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Hit selection and lead generation are crucial for the success of the resource-demanding lead-
optimization phase in drug discovery, and represent a major research area of medicinal chemistry today.
Ligand-binding efficiency, ligand complexity, ligand-target profile complementarity and chemical
tractability are important parameters in hit selection. As synthesis and assay throughput improve, a large
number of analogs based on the same scaffold can be rapidly synthesized and tested. Consequently, more
chemistry resources could be devoted to scaffold modifications to expand the candidate pool in lead
generation. Most recently discovered druggable targets are promiscuous toward lipophilic ligands, and
the hydrophobic portions of hit compounds should be preferentially modified in analog and scaffold

design.

Introduction

The role of the medicinal chemist changes as the drug discovery
paradigm shifts [1]. Under the current paradigm, most drug dis-
covery programs start with an HTS campaign, followed by an
uncertain lead-generation and -optimization process [2]. As a
result, today’s medicinal chemists work in a much larger research
area than their counterparts of a generation ago. Considerable
amounts of time and effort are spent in generating compounds of a
quality that is suitable for lead optimization. At this stage, most
programs are primarily driven by in vitro assays and a large number
compounds can be tested weekly (i.e. up to several hundred
compounds per week). Advances in the synthesis, characterization
and purification of drug-sized molecules, along with the greater
and growing availability of commercial building blocks, enable
many analogs based on the same scaffold to be synthesized
quickly. Consequently, more chemistry resources could be
devoted to scaffold modifications to expand the candidate pool
in lead generation. Sometimes, lack of high-quality screening hits
renders this effort necessary. The importance of selecting hit
compounds with an appropriate scaffold and scaffold hopping
in lead generation are discussed here. In this article, lead genera-
tion refers to the identification of potent and selective compounds
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with adequate pharmacokinetic (PK) properties. Lead optimiza-
tion is reserved for the process of optimizing the efficacy and safety
profiles to develop a clinical candidate.

Hit selection: focus on the scaffold
Hits are identified by high-throughput or virtual screening of
corporate compound collections, or sometimes from published
patents. Depending on the nature of the target, assay method and
quality and quantity of the compounds screened, various numbers
of hits can be identified in an HTS campaign. Compounds contain-
ing prohibited structural motifs, such as reactive functional
groups, are removed from the list without further testing [3].
Confirmation of structure, purity, potency, selectivity, mode-of-
action and evaluation of patentability, chemical tractability and
PK liability are required before further action is taken [3-5]. After
these exercises, there might still be more hits than the chemistry
team can fully explore. At this stage, the aim is to select the hit
compounds with the best developmental potential. Namely, to
identify those that captured most features of the potential drug.
Depending on the target, some of these features are easier to
engineer into a series than others. Basically, medicinal chemists
are good at adding and replacing peripheral functional groups on a
scaffold to improve the properties of a hit compound. By contrast,
the molecular scaffold is more complicated to manipulate because

1359-6446/06/$ - see front matter © 2006 Elsevier Ltd. All rights reserved. doi:10.1016/j.drudis.2006.12.003

www.drugdiscoverytoday.com 149

Reviews * POST SCREEN


mailto:Hongyu.zhao@abbott.com
http://dx.doi.org/10.1016/j.drudis.2006.12.003

P
)

=
)

2

1%

°
o
(7}
-
(73
n
o
m
m
4

REVIEWS

Drug Discovery Today * Volume 12, Numbers 3/4 « February 2007

this process is more labor intensive and considerable loss of
activity is often associated with structural changes at the scaffold
level. Therefore, selecting the compounds with the optimal scaf-
fold is vital to the success of the medicinal chemistry effort in the
later stages. Ligand efficiency (LE), ligand complexity, ligand-
target profile complementarity and chemical tractability are
important parameters in hit selection.

