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ABSTRACT: An analysis of 66 published clinical candidates
from Journal of Medicinal Chemistry has been conducted to
shed light on which lead generation strategies are most
frequently employed in identifying drug candidates. The most
frequent lead generation strategy (producing a drug
candidate) was based on starting points derived from
previously known compounds (43%) followed by random
high throughput screening (29%). The remainder of
approaches included focused screening, structure-based drug
design (SBDD), fragment-based lead generation (FBLG), and
DNA-encoded library screening (DEL). An analysis of
physicochemical properties on the hit-to-clinical pairs shows
an average increase in molecular weight (ΔMW = +85) but no change in lipophilicity (ΔclogP = −0.2), although exceptions are
noted. The majority (>50%) of clinical candidates were found to be structurally very different from their starting point and were
more complex. Finally, several reports of noncovalent scaffolds modified by a covalent warhead using SBDD approaches are
discussed.

■ INTRODUCTION

One of the most important decisions a drug discovery team
can make is the choice of lead generation strategy to identify
chemical starting points.1−3 Traditional lead generation
strategies have been random high throughput screening
(HTS),4 fragment-based lead generation (FBLG),5 structure-
based drug design (SBDD),6 utilization of known literature
such as fast-follower or knowledge-based programs,7 and more
recently DNA-encoded library screening (DEL).8 The choice
of which strategy to employ is dependent on multiple factors
such as the technical demands for each approach, overall costs,
and access to appropriate screening libraries or chemical
starting points for each technology. Decisions and factors
related to which biological assays to be used will dictate the
direction of the program. For example, is a specific mode-of-
action (MoA) desired? Is a biochemical screen or a cell-based
screen or both considered to be required? What is the assay
throughput? Can the inherent low signal-to-noise ratio in a
large-scale HTS be justified, or should a higher quality but
lower throughput screen be opted for? It should also be noted
that where the technology allows, and if the resources are
available, multiple lead generation strategies can be run
together in an integrated fashion, termed “integrated lead
generation”. The decision to start a lead generation campaign
sets the wheels in motion toward unknown chemical starting
points that may or may not lead to a successful clinical

candidate. The quality of the starting point influences the way
forward since a high-quality hit will inevitably shorten the
discovery phases. Conversely, if the initial hit structure is low-
quality (e.g., poor physical properties and pharmacokinetics,
the presence of structural motifs known to cause problems, off-
target liabilities, and, of course, poor potency), a long and
complex multiparameter optimization will be required. Given
the competitive nature of the pharmaceutical industry, many
biological targets are being pursued in parallel by different
groups, perhaps even using the same lead generation strategy
or even working on the same chemical starting points. Given
the endless possibilities of molecules to make and the fact that
drug discovery is a multiparameter optimization process
colored by subjectivity, the odds that two different research
groups will end up with the same final compound is negligible.
As described recently by Murcko, great medicinal chemists
know the competitive landscape but “don’t panic over IP” since
these endless possibilities of what can be made are not a
frequent deterrent when embarking on a hit-to-lead program.9

However, broad patent claims can influence the freedom to
operate and are a factor of consideration for selecting a scaffold
for lead generation.
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A literature study was undertaken to understand which
approaches and the types of hit molecules associated with the
delivery of clinical candidates. To obtain an understanding on
structural modifications required when optimizing a hit to
clinical candidate, molecular properties were compared. For
example, were there significant discrepancies in physicochem-
ical properties such as molecular weight (MW) and lip-
ophilicity? Were any clinical candidates derived from just a one
or two atom change from the lead starting point? Or do most
clinical candidates reflect such significant lead optimization
that they would be structurally unrecognizable from the initial
hit? The aim of this study is to help address these types of
questions and gain a better understanding of emerging lead
generation strategies and possible impact on future drug
discovery programs.

■ METHODS
The examples and data used in this analysis of hit-to-clinical
pairs were generated by manually extracting case studies from
the Journal of Medicinal Chemistry between 2016 and 2017.
Efforts were made to include as many reported clinical
candidates as possible in this two-year time span. However, a
few caveats should be noted. First, the definition of a clinical
candidate is likely to differ between organizations. Second, no
effort was made to distinguish between examples that just
entered clinical development versus those that had achieved a
first-in-human (FIH) or eventually obtained regulatory
approval. Third, once a clinical candidate was identified, the
original hit that provided the genesis of the chemistry
campaign was determined; however, this was not always
possible (i.e., information not available). The lead generation
method was assigned to one of six categories (see Figure 1 and

Table 1), based on the descriptions used in the original
manuscript. The categories were defined as the following.
(1) Random screen or high throughput screen (HTS):

screening of small-molecules through collections of
random compounds that can be large compound
databases (105−106) for a large pharmaceutical organ-
ization but may also be smaller sets.

(2) Directed screen: screening of smaller sets of compounds
that are selected based on prior knowledge of the target
or chemical class. Also known as focused, targeted, or
biased screening.

(3) Structure-based drug design (SBDD): in silico screening
of compound collections, including the use of the target
protein 3D structure, in this context used to generate
novel chemical equity in a hit-finding campaign. Note
that in general in silico project support in driving a hit-
to-lead program from random screening efforts was not
counted in this regard as “hit-finding”.

(4) Fragment screen or Fragment based lead generation
(FBLG): typically libraries with a few thousand
compounds of low molecular weights (<200 Da),
screened at high concentrations.

(5) DNA-encoded library screening (DEL): screening of
very large collections (typically >108) of small molecule
compounds, using a technology that involves the
conjugation of chemical compounds to DNA fragments.

(6) Known compounds: project started based on a prior
disclosure of an active compound, endogenous ligand or
previous program.

If multiple lead-generation methods were used, those were
assigned as multiple entries. It was observed that many
programs used integrated SBDD in the context of advancing
hit or lead compounds to candidate drugs. These examples
were not counted as the initial hit-finding source. Structure-
based drug design (SBDD) was consequently only assigned to
those projects where it was used to identify novel hit starting
points. The hit-to-clinical pairs were analyzed for their target
class and disease area distribution. The pairs of molecules were
evaluated against calculated physicochemical properties widely
used in medicinal chemistry (clogP, log D, molecular weight,
and the number of rotatable bonds).10 Similarities based on
maximum common substructures were calculated as described
by Boström et al.11 and molecular complexity according to the
seminal description by Bertz.12

■ RESULTS
The 66 hit-to-clinical pairs were collected and summarized in
Table 1. For each example, the “hit” or advanced lead is shown
along with the clinical compound as well as the disease area
and lead generation approach used. Overall, the most widely
used lead generation approach was based upon utilization of a
previously known compound (“Known”) (Figure 1). See
Discussion section for specific examples. A little less than half
(43%) of the clinical candidates described were derived from
known starting points. This was followed by screening
approaches, subdivided into random screening (29%), focused
screening (8%), FBLG (5%), and DNA-encoded library
screening (1%). Structure based drug design was used as an
integral part of the hit-finding strategy for 14% of the cases
examined in this study.
The target class and disease area distribution for hit-to-

clinical pairs are shown (Figure 2). Approximately 30% of
these case studies came from kinases as targets, followed by
other enzymes (such as phosphodiesterases, transferases,
proteases, etc.). GPCRs as targets made up 17% of this set,
followed by epigenetic targets (9%). Although epigenetic
targets may technically be called “other enzymes”, they were
kept separate to highlight their emergence as a target class area.
Other classes of targets were ion channels (9%), miscellaneous
(9%), nuclear receptors (∼1.5%), and protein−protein
interactions (∼1.5%). The disease area distribution (Figure
2b) was led by oncology (30%) followed by CNS/pain (18%),
infection (13%), and metabolic diseases (12%).

Figure 1. Distributions of the six sources of lead generation strategies:
Known compounds, Random screen or high throughput screen
(HTS), Fragment screen or Fragment based lead generation (FBLG),
DNA Encoded Libraries (DEL), Structure based drug design
(SBDD), Directed Screen for the 66 hit-to-candidate pairs in J.
Med. Chem. 2016−2017.
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Table 1. Analysis of Hit-to-Clinical Pairs Reported in J. Med. Chem. 2016−2017

Journal of Medicinal Chemistry Perspective

DOI: 10.1021/acs.jmedchem.8b00675
J. Med. Chem. XXXX, XXX, XXX−XXX

C

http://dx.doi.org/10.1021/acs.jmedchem.8b00675
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■ PHYSICAL PROPERTY ANALYSIS

An analysis of clogP, clogD, MW, and rotatable bonds was
conducted on the set of 66 hit-to-clinical pairs.11 Only the
categories “Known” compounds and “Random Screen” were
analyzed due to smaller sample sizes of the other categories.
The calculations were also restricted to those examples where a
clear hit structure was identified (e.g., Table 1, entries 28, 44,
and 60 excluded). Figure 3a−d contains the difference in a
physical property for a given hit-to-clinical pair (e.g., ΔclogP,
ΔlogD, ΔMW and Δrotatable bonds), and changes are plotted
as distributions. No significant change was observed in the
ΔclogP when going from hit-to-clinical candidate for either of
the two categories of “Known” compound or “Random Screen”
(Figure 3a, ΔclogP = −0.2). However, both categories
demonstrated an increase in MW (ΔMW = +63 Da) for the
previously known compounds category and ΔMW = +95 for
the Random screen category. The overall average for the 66

compounds was +84. The number of rotatable bonds also
increased by 1 (average = +1.2) in going from hit-to-clinical
candidate, as would be expected with the MW increase.
By analyzing the structural differences between hit-and-

clinical lead pairs using TanimotoMCS as a measure of
comparison, where it has been previously shown that
compounds that have Tanimoto values of >0.8 disclose
structurally similar ligand pairs, we could assess the degree of
optimization required.11 Both sets of “Known compounds” and
“Random screen” were again compared, and the results are
illustrated (Figure 4). In many cases, the optimized compound
is structurally very different from the hit compound.
Interestingly, the average was found to be around 0.5 for
both sets. One might have assumed that the HTS hits should
have required more structural changes, as compared to using a
previously known compound as starting point. This was not
the case as both sets are equally different from the initial

Table 1. continued
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starting points. Finally, calculated molecular complexities show
that clinical candidates are on average indeed more complex
than their corresponding starting point (see Supporting
Information). When analyzing simple counts for the pairs,
several observations were made. The number of heavy atoms
increase by 6, from 27 to 33. On average four aliphatic atoms
are added, and two aromatic atoms. Two hydrogen-bond

acceptors are added on average, and the polar surface increases.
The number of hydrogen-bond donors and fraction-sp3

remains unchanged. Strikingly, in two-thirds (43/65) of the
cases at least one heterocyclic nitrogen is added when going
from hit to lead. Similarly, in one-third of the pairs (20/65) at
least one fluorine atom is added during this development
phase.

■ DISCUSSION

Lead Generation from Screening Methods. High-
throughput random screening strategies have been a corner-
stone of successful drug discovery programs, harkening back to
natural product screening success stories in the “golden era of
drug discovery” leading to the discovery of many important
antibiotics and other important drugs.108,109 As has been well
documented, the capability to screen increasingly large
numbers of compounds continues to improve across the
industry. This has now become a routine part of the drug
discovery process, including the recent incorporation into
academic screening centers as well.107 Screening technologies
can employ a vast range of compounds, from billions of
molecules for DEL,8 low millions for a typical HTS screen,110

to hundreds or a few thousands for fragment screening.5

Among some of the more interesting reports in this cohort are
those that illustrate that successful campaigns can be done on
relatively few compounds, illustrating that large screening
libraries are not a requirement for finding quality hit starting
points. For example, in a publication by Gilead, a small subset
of 800 nonbasic heterocyclic compounds were screened to
identify the hit molecule 1 (Table 1, entry 34, and Figure
5).59,60 Subsequent efforts led to removal of the phenoxy
phenyl groups as well as the para aniline groups resulting in
lead structure 2 and ultimately to the clinical candidate GS-
6615 (3). It should be noted that the clinical candidate in this
example is quite distant from the initial hit structure
(TanimotoMCS = 0.17). This example illustrates that in some
cases, a focused screening strategy, coupled with medicinal
chemistry optimization, might be equally or perhaps even more
effective than a large HTS, where costs of screening and time
spent in triaging might offset the additional capacity. Maybe
for this reason, focused screening sets (e.g., a few thousand
compounds) are popular in practice, many of which can be
purchased commercially.110

Figure 2. Target class analysis (a) and disease area (b) analysis for the 66 hit-to-candidate pairs in J. Med. Chem. 2016−2017.

Figure 3. Analysis of calculated physicochemical property changes for
the 66 hit-to-candidate pairs in J. Med. Chem. 2016−2017 in “Known”
starting points and “Random” screening categories.

Figure 4. Comparison of the Tanimoto maximum common
substructure (Tanimoto-MCCS) for hit-to-clinical lead pairs in the
“Known” starting point and “Random” screening categories.
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Fragment-based lead generation has led to several successful
examples of clinical candidates as evidenced in this analysis.
Johnson and colleagