, for
example, was introduced in 1970'" as a means of systematically examining
the impact of changing aromatic substation on the biological activity of
candidate compounds (Figure 5.10). This system takes into consideration
factors such as inductive electronic effects and lipophilicity, and begins
with the unsubstituted aromatic ring. Modification of the structure by
incorporation of a chlorine atom in the 4-position followed by biologi-
cal screening provides data for the first decision point. At this juncture,
increased activity would suggest further modification of the aromatic
ring by incorporation of a second chlorine atom in the 3-position, while
decreased activity would suggest that incorporation of a 4-methoxy sub-
stituent might lead to an improved outcome. If biological activity remains
the same (within a reasonable margin), then the Topliss tree path indicates
that the next analog of interest is the 4-methyl analog. As each analog in
the tree is prepared and screened, a new decision point is reached and new
compounds are suggested. Decision trees of this type are based on empiri-
cal observations across multiple data sets, but are an imperfect guide
for molecular design strategies. Subtle differences between compound
classes can lead to deviations from the expected results. The advantages
of not requiring computational analysis in order to decrease the potential
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6 2 L = less active
Topliss Decision Tree 5 3 E = equally active
4 M = more active
L ‘l’ M L,E
4-OMe 4-C1 3,4-Cl, ——> 4-CF,
bE
L,E
M \ L,} 4-CH3\M lM l
4-NMe 3-Cl 4-t-butyl 3-CF,, 4-Cl 2.4-Cl
LE : L/ M 3 2
Sy o
4-NH, 3- NMe2 3- CF3
3-CH,, N CH3 3-CF;,4NO,  4-NO,

4-NMe, 3 50l — 380,

4-F «<— 4-NO, «— 2-c1

FIGURE 5.10 The Topliss Decision Tree is designed to facilitate the decision-making pro-
cess involved in the identification of biologically active compounds containing functionaliz-
able benzene rings. Systematic changes to an unsubstituted benzene ring (the top of the tree)
based on changes in observed biological activity guide compound selection toward one set of
substituents and away from others. At the first decision point, for example, if incorporation
of a chlorine atom in the 4-position leads to decreased potency, the next analog to prepare
should be a 4-methoxy analog. The next set of biological data would then trigger a choice
at the next branch point in the tree, leading to either a 3-chloro analog or a 4-N,N-dimethyl
analog. In theory, each step through the tree should lead to an increase in potency.

number of analogs needed in order to establish an SAR pattern, however,
cannot be understated.

Over the last several decades, molecular modeling software and
computing power has increased substantially. Modern QSAR methods
incorporate numerous mathematical algorithms that are designed to
incorporate a wide range of physicochemical properties. Software pack-
ages such as Tripos Sybyl-X have become substantially more user friendly,
and for many tasks, it is no longer necessary to have an advanced under-
standing of computational chemistry in order to apply the tools necessary
to predict changes in biological activity, provided enough structural data
are available. For example, potential analogs of a known lead compound
can be created in silico, energy minimized through the click of a mouse
(and an automated algorithm designed for this purpose), and then com-
pared to the lead compound. Physical overlaps can be observed, electro-
static surfaces can be compared, and positions of hydrogen bond donor
and acceptors can be examined to determine the differences and similari-
ties between compounds. Automated systems capable of comparing thou-
sands, if not millions, of compounds with a single lead compound and
ranking them for similarity to the lead compound are available. In silico
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screening of compounds can be accomplished in a relatively short time
frame (hours).

The development of sophisticated computer modeling designed to provide
a more comprehensive understanding of the relationship between molecular
properties and biological activity also provided scientists with the ability to
visualize compounds in the way that macromolecular targets “see” them.
On paper, scientists use lines and juncture points to describe molecules, both
large and small, but in reality, potential therapeutic entities and macromolec-
ular targets “see” each other as something far more complicated than simply
a collection of atoms joined together. They “see” overall three-dimensional
shapes with contoured regions of high electron density and low electron den-
sity, areas of high and low lipophilicity, and hydrogen bond forming potential
(hydrogen bond donors or acceptors). The visualization tools developed as a
consequence of advances in QSAR modeling provide scientists with the abil-
ity to generate three-dimensional images of compounds and view them in the
way that they are “seen” by their intended biological targets. Substantially dif-
ferent compounds that modulate the same target could be more readily com-
pared to gain a better understanding of similarities between the apparently
different classes of compounds that generate the same biological response.
The selective serotonin reuptake inhibitors sertraline,” citalopram,'® fluox-
etine,!* for example, have very different chemical structures, yet they inter-
act with the same biological target (Figure 5.11). When viewed through the

\

Sertraline Citalopram Fluoxetine

FIGURE 5.11 In order to facilitate communicating structural information, scientists typi-
cally draw compounds using line structures such as those portrayed for the three selective
serotonin reuptake inhibitors (SSRI) sertraline, citalopram, and fluoxetine. It is important to
remember, however, that this representation is only a shadow of the full structure of the mole-
cule. A more accurate depiction can be created using advanced computer software and graph-
ical display systems that can provide renderings of molecules that display features beyond the
simple connectivity of the atoms. In this case, electrostatic potential surface maps are super-
imposed over the three-dimensional structures of the SSRIs in order to visualize the similari-
ties and differences. Images of this type can help explain why compounds with apparently
different structures can behave in a similar manner within the context of a biological system.
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lens of QSAR modeling, however, similarities between the three compounds
become apparent. Overlaps between regions of high and low electron density
become apparent, lipophilic regions can be compared, and the orientation of
hydrogen bond donors and acceptors provides a greater understanding of
the relationship between these three compounds. Thus, QSAR modeling pro-
vides the scientific basis for understanding why compounds with dissimilar
chemical structures interact with the same macromolecular targets by provid-
ing a more comprehensive view of candidate compounds. In simpler terms,
compounds with very different chemical structures can modulate the same
biological target if they “look” similar to each other through the QSAR lens.

THE PHARMACOPHORE

Another aspect of structure-activity relationships considers the relative
importance of various sections of an overall molecular framework, rather
than individual changes to a series of lead compounds. In many cases, a
binding interaction between a lead compound and its macromolecular tar-
get requires only a subset of the atoms and functionalities available within
the molecular framework of the lead compound. These sections of the mol-
ecule are referred to as the pharmacophore of the structure, and changes in
these parts of the molecule can have a dramatic impact on the strength of
binding interactions and biological activity. The official definition provided
by the International Union of Pure and Applied Chemistry (IUPAC) states
that a pharmacophore is “an ensemble of steric and electronic features that
is necessary to ensure the optimal supramolecular interactions with a spe-
cific biological target and to trigger (or block) its biological response.”?

The remainder of the compound, portions of which may provide struc-
tural support for the position of the functionality within the pharmaco-
phore but play no direct role in binding events, is often referred to as
the auxophore. In principle, since the auxophore is not directly involved
in binding events, changes to this section of a potential lead compound
should have minimal impact on binding interactions, provided that the
changes do not impact the overall shape of the pharmacophore. These sec-
tions of the compound may be oriented away from the binding surface of
the macromolecule, so changes in these regions, including excision from
the lead compound, can often be accomplished while maintaining bio-
logical activity. It is also possible to take advantage of auxophore space
for the purposes of altering physical properties of a compound. Consider,
for example, a compound with poor solubility that contains a side chain
that points away from the binding surface of the target of interest and into
solvent space (i.e., water). Since this side chain is outside of the pharma-
cophore, changes to this side chain such as the addition of a basic amine
should have little impact on the desired biological activity. It is, however,
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THE PHARMACOPHORE 219

likely that the addition of a basic amine will have a positive impact on
solubility, thereby improving a physical property of the compound with-
out negatively impacting biological function.

Understanding the distinction between the pharmacophore and the
auxophore can provide significant design opportunities. Consider, for
example, the four compounds: morphine,'® levorphanol,'” metazocine,'®
and meperidine! (Figure 5.12). All of these compounds are analgesic

:}k:}

Morphine Levorphanol Metazocine Meperidine

FIGURE 5.12 A pharmacophore can be described as the minimum structural require-
ments that must be present in order for a compound to have biological activity at a given
target. The p-opioid receptor family of analgesics, typified by morphine, levorphanol,
metazocine, and meperidine, can be described by the minimum pharmacophore outlined in
red in each structure. Features outlined in black can have a significant impact on biological
activity, but can also be modified (levorphanol), or even removed entirely (metazocine and
meperidine), while still maintaining the ability to bind to the p-opioid receptor. Loss of the
features in red, however, leads to a loss of p-opioid receptor binding.

agents that bind to the p-opioid receptor, but with varying degrees of
potency. The common pharmacophore, outlined in red, represents the
minimal structural feature required for biological activity. Morphine is,
of course, a powerful analgesic, but levorphanol, a less-known structural
analog in which one of the two alcohols and the oxygen-containing ring
have been removed, is three to four times more potent than morphine. This
indicates that these regions of the molecule are not part of the critical bind-
ing elements for the p-opioid receptor pharmacophore and were actually
impeding binding interactions.

Metazocine and meperidine are also part of the p-opioid receptor fam-
ily of analgesics, but they are both less potent than morphine and levor-
phanol. In both cases, the basic pharmacophore is intact, but molecular
elements responsible for rigidity and shape have been removed. In the
case of metazocine, the lower cyclohexane ring has been truncated, lead-
ing to a loss in activity relative to morphine, but the excision of both
cyclohexane rings in meperidine leads to an even more dramatic loss of
potency. Meperidine possesses only 10-12% of the analgesic potency of
morphine, even though the overall pharmacophore remains intact. The
ability to excise portions of the auxophore may be limited by their impor-
tance in maintaining the overall three-dimensional shape of candidate
compounds.?’
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Understanding the nature of a pharmacophore is greatly facilitated
when a set of related compounds such as the p-opioid receptor family of
analgesics is available for analysis, but it is often the case that apparently
unrelated compounds elicit a biological response by binding to the same
macromolecular target. Identifying a unifying pharmacophore within a
structurally diverse set of compounds may require a more abstract view-
point. Rather than defining a distinct molecular framework as in the
previous example, it may be necessary to define required chemical func-
tionalities and their relative positions in space. In the case of the voltage-
gated chloride channels CIC-Ka, for example, Liantonio et al.?! described
a pharmacophore containing two aromatic rings and one carboxylic acid
positioned within a specific distance from each other (Figure 5.13). The

FIGURE 5.13 A pharmacophore is not always Lipophilic
described as a substructure of a larger class of Grqup
compounds as seen in the p-opioid receptor family

of analgesics. In many cases, a pharmacophore for \ ‘V/\
a macromolecular target can be defined by key fea- ' .

tures and their relative positions in space (distances, o b \YO
torsional angles, etc.). The pharmacophore model of 5-6A % 4

the voltage-gated chloride channels CIC-Ka provides =N HO
guidance for compound design and optimization . VK/‘
even though it is not a complete structure. Lipophilic

Grou
P X=CHorN

nature of the linker units between each region of the pharmacophore is
defined only by the distance between the regions and their ability to hold
the aromatic rings and acid moiety in the proper positions relative to each
other. The ability to generate constructs that are capable of defining the
physical and chemical requirements for biological activity at a given target
has been greatly facilitated by the development of software capable of ana-
lyzing molecular interactions on a broad scale.

DEVELOPING AN SAR DATA SET

The drug discovery process depends on the ability of scientists to make
informed decisions based on the structure-activity relationships observed
through the course of their program. In the beginning of a program, how-
ever, it is often the case that very little biological data is available, as only
a few compounds, usually benchmark compounds and literature leads,
have been examined in biological assays. This, of course, begs the ques-
tion of how does one begin the process of developing an SAR database
that can be used as a basis for design strategy and project decisions?
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It is often the case that these efforts begin with the high-throughput
screening of large compound libraries in an effort to identify groups of
related compounds that possess the desired biological activity. Ideally,
the compound libraries should be composed of a diverse set of phar-
macophores that cover a large portion of “druglike” chemical space
and contain enough members of representative chemical classes such that
an initial set of SAR data will be provided in the first round of screening.
The number of compounds necessary for this kind of exercise to succeed
is a subject that has been debated in the literature and no clear answer has
emerged. Some institutions maintain compound collections of over 1 mil-
lion discrete compounds.

In practice, libraries available for screening are usually biased based
on their origin. Private compound collections available to pharmaceutical
companies and research institutions tend to be populated with histori-
cal compounds from internal efforts. This increases the likelihood of
identifying novel leads and groups of related compounds, but creates
an institutional bias in the collection’s coverage of chemical space. Large
commercial compound collections are also readily available from a vari-
ety of vendors (Maybridge, Enamine, Life Chemicals, etc.) and can be
effective tools as initial screening sets. However, they are composed of
known compounds, making intellectual property protection potentially
more difficult to obtain (see Chapter 12) and are often expensive, espe-
cially from the perspective of small biotech companies and academic
institutions. Searchable databases of commercially available compounds
are available, the largest of which is the Zinc database with over 21 million
entries.?> Custom compound collections can be designed and acquired in
order to decrease the cost burden, but intellectual property issues will
remain.

Natural product and biological extract collections have also been used
as starting points for screening programs designed to generate initial
SAR data, but it is important to realize that these libraries may contain
complex mixtures. Identifying compounds with positive results may be
challenging, and it is also possible that the mixtures contain previously
identified active components with previously established intellectual
property. Compound supply issues should also be considered, as natu-
ral products can be exceptionally complex to prepare in scales required
for follow-up activities. That being said, a large portion of marketed
pharmaceutical agents are natural products, or derivatives thereof, so
this avenue of approach is worth considering as compound collections
are built.

Irrespective of the source of the library, once the compound collection
is chosen, the next step in building an SAR data set is screening the com-
pounds for biological activity in an assay. This can be accomplished either
via physical screening of the sample collection or by virtual screening
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FIGURE 5.14 An initial data set for a -

drug discovery program can be derived from | Library of Compounds

a physical screening of a compound library
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an appropriate computer model is available. Screening Screening

Each method has advantages and disadvan-
tages that should be considered, and neither
method is exclusionary of the other. It is, how-
ever, very important to validate the in silico
screening results with physical screening
methods to ensure that the virtual screening is
truly predictive of real-world results.
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(Figure 5.14). As discussed in Chapter 4, there are a multitude of assay
platforms and technologies that can be crafted to screen thousands of
compounds for biological activity in 96-, 384-, or even higher throughput
modes on robotic systems, providing access to potentially millions of data
points. If, for example, a library of 100,000 compounds were examined
using a 12-point dilution curve to determine ICs, values at a biological
target, this would produce 2.4 million data points when run in duplicate,
not including positive and negative controls used to ensure assay integ-
rity. Although this may seem like a large amount of data, many large
pharmaceutical companies maintain compound collections containing
500,000 to 1.5million samples, which would produce a proportionately
larger number of data points to analyze if screened in its entirety. Clearly,
this is a staggering level of data output that cannot be processed in a rea-
sonable length of time in the absence of the proper computer software.
Fortunately, there are a number of commercial software systems capable
of analyzing screening data, generating ICs, data, and associating that
data (or any other data set) with a structure-searchable chemical database.
Once the screening data have been matched with the chemical structures,
the data can be sorted to identify active compounds and collections of
related compounds in order identify any nascent SAR trends that may be
discernible in the first round of screening.

While high throughput screening is an effective tool for identifying ini-
tial leads and early SAR trends, the previous discussion neglects to con-
sider a major factor associated with high throughput screening. The cost
of this process can be quite high. Even if a compound collection is already
in place, the cost of consumable materials can be substantial. Consider
again a compound collection with 100,000 members. A high throughput
screening assay run in 96-well plates using three concentrations run in
duplicate would require 7500 microtiter plates, thousands of disposable
pipette tips for reagents and solvent transfer, as well as reagents and
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solvents necessary for the assay itself. A single high throughput screening
cycle for a compound collection of this size can cost thousands of dollars,
creating a significant cost barrier that must be considered.

As an alternative to physical screening of compounds, many organiza-
tions choose to employ a virtual screening approach. Rather than acquir-
ing large compound collections, electronic databases such as the Zinc
database mentioned earlier are examined in silico using computer mod-
els designed to identify potentially active compounds. In some cases, the
model is based on an X-ray crystallographic structure of the target mac-
romolecule bound to a known ligand. Binding interactions of the known
ligand are defined in the model system, the ligand is then removed from
the model-binding site, and database compounds are then “docked” in the
binding site (Figure 5.15). The relative binding strength of each member

FIGURE 5.15 (a) An X-ray crystallographic structure of influenza virus neuraminidase
with an inhibitor bound to the active site provides information that can be used in the design
of additional inhibitors. The boundaries of the binding site (gray) and important interactions
are displayed, including hydrogen bonds (barrels). (b) I silico excision of the inhibitor from
the binding site using protein modeling software provides a template for virtual examina-
tion candidate compounds. RCSB 2QWK.

of the collection is calculated and compared with the calculated binding
strength of the original ligand. The information derived from this process
is then used to identify compounds with binding “scores” equal to or bet-
ter than the original ligand. In theory, the compounds identified in this
process would have binding affinities for the target macromolecule that
are similar to or better than the original ligand.

If an X-ray crystallographic structure for the biological target is not avail-
able, it may be possible to create a homology model in silico using struc-
tural data from a macromolecule with a high enough degree of similarity
to the target of interest. As noted earlier, it has been demonstrated that
proteins with similar primary structures also possess similar secondary
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and tertiary structures.?® Given the relationship between primary structure
and the overall three-dimensional structure of a protein, this should not be
surprising. The process of building the model itself begins with an align-
ment of the linear peptide sequences (the primary structure) of the two
macromolecules. Once the sequences are aligned, the known structural
data (an X-ray crystal structure? or a structure built with protein NMR
data®) are used as a template to establish a three-dimensional model of
the macromolecule of interest. Of course, there will be some areas within
the model structure that will require adjustment in order to account for
differences in the primary sequences of the template and the model. Struc-
tural changes to the model are generally accomplished through energy
minimization, the addition of water molecules that may have been present
in the original X-ray structure, and the elimination of overlaps within the
structure. The model is then tested by docking ligands in the theoretical
binding site, scoring their relative binding affinities, and comparing the
in silico results with real-world data. This process has been successfully
employed to create model systems for a number of GPCRs based on X-ray
crystal structures of rhodopsins, a family of light-sensing transmembrane
proteins.”® Structural data derived from the X-ray crystal structures of
bacterial rhodopsin, for example, were successfully adapted to establish
a homology model for the dopamine D2 receptor (Figure 5.16). Although

(2)

FIGURE 5.16 In the absence of an X-ray crystallographic structure, it is possible to build
a model in silico to support virtual screening efforts. Structural data for bacterial rhodopsin
((a), RCSB 1BRD) were successfully mapped onto the dopamine D2 receptor to design a
homology model ((b), RCSB 1115) suitable for docking and evaluating candidate compounds.
An overlay of the original structure with the model structure (c) demonstrates significant
similarities between the two structures, but also a number of differences.

(b)

the overlap between the two structures is not perfect, the homology struc-
ture provided significant insight into the structural details of the dopa-
mine D2 receptor that would not have been available otherwise.?”

In the absence of structural data for the biological target of interest,
it is still possible to perform a virtual screen of compound databases in
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order to focus screening efforts. Rather than docking compounds into a
binding site, known ligands can be used as templates to identify potential
lead compounds from within a structural database. This process is often
referred to as ligand-based design. Modern molecular modeling software
is applied to a starting compound, often a natural ligand or a known drug
molecule, to determine its molecular properties, mapping out lipophilic
potential surfaces, electrostatic potential surfaces, areas suitable for hydro-
gen bonding, lipophilic regions, and a wide array of molecular properties
that define the compound in question (Figure 5.17). If multiple ligands

FIGURE 5.17 The neuramini-
dase inhibitor GS-4071 is structurally
described by the classical stick figure
(top left), but computer modeling can
provide improved visualization of
molecular properties such as lipophilic
potential surfaces (top right), electro-
static potential surface (bottom left),
and hydrogen bonding/hydrophobic

Neuraminidase Lipophilic surfaces (bottom right). These “maps”
Inhibitor GS-4071 potential surface can be combined to provide a model

system useful for the identification of

compounds that are similar to GS-4071.

Electrostatic H-bonding and
potential surface hydrophobic surface

are available, it may be possible to identify common features from each
ligand/drug to define a pharmacophore for the binding site of interest.
The aforementioned property sets are determined for all of the members
of the compound collection, the individual members of the compound col-
lections are compared with the lead compound, and each is assigned a
score based on its overall similarity to the lead compound. Compounds
with higher scores (those that more closely resemble the lead compound)
can be identified in this manner and similar compounds can be grouped
together to select compounds for physical screening, once again signifi-
cantly decreasing the overall cost of physical screening.

Irrespective of whether virtual screening results are based on an X-ray
crystal structure, a homology model, or comparison of compound librar-
ies with a known ligand, it is important to realize that virtual screening
is a model of reality. As such, it must be validated with physical screening
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226 5. MEDICINAL CHEMISTRY
to ensure that there is a correlation between the results provided by the
virtual screening and the physical screening. If, for example, compounds
with high binding scores in a model of an enzyme were demonstrated
to be potent inhibitors of enzymatic activity, and that as scoring values
decreased, inhibitory action of the compounds decreased, then the in
silico screening is validated for identifying compounds that are inhibitors
of the enzyme in question (Figure 5.18(a)). On the other hand, if there

Virtual screening score

(a)

Virtual screening score
.

(b)

ICy,

1Cs,

FIGURE 5.18 In order for a virtual screen to be useful, it must correlate with real-world
results (a). In the absence of this correlation (b), data provided by the virtual screen cannot
be used to predict biological activity of candidate compounds.

is no relationship between the scores generated through virtual screen-
ing and the inhibitory action of compounds physically screened against
the enzyme, then the in silico model cannot be used as a predictive tool
for virtual screening (Figure 5.18(b)). Of course, no model is a perfect
representation of reality, so a perfect correlation should not be expected.
Additional data from physical screening or new structural data for the
target can be used to refine models to improve their ability to predict
biological activity.

The strategic application of virtual screening can significantly reduce
the number of compounds examined in a physical screen, decreasing the
required monetary commitment. There are, however, costs associated
with computer capacity and state-of-the-art molecular modeling software
(including annual license fees) that should be considered. These costs can
rival that of the purchase of a sizable physical library. Also, when virtual
screens do not correlate to the physical screening system that they are
designed to represent, there is a loss in productivity that is more difficult
to quantify but important to consider. It is worth pointing out at this junc-
ture that physical and virtual screening methods are not mutually exclusive
strategies for drug discovery. They are often used in tandem, as they can be
complimentary pathways to success.

Although screening of large compound collections can be an effec-
tive method of identifying biologically relevant compounds, the process is
not without its issues. As previously mentioned, the costs associated with
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screening even a medium size collection of 100,000 compounds can be signifi-
cant. In addition, the process itself is essentially a random selection process.
Potentially millions of compounds are screened, whether physically or in silico,
relying on the compound designs of previously defined compound collec-
tions. Compounds that are part of a historical collection may be unique to a
given institution, but they were most likely prepared for a specific purpose
which may not be useful for a current program (It could, in fact, represent a
problem if off-target activity becomes an issue). It is also quite possible that
these compounds have already been disclosed to the public as part of the
patent application process for their project of origin, potentially creating intel-
lectual property issues. A similar issue exists for commercially acquired sam-
ples, as they are part of the public domain, again creating a potential issue for
patent protection, a necessary facet of drug discovery.

The sheer volume of data resulting from a high throughput screen can
also be quite daunting. High-throughput screening as a means of iden-
tifying biologically active compounds has been compared to looking for
a needle in a haystack, and with good reason. A high throughput screen
of a collection of 500,000 compounds producing a positive result of only
0.2% will provide a set of 1000 compounds for examination and poten-
tial follow-up. While there are software packages capable of simplifying
data handling, at the end of the day, scientists must review the data and
determine how to move forward. There is also the issue of false positive
and false negative results. The aforementioned high throughput screen-
ing run of 500,000 compounds would produce 100 erroneous results if the
false positive/negative rate 0.02%. If they are equally split between false
positives and false negatives, then there will be 50 compounds incorrectly
identified as biologically active. The remaining 50 compounds that are
false negatives are more difficult to track down, as they will blend in
with the rest of the compounds collection that did not meet the desired
potency range.

While the randomized approach discussed thus far has been successfully
applied to numerous drug discovery programs across a wide array of disease
states and biological targets, it is by no means the only method of identify-
ing a starting point for structure-activity relationship studies. An alternative
approach employed by many drug discovery scientists takes advantage of
the significant advances in our understanding of the relationship between
structure and function in a more direct fashion. In this approach, often
referred to as rational drug design or structure-based drug design, lead series
and eventually lead compounds are developed through a detailed analysis of
structural information on the targeted macromolecule, known ligands (both
natural and synthetic), or both.

When an X-ray crystal structure of a macromolecule bound to a small
molecule is available, for example, modern molecular modeling software
can be employed to determine points of positive interaction (hydrogen
bonding, salt bridges, lipophilic interactions, etc.), clash points between the
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228 5. MEDICINAL CHEMISTRY

ligand and the biomolecule (negative interactions), and areas of empty space
within the binding pocket that might be accessible if changes were made to
the ligand. Compounds that improve upon positive interactions, perhaps
by optimizing the distance between a hydrogen bond donor/acceptor pair,
removing a side chain that hinders binding, or adding a new side chain to
create an additional binding interaction, are then designed based on the
available structural data. The new compounds can be “prepared” in silico,
docked with the X-ray structure, and scored for binding energy relative to
the original ligand to assess whether or not preparation is warranted. Bio-
logical screening of the actual compounds should be used to validate the
in silico methods to determine the reliability of the model (i.e., docking of
the compounds in the X-ray crystal structure), but if it is validated by real-
world results, it can be used to prioritize medicinal chemistry efforts.
These techniques have been employed to identify inhibitors against a
wide range of enzymes such as human protein tyrosine phosphatase-f§
(HPTP-B), a receptor-type phosphatase that is expressed in endothelial
cells that form the protective lining of blood vessels.?® X-ray crystallo-
graphic studies of the catalytic domain of HPTP-p bound to a vanadium
tetraoxide ion indicated that this compound formed multiple hydro-
gen bonding interactions in the binding site (Figure 5.19(a)). It was then

FIGURE 5.19 (a) Vanadium tetraoxide ion forms a network of hydrogen bonds (green
barrels) and binds tightly to the active site of human protein tyrosine phosphatase-p
(HPTP-B) (RCSB 2I4E) (b) 4-Ethylbenzene sulfamic acid forms a similar series of hydrogen
bonds (RCSB 215X) and was used as a starting point for a drug discovery program that even-
tually produced a highly selective HPTP-B inhibitor ((c), RCSB 214H).
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surmised that small molecules capable of replicating this intricate network
of hydrogen bonds should be able to occupy the same space in the HPTP-f
catalytic site, inhibiting enzyme action. Synthesis, biological evaluation,
and additional X-ray crystallography studies verified this hypothesis, as
4-ethylbenzene sulfamic acid formed a stable complex with catalytic
domain of HPTP-f, inhibiting enzyme action (Figure 5.19(b)). Molecular
modeling studies using this information lead to the identification of more
advanced inhibitors capable of forming additional hydrogen bonding
interactions with nearby amino acid residues (Figure 5.19(c)), which lead
to a significant increase in potency against the target.”

Fragment-based screening’has also been employed as a means of devel-
oping structure—-activity relationship, but as the name implies, the start-
ing points for these programs are typically smaller than the average drug
molecule. In this approach, low-molecular weight compounds, typically
100-250 AMU, are screened to determine their binding affinity with a mac-
romolecule. Compounds of this size typically have low binding affinities
(>100 pM), so sensitive techniques such as X-ray crystallography,® protein
NMR,* or surface plasmon resonance (SPR)*® are required, and through-
put is low compared to high-throughput screening methods. Compounds
that are identified in these processes, however, generally create efficient
binding interactions with the macromolecules when their low molecular
weight is taken into consideration.** As such, they can be employed as
starting points for further optimization. This is typically accomplished by
either “growing” the fragment compound or “linking” multiple fragments
molecules together. The “linking” strategy depends upon synergies that
may be created by forming linkage points between fragments that bind to
the target in neighboring regions. Just as the individually weak interaction
in protein structure can collectively form very stable three-dimensional
structures, joining together multiple fragment structures can have a syner-
gistic effect, leading to tighter binding than is observed for the individual
fragments, possibly greater than the sum of the individual components
(Figure 5.20). The linker itself may also play a role in binding if additional

B 4=
Lice mta — Sl

FIGURE 5.20 In one approach to fragment-based screening, low-molecular weight com-
pounds are screened to determine binding affinities using sensitive screening techniques such
as NMR, SPR, and X-ray crystallography. Low-molecular weight compounds that demonstrate
binding are then stitched together with linker units designed to allow the individual compo-
nents to access their individual binding sites. The tethered individual units act collectively to
create a single compound with improved biological activity based on synergistic binding.
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binding interactions are available. If, for example, the linker contained
an amide bond, then it could form a hydrogen bond with an appropriate
functional group in the targeted macromolecule, further enhancing bind-
ing strength.

As an alternative, one can “grow” a fragment molecule into unoccupied
space in the binding site of target molecule. This process is greatly facili-
tated by the availability of either an X-ray structure of the fragment bound
to the target or a homology model that can be used to visualize potential
areas of interest in the binding site. Using this technique, indazole was
identified as a fragment “hit” with very low binding potency (185pM)
for cyclin-dependent kinase 2 (CDK-2) and eventually transformed into
AT7519, a significantly more potent CDK-2 inhibitor (47nM, Figure 5.21).%

IC5, = 185 uM

(b) (W)L H©

HN-N
IC5y=97 uM

(c) AN
1Cy, = 0.003 uM

Cl
Cl

(e}
a N
@ L
AT7519
IC5, = 0.047 pM

FIGURE 5.21 (a) Screening of a fragment library via X-ray crystallography identified
indazole as a weak CD-2 binder (RCSB 2VTA) anchored into the binding site with a hydro-
gen bond (cyan barrel). (b) Removal of the benzene ring and growth of the fragment via
addition of an N-phenyl-acetamide provided access to a neighboring binding site and an
additional hydrogen bond interaction (RCSB 2VTL). (c) Growing the structure in the oppo-
site direction by adding a benzamide created additional opportunities for hydrophobic
interactions in a proximal section of the binding site, leading to a dramatic improvement in
potency (RCSB 2VTP). (d) Incorporation of a piperidine to increase solubility and cellular
activity led to the identification of the clinical candidate AT7519 (RCSB 2VU3).

Although each of the techniques described thus far has been discussed
in isolation, it is important to realize that they are not mutually exclu-
sive. In fact, it is often the case that multiple approaches are employed
within the context of a given drug discovery program. Each approach has
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strengths and weaknesses, but none of them have proved to be superior
to the others in identifying a clinical candidate, let alone a drug. Each of
these methods is most appropriately viewed as a tool to be employed
when appropriate.

THE STRUCTURE-ACTIVITY RELATIONSHIP
CYCLE

Ideally, once the first round of screening is complete and the data
have been analyzed, it will be possible to identify a set of compounds
that have varying degrees of biological activity at the target of interest.
Compounds with similar core structures can then be grouped together
to determine how differences in their structures impact observed bio-
logical activity, providing an early indication of structure-activity
relationships within the series. An iterative cycle of design, synthesis,
screening, and analysis begins at this point. New molecules with struc-
tural changes are designed based on the available compound data set,
synthesized, and screened for biological activity. The resulting data are
analyzed to determine the impact of structural changes on biological
activity. If the structural changes incorporated into the new set of com-
pounds have a positive impact on screening results, then the changes
are retained. On the other hand, if biological activity decreases, then
the changes are discarded. In either case, the new information pro-
vided by the preparation and screening of the second set of compounds
is incorporated into the SAR information available, and a new round
of design, synthesis, screening, and analysis is initiated. This iterative
process (Figure 5.22) is repeated over and over until a molecule with
the desired biological properties is identified.

l Structural changes /-

Structural Biological Improved

changes Assay Potency?

T Structural changes \-

FIGURE 5.22 Identifying an initial set of hits in a drug discovery program, irrespective
of their source and methods employed, is generally the beginning of an iterative process.
Analogs containing specific structural changes are prepared and assessed for biological
activity. Favorable changes are maintained, unfavorable changes are discarded, and a
new round of compounds is prepared. Each successive round of synthesis and biological
assessment builds on the previous round with the ultimate goal of optimizing biological
activity.
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BIOISOSTERISM

As discussed above, simple structural changes, such as increas-
ing the length of a side chain (methyl, ethyl, propyl, etc. Figure 5.3),
adding functionality to a benzene ring as described in the Topliss Tree
(Figure 5.10), or the additions of hydrogen bond acceptors/donors
(Figure 5.4) can lead to improvements in biological properties. There
are, however, additional avenues that can be explored. The concept of
isosterism, originally developed by Langmuir® and then broadened by
Erlenmeyer,?” can also be applied to drug discovery. Langmuir (1919) and
Erlenmeyer (1932) hypothesized that compounds, functional groups, or
atoms with the same arrangement and number of electrons in their outer-
most electron shells would have similar physical and chemical properties
based on their isoelectronic features. The scope of Erlenmeyer’s original
premise was eventually expanded by Harris L. Friedman in 1951 when
he defined compounds as bioisosteric “if they fit the broadest definition
for isosteres and have the same type of biological activity.”® In a similar
manner, functional groups and atoms within a more complex molecule
that can be interchanged while maintaining the same or similar biologi-
cal properties are referred to as bioisosteres of each other. Modification of
candidate compounds by applying the premise of bioisosterism is com-
monplace in drug discovery programs, as it is a useful tool for expanding
the structural diversity of a lead series to identify novel chemical space
and to alter physicochemical properties. These subjects will be addressed
in greater detail in Chapters 12 and 6, respectively.

Bioisosteres can be divided into two broad classes: classic and non-
classic bioisosteres, as first proposed by Alfred Burger.* According to this
system of classification, classic bioisosteres are broadly defined as atoms,
molecular fragments, or functional groups that have the same valence and
ring equivalents (Table 5.1). Typical examples include exchanging halogen
atoms and replacing methylene units with an oxygen or sulfur atom. A
practical application of this principle is seen in efforts to develop alterna-
tives to the antihypertensive drug rilmenidine (Albarel). In this instance,
replacing the oxygen atom of rilmenidine’s 4,5-dihydro-oxazole ring
system with a methylene unit provided the 4,5-dihydro-pyrrole analog

TABLE 5.1 Classic Bioisosteres

Monovalent Divalent Trivalent Tetravalent
-OH, -NH,, -CHj3, -OR -CH,- =CH- =C=
-F, -Cl, -Br, -1, -SH, -PH, -O- =N- =Si=
—SiR3, -Sr -S- =P- =N+=
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ot ot

Rilmenidine Methylene isostere

FIGURE 5.23 In this example of classic bioisosterism, exchanging a carbon atom for an
oxygen atom (highlighted in red) eliminates an undesired off-target activity. While both
compounds are potent modulators of the I; imidazoline receptor, rilmendine’s potent a,-
adrenoceptor binding is eliminated by this simple change.

(Figure 5.23). Both compounds share similar potency at the I; imidazoline
receptor, a key player in the regulation of blood pressure. On the other
hand, the new series of compounds demonstrated improved target selec-
tivity, as although rilmendine potently binds to the o,-adrenoceptors,
the methylene analogs showed no affinity for this receptor. This success-
ful application of classic bioisosterism clearly demonstrates that simple
changes in chemical structure can be employed to alter some properties
(abolishing ay-adrenoceptor binding), while successfully preserving oth-
ers (potency at the I; imidazoline receptor).*’

N o N o
r N \m r N \/'KQ\
NH, NH»
Procaine Procainamide

FIGURE 5.24 While both procaine and procainamide block the same sodium channel,
only procainamide can be used as a treatment for arrhythmia. In this instance, bioisosteric
replacement of an oxygen atom with a nitrogen atom provides a compound with similar
biological activity and substantially improved metabolic stability.

Procaine and procainamide (Figure 5.24) are also excellent examples
of the impact that can be achieved with a classic bioisosteric replace-
ment. Both of these compounds exert their pharmacological impact
via sodium channel blockade. Procaine, more commonly referred to as
Novocain, is only useful as a topical anesthetic, while procainamide is
an orally administered antiarrhythmic agent. In this instance, a classic
bioisostere exchange is employed to improve metabolic properties. The
ester linkage of procaine is hydrolyzed quickly in vivo, limiting its utility
to topical application, while the amide linkage in procainamide is signif-
icantly more stable in vivo. The enhanced metabolic stability conferred
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234 5. MEDICINAL CHEMISTRY

to procainamide versus procaine is critical to its utility as an oral antiar-
rhythmic agent.*!

Non-classic bioisosteres represent a much broader range of structural
diversity, as this category is defined as anything that does not fit the
definition of a classic bioisostere. It should come as no surprise that the
vast majority of examples of bioisosterism fall into this category and that
a full characterization of this area of drug discovery is beyond the scope
of this chapter. The concepts involved, however, can be described in a
few examples. Replacing carboxylic acids in candidate compounds, for
example, has been widely studied, as this functional group can create
undesirable physicochemical properties. Compounds containing car-
boxylic acids tend to have low permeability through biological mem-
branes, are poorly absorbed when dosed orally, and are rapidly cleared
by the body. Their ability to cross the blood-brain barrier is also often
limited at best. In other words, if a compound with a high degree of
potency at a biological target of interest contains this functional group,
moving the compound down the drug discovery and development path-
way may prove challenging. Replacing this functionality with a suitable
bioisostere may alleviate these issues, and some examples are shown

o 0
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| y N O-N
‘o @ —
o)
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pKa=5.1 pKa=4.5 pKa=5-6 pKa=35-5
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FIGURE 5.25 There are many potential non-classic bioisosteric replacements for a car-
boxylic acid, but they are by no means equivalent. Structural diversity is readily apparent,
but an examination of the pKa values of each (highlighted in blue) provides an alternative
view of the differences between the various possible carboxylic acid mimetics.

in Figure 5.25. In each instance, the dissociable proton of the carboxylic
acid is maintained, but the remainder of the functionality is replaced
with a collection of atoms capable of mimicking the original structure in
a biological setting. The successful application of any one of these car-
boxylic acid bioisosteres is dependent upon the nature of the interaction
between the candidate compound and the macromolecular target. In one
successful example, one of the two carboxylic acids of Carbenicillin was
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FIGURE 5.26 Although carbenicillin is a useful antibiotic, its use is hampered by spon-
taneous decarboxylation in acidic media. The tetrazole analog is similarly effective as an
antibiotic, but does not suffer from instability in an acidic media as a result of the non-classic
bioisosteric replacement (highlighted in red).

replaced with a tetrazole (Figure 5.26). In this instance, antibacterial activity
was maintained, and an increase in chemical stability was imparted. Car-
benicillin can spontaneously decarboxylate, while the tetrazole derivative
is incapable of decomposing in this manner.*>

In some cases, non-classic bioisosterism can be employed to replace one
scaffold with another. Biological activity is maintained, but physicochemi-
cal properties and target selectivity may be very different. Further, synthetic
accessibility may be simplified, and greater intellectual property space may
also be available around the new scaffold. It has been demonstrated, for
example, that the steroid framework of 17p-estradiol, a major female sex hor-
mone, can be effectively replaced with a simple trans-stilbene (Figure 5.27).

OH
(7
HO

17 B-estradiol Diethylstilbestrol

FIGURE 5.27 In this instance, three of the four rings in the steroidal framework are
replaced by a stilbene framework. At the time of this discovery, this non-classical bioisosteric
replacement provided novel intellectual property space and dramatically simplified the
chemistry required to prepare novel estrogen receptor modulators.

Even though the two central rings of 17f-estradiol have been removed and
a third ring has been replaced with a benzene ring, trans-diethylstilbestrol
remains a potent estrogen receptor agonist.*3

Bioisosteric replacement, whether classical or non-classical, is an excep-
tionally important concept in the field of drug discovery and development.
As indicated by the examples provided, even small bioisosteric changes can
have a dramatic impact on the physicochemical and biochemical proper-
ties of a compound. There are hundreds of examples of potentially useful
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bioisosteres that one could consider in a drug discovery program, and a full
discussion of this concept is well beyond the scope of this chapter. Fortu-
nately, numerous review articles are available on the subject for those inter-
ested in an in-depth analysis of the subject.**

STRUCTURE-ACTIVITY RELATIONSHIP,
SELECTIVITY AND PHYSICOCHEMICAL PROPERTIES

Although the focus of the previous sections has been on the identification
of increasingly more potent compounds through the analysis of structure—
activity relationships, potency at a biological target is not the only consider-
ation in a drug discovery program. As noted in Chapter 1, target selectivity
is often critical to the identification of clinically relevant compounds, and
physicochemical properties such as solubility and metabolic stability are
major factors that must be considered. Fortunately, the same principles that
have been discussed with respect to optimization of binding interactions at
the intended molecular target can be employed to optimize any molecular
property, provided there is a means of measuring the impact of structural
changes on the property of interest. If, for example, one were targeting Kv1.5,
a voltage-gated potassium channel that has clinical relevance in atrial arrhyth-
mia,*® optimizing this activity would be necessary. It would also be necessary,
however, to establish that candidate compounds did not negatively impact
the hERG channel, a voltage-gated potassium channel associated with Tor-
sades de pointes and sudden cardiac death.*® In this instance, a structure—
activity relationship could be established for activity at the hERG channel,
focusing on minimizing the potency at this channel. Thus, structural changes
that decreased hERG activity would be maintained, while those that increased
hERG activity would be dropped. Successful compounds would be identified
by analyzing the SAR of both Kv1.5 and hERG in an effort to maximize one
while minimizing the other.

In a similar manner, physicochemical properties can be optimized
through structure—property relationships. Just as changes in molecular
structure will have an impact of the ability of a compound to bind to a
biomolecule, changes in molecular structure will also have an impact on
physicochemical properties. Quantifying the impact of structural changes
on a property of interest provides a means of optimizing that property
through manipulation of the molecular structure. Some of these prop-
erties, for example, solubility and metabolic stability, require physical
assessment. Fortunately, high-throughput screens have been developed
to facilitate this process. Other properties, such as lipophilicity and polar
surface area, can be calculated using the appropriate software tools. In
either case, once knowledge of structural changes is paired with the
appropriate data set, patterns can be established and properties can be
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optimized appropriately. The importance of physicochemical assessment
of compounds will be discussed in greater detail in Chapter 6, but the
recognition of the high level of importance of physicochemical properties
dramatically changed the way new drugs are pursued.

“DRUGLIKE” GUIDELINES

Although modern science has provided researchers with the ability to
rapidly synthesize and screen compounds for biological activity across a
wide range of targets, the small molecule universe is simply too large to
explore exhaustively. It is estimated that there are over 10% synthetically
accessible small molecules, and only an infinitesimally small portion of
this chemical space is likely to ever be explored.*” Even if one were to
consider only compounds within a specific class, the number of possible
compounds is still extremely large. There are, for example, over 60,000
1,4-benzodiazepines (Figure 5.28)*% in the literature as of 2013, and tens of
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ﬂ_ FIGURE 5.28 Valium® (Diazepam), Gerodorm® (Cinolazepam), Halcion® (Triazolam),
g and Sepazon® (Cloxazolam) are all members of the benzodiazepine family of compounds, a
S “privileged scaffold.” Chemical frameworks that have been the source of large numbers of
£ biologically important compounds are referred to as “privileged scaffolds.”
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thousands more could be prepared with commercially available building
blocks. Given the enormity of chemical space within even a single series
of compounds, the need to establish a general method of prioritization
becomes evident. Structure-activity relationships are useful tools, but they
are inherently limited by the need to synthesize and screen compounds in
order to move a program forward.

In an effort to simplify what appears to be a near intractable problem,
Christopher Lipinski and his colleagues examined the physicochemical
properties of over 2000 drugs and drug candidates in clinical trials at the
time (mid-1990s).*° While biological activity is often the major focus of
research programs, Lipinski et al. took heed of a 1991 Tufts University
study on experimental drugs and why they fail. The Tufts study indicated
that 30% of clinical failure could be attributed to a lack of efficacy, but that
nearly 40% the programs that failed were unsuccessful due to poor phar-
macokinetic profiles.”® The candidate compounds may have been potent
and selective, but they were unable to reach their intended target. Lipinski
and his colleagues hypothesized that successful drugs and clinical candi-
dates occupied specific portions of the larger chemical universe and that
compounds that failed as a result of poor pharmacokinetic profiles existed
outside of this “druglike” chemical space. They further proposed that if
one could understand the limitation of this region of the chemical uni-
verse, then one could predict whether or not a new compound would be
inside or outside of “druglike” chemical space.

The results of their studies had a profound and lasting influence on the
pharmaceutical industry. They determined that the overwhelming majority
of the compounds in their test set shared certain key characteristics referred
to as the Lipinski Rule of Five (Figure 5.29). Successful compounds had a

Lipinski’s Rule of 5 and the Veber Extension

1) Molecular weight <500 AMU

2) LogP below 5

3) Fewer than 5 hydrogen bond donors

4) Fewer than 10 hydrogen bond acceptors
5) Fewer than 10 rotatable bonds

6) Polar surface area less than 140 A2

FIGURE 5.29 Although there are exceptions, these guidelines have been developed to
help identify compounds that likely to have physicochemical properties consistent with suc-
cessful drugs.

molecular weight below 500 AMUs, a logP less than 5 (the logarithm of
the partition coefficient between water and 1-octanol; a measure of lipophi-
licity), fewer than 5 hydrogen bond donors, and fewer than 10 hydrogen
bond acceptors. These guidelines to “druglike” space were based on the
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90th percentile values of the properties distribution, and assume that com-
pounds are absorbed into cells via passive diffusion (Compounds that are
actively transported across a cell membrane are exceptions to these limita-
tions.). Additional observations by Daniel Veber et al. lead to an expansion
of the Lipinski guidelines to include the number of rotatable bonds (less
than 10) and the concept of polar surface area (less than 140 A2).5! There
are, of course, exceptions to these guidelines, as many natural products fall
outside of the scope of these rules, but the Lipinski Rule of Five has been
broadly accepted by the pharmaceutical industry and are often examined
via in silico prediction prior to preparation of proposed new compounds.

In an ideal world, a novel series of compounds could be optimized
through medicinal chemistry and screening science to provide a perfect
clinical candidate. Target selectivity would be absolute, eliminating the
risk of off-target effects, and physicochemical properties would support a
simple dosing regimen. In practice, however, it is rarely possible to iden-
tify a perfect compound. Clinical candidates, as well as the overwhelm-
ing majority of marketed drugs, have “warts” that must be considered
as they are studied or used in a clinical setting. Medicinal chemistry in
combination with screening science provides the tools to maximize the
positive traits and minimize the negative characteristics of candidate com-
pounds. It is up to program scientists to decide when medicinal chemistry
efforts have provided candidate compounds that are suitable for further
study (e.g., pharmacokinetic studies, in vivo animal models of efficacy, and
safety studies) or that despite their best efforts, a series of compounds
should be abandoned, as it is not possible to remove enough “warts” to
justify further effort.

QUESTIONS

1. Define medicinal chemistry and briefly discuss what it entails.

. Define the term structure activity relationship (SAR).

. How does chirality impact binding of candidate compounds to their
intended biological target?

. Define the term quantitative structure activity relationship (QSAR)?

. What is a pharmacophore?

. What does the term auxophore refer to?

. Describe the iterative process that is used to acquire knowledge of
the SAR of a series of molecules.

. Briefly describe fragment-based drug design.
9. What are two general approaches used to establish an?

10. What are two general approaches used in virtual screening?

11. What is a bioisostere and why are they employed?

W N

NS Ul

o]
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