Several methods have been proposed to measure ligand-binding
efficiency [6-8], all of which focus on evaluating how well the
functional groups or heavy atoms are used in binding. For hit
selection, some chemists argue that more-efficient and less-complex
ligands have a better chance of being developed into a drug because
the molecular weight increases that are likely to be encountered
during lead optimization are better tolerated by such ligands [9,10].
Although high ligand efficiency is an advantage, the nature of the
target, other features of the compounds and the current medicinal
chemistry paradigm also need to be considered [11,12]. In fact, a
survey of recent lead-generation and -optimization efforts on new
targets revealed that, most often, the ligand efficiency increased at
this stage [13], suggesting that ligand efficiency should not be the
only parameter considered in hit selection [12].

Another element of ligand quality is the structural complexity
of the ligand, especially the features that are associated with its
scaffold. It has been shown that 50% of known drugs share only 32
molecular frameworks [14], implying an optimal level of skeletal
complexity is an intrinsic character of druglikeness. Recent ana-
lysis revealed that a certain level of molecular complexity is
necessary to achieve the desired biological activity [15]. The pre-
ferred ligands for different targets can have dramatically different
molecular complexity, from Vancomycin at one end of the
extreme to Aspirin at the other. Determination of the complexity
requirements of the preferred ligand scaffold for the target is
important in hit selection because molecular complexity is diffi-
cult to manipulate productively at the scaffold level. An historical
problem in drug discovery is finding peptidomimetics with sim-
pler structure but similar activity. It is also difficult to improve
molecular properties by increasing the complexity of a molecule
because more-complex molecules are less likely to be similarly
complementary to the protein-binding pocket [16], and more
medicinal chemistry resources are needed. A structural analysis
of hit compounds might reveal ligand preference for the target.
Also, experimental or computational analysis of the binding
pocket [17], or inspection of the structural characteristics of the
endogenous ligands of the protein or potent ligands of homo-
logous proteins also provides useful information about the nature
of the target. If a certain level of molecular complexity is required
for a ligand to bind adequately to a particular target, this feature
should be present in the hit compound. For two compounds with
equal ligand efficiency but different complexity, the more com-
plex compound might have several peripheral functional groups
that could interact unfavorably with the protein. These defects can
be corrected readily by medicinal chemists. For example, as shown
in Figure 1, compound 1, based on an effective scaffold, was
inactive at agonizing estrogen receptor a (ERa) [18]. However,
replacement of the methoxy group in 1 with a hydroxyl group
resulted in a highly potent ERa agonist (Compound 2, ECsy 4 nM).

By contrast, the less complex compound might achieve
its potency through optimal peripheral functional groups on a
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FIGURE 1

An effective scaffold with an intolerable peripheral substitution.

less-efficient scaffold. This defect is harder to fix, although tech-
niques are emerging to address this problem (e.g. see scaffold
hopping in the subsequent section on lead generation). To this
end, the development of two series of protein tyrosine phospha-
tase 1B (PTPT1B) inhibitors is shown in Figure 2. The SAR study on
both series was done by the same group of medicinal chemists with
the same level of support, and the compounds were tested in the
same assay. The ligand efficiency (defined by LE = AG/Nyon-hydrogen
atoms) for compound 3 (LE=0.22) was lower that that of §
(LE = 0.27). However, compound 5§ had fewer features than 3 and
lacked chemically modifiable positions on the key binding motif (i.e. the
aryl carboxylic acid portion). After roughly equal optimization efforts,
low nanomolar ligands (e.g. inhibitor 4, K; = 0.018 wM; Figure 2) were
found based on 3 [19]. However, the most potent compound (i.e.
inhibitor 6) from the isoxazole series only demonstrated a K; of
0.92 M [20]. Replacement of the allyl ether linker in 6 with larger
amide-containing linkers only resulted in weaker inhibitors.

The molecular complexity could have a similar impact on the
optimization of other molecular properties besides potency such
as selectivity and PK, and should be an important factor to con-
sider in hit selection.

Frequently, the hit list contains lipophilic and hydrophilic
compounds with otherwise comparable qualities. Hydrophobic
interactions are considered easier to identify than polar interac-
tions, but this observation was based on the experience with
conventional drug targets. For some targets like phosphatases,
the opposite seems true. It is usually accepted that a balanced
hydrophilicity-hydrophobicity profile is necessary for good PK
properties [21]. The nature of the binding pocket of the target
has a considerable impact on hit selection. If the target has a
tendency to bind to lipophilic molecules (e.g. G-protein-coupled
receptors; GPCRs), the hits that provide more polar interactions
might have an advantage because the hydrophobic interactions
could be more-readily identified later on. By contrast, if the target
preferentially binds polar molecules (e.g. phosphatases), following
the same logic, the hit compounds that provide more hydrophobic
interactions might be better choices. An isothermal titration
calorimetric (ITC) determination of enthalpic and entropic con-
tribution to ligand-binding free energy would provide a more
quantitative measure of how well the desired features have been
captured by a particular compound [22]. Enthalpy-driven com-
pound selection would enable easier optimization for lipophilic
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FIGURE 2

Two hits (compounds 3 and 5) with similar ligand efficieny (LE) but different complexity resulted in protein tyrosine phosphatase 1B (PTP1B)

inhibitors with different potencies (compounds 4 and 6).

binding pockets, and entropy-driven compound selection would
enable easier optimization for hydrophilic binding pockets.

Molecules that are easier to synthesize and more amenable for
SAR development should be given higher priority in hit selection.
The more positions on a scaffold that can be modified using robust
chemistry, the more diverse the analogs that can be accessible for
the collection of SAR information. Chemical tractability is appar-
ently a relative term depending on the synthetic insights and skills
available. Recently, a strategy coined ‘diverted total synthesis of
small-molecule natural products’ was put forward for lead opti-
mization [23]. This approach starts with complex natural product
leads and has played a key role in developing epothilone analogs,
the most advanced of which is in Phase II clinical trials for cancer
therapy [24].

Lead generation: identification of an effective scaffold
At this stage, the goal is to identify multiple diverse analogs that
possess adequate potency, selectivity and favorable PK properties,
to ensure a desirable level of drug exposure in targeted tissues. This
will set the stage for the more resource-demanding lead-optimiza-
tion phase of efficacy and safety evaluation in different animal
models. Lead optimization is a complex multiple-property opti-
mization process and only high-quality leads could realistically be
developed into drugs [25]. The key at the lead-generation stage is
to identify an appropriate scaffold capable of providing sufficient
numbers of high-quality analogs. Many excellent discussions on

lead-generation strategies have been reported in the literature in
recent years [2-5,11-13]. I will focus on one specific aspect of this
process — scaffold design.

Once a hit is selected, its developmental potential is evaluated
against the qualities required by the potential drug. Apparently,
both the quality of the hit compounds and the druggability of the
target [26,27] play parts in this assessment. Druggability can be
considered as the level of promiscuity of the protein and which
part of the chemical space it is promiscuous in [28]. If the target is
promiscuous in the available or tangible druglike chemical space,
itis easy to find high-quality ligands. For example, non-nucleoside
reverse-transcriptase has >30 chemically distinct classes of inhi-
bitors [29] — and it is not trivial to find interesting compounds that
do not bind cytochrome p450 enzymes. If the hit compounds
already possess the most desired qualities, lead generation would
be straightforward and traditional analog synthesis might be a
good strategy. However, the screening of old compound collec-
tions or combinatorial libraries against novel targets sometimes
yields poor-quality hits. Even the carefully selected ones cannot
always be transformed into useful leads by analog synthesis. Poor-
quality compounds occur in different forms. For example, a scaf-
fold could have only one position that gives productive SAR (e.g.
the other positions might be chemically inaccessible, intolerable
to chemical modifications or provide flat SAR); or all analogs in the
series could suffer a major setback (e.g. poor PK, low selectivity,
potency plateau, patent issues, and so on). If a scaffold cannot
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FIGURE 3

Scaffold modification of growth hormone secretagogue receptor
(GHS-R) antagonist 7 led to an improved antagonist 8.

provide multiple structurally orthogonal analogs with adequate
potency, selectivity and PK properties, the success rate of the
following lead-optimization phase is likely to be low and the
scaffold needs to be modified.

Scaffold hopping is a computational technique that identifies
compounds containing a topologically different scaffold from the
parent compound, but with similar or improved activity and other

properties from a given database [30-32]. This technique has
gained increasing popularity in recent years, indicating a shift
from traditional analog design to scaffold design in the lead-
generation phase. Medicinal chemists can also design and synthe-
size scaffolds de novo, which has been practiced throughout drug
discovery history. This approach requires minimal computational
resources and is not limited by compound availability, as long as
they can be synthesized within a reasonable time frame, and is of
practical value to medicinal chemists.

Several basic guidelines, all of which might not be suitable for all
cases, can be useful for practicing this technique. First, an adequate
magnitude of change should be estimated. Usually, less-efficient
and overly simple or complex compounds need more-drastic
changes. The more drastic the changes involved, the more scaf-
folds are required to synthesize, validate or invalidate these chem-
istry-demanding efforts. A pharmacophore for the hit series needs
to be hypothesized, which can be accomplished after some initial
SAR studies. An evaluation of the promiscuity of the target is
necessary to determine the likelihood of success, as well as which
part of the pharmacophore is more tolerable to chemical mod-
ifications. For example, if the target protein is more promiscuous
toward lipophilic ligands, the lipophilic portion of the hit should
be modified more dramatically. Apparently, more-promiscuous
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FIGURE 4

Cyclopropylamino acid amide as a pharmacophoric replacement of 2,3-diaminopyridine. (a) Bradykinin B; antagonists. (b) Factor Xa inhibitors.
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proteins will accommodate more-diverse sets of scaffolds. It would
be advantageous for designed scaffolds to be in clusters so that a
larger chemical space can be evaluated. Also, the designed scaf-
folds should be suitable for SAR development if they prove success-
ful. Because the topology of the pharmacophore is being modified,
a considerable loss of biological activity can be expected for most
of the new scaffolds. To ensure a reasonable success rate, the other
properties [33] of the pharmacophore should be kept as constant as
possible. Attention should be paid to conserving carbon atom
hybridization. Synthetic and medicinal chemistry insights are
crucial in this iterative process of conception and rejection of
new templates based on their similarity to the pharmacophore,
synthetic accessibility and the size of chemical space they cover.

The discovery of tetralin carboxamide growth hormone secre-
tagogue receptor (GHS-R) antagonists from our [34] laboratory
could be an example to illustrate some of these points (Figure 3).
The screening hit compound 7 was made from a simple amide-
coupling reaction of commercially available materials. The patent
position of this series of compounds was questionable and they
suffered from poor PK profiles with all analogs having <5% oral
bioavailability in rats. The GHS-R is a GPCR, which are well-
known for their promiscuity for lipophilic ligands. The poor

quality of the hit compound and the promiscuity of the target
justified a scaffold modification. The hydrophobic portion in 7,
the phenylisoxazole ring, presented a good motif for topology change.
SAR suggested the dihedral angle between the phenyl ring and the
isoxazole ring could be further optimized. A tetralin carboxamide
scaffold was designed and the follow-up SAR studies identified a series
of new GHS-R antagonists with a much improved patent position and
better PK profiles, as exemplified by compound 8.

Recently, Wood et al. [35] reported an interesting scaffold
modification where a 2,3-diaminopyridine motif was successfully
replaced with a cyclopropylamino acid amide group (Figure 4) in a
series of bradykinin B; receptor antagonists. The electron-rich
diaminopyridine ring in compound 9 was metabolically unstable
and the reactive metabolites could complicate further develop-
ment of analogs of 9. Thus, compound 10 was designed and was only
approximately fivefold less active than the parent compound 9.
Furthermore, a more active analog 11 was identified based on the
new scaffold (Figure 4). Compound 10 also demonstrated improved
PK properties over 9 (Figure 4). This imaginative operation was
carefully designed. The oxygen atom in the carbonyl group in 10
resembled the pyridine nitrogen atom in 9. The carbonyl group in 10
also served to retain the electronic and stereoelectronic characters of the

14
Compactin (mevastatin)

17
Fluvastatin

Pravastatin

Cerivastatin

Atorvastatin

Rosuvastatin
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FIGURE 5
Identification of synthetic statins by scaffold hopping.
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benzylic amine. The ethylene group in the cyclopropane ring was
installed to control the local conformation. Interestingly, the larger ring
systems (e.g. 4-6-membered rings) led to less-active analogs because the
partially sp>-hybridized carbon atoms in the cyclopropane ring more
closely resembled the sp>-hybridized carbons in the pyridine ring in
several fundamental aspects. The favorable hyperconjugative overlap
between the carbonyl 7 bond and the cyclopropyl C—C bond orbitals,
and the strain of the cycloproane ring, forced 10 and 11 to adopt a
conformation almost identical to that of 9. Sterically, the cyclopropane
ring is also closest to the planar pyridine ring. Because of these
fundamental similarities between the two scaffolds, Wood et al.
suggested the operation (i.e. 9 to 10) could be of broad use. Indeed,
the same operation was performed on a series of factor Xa inhibitors
and similar results were observed (Figure 4). Inhibitor 13 was only
fivefold less active than the parent compound 12.

A classic example of scaffold hopping is the discovery of several
synthetic 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMGR) inhibitors - statins — based on the natural product com-
pactin (14; Figure 5). It was determined that compounds 14,16—
19 all bind to HMGR in a similar fashion [36]. The conformational
flexibility of the enzyme enabled the formation of a promiscuous
hydrophobic pocket near the active site, to which the hydrophobic
portion of the structurally diverse statins binds. ITC measurements [37]
revealed that the binding for 15-18 was entropy-driven: entropy
contributed >50% to binding free energy at 25 °C. This suggested the
hydrophobic groups provided important interactions with the enzyme
for these statins. A unique polar interaction between the sulfone group
in rosuvastatin (19) and Arg568 of HMGR rendered the binding to be
enthalpy-driven: enthalpy contributed 76% to the binding free energy at
25 °C. The discovery of the synthetic statins highlighted the importance
of exploiting promiscuous binding pockets via scaffold hopping to
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Although scaffold modification is often useful or even crucial
for successful lead generation, in many cases high-quality leads
can be identified without resorting to this risky approach. One
needs to inspect the quality of the hit compounds and the nature
of the target protein so the necessity and success rate of this
endeavor can be evaluated.

Concluding remarks

The practice of medicinal chemistry has changed dramatically in
the past 25 years or so, mostly because the starting point of the
drug discovery process shifted toward lower-quality screening hits.
Selection of compounds with the best developmental potential is
important for the success of the more resource-intensive lead-
optimization phase. Strategies to facilitate this process have been
formulated and new knowledge and expertise have been generated
in the past decade. Today, medicinal chemists spend much of their
time in transforming screening hits to lead-quality compounds.
The throughput of synthesis and biological assays enables a large
number analogs to be synthesized and tested quickly and more
chemistry effort could be devoted to scaffold modifications. The
identification of lead compounds containing an optimal scaffold,
through either direct selection from screening hits or scaffold
hopping, is highly consequential to the success of lead optimiza-
tion and should be a main focus of the lead-generation effort.
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developing countries
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information made available goes a long way in helping the learning, teaching and research
activities within the University. Given the economic hardships we are going through, it couldn’t
have come at a better time.”

For more information, visit www.aginternetwork.org
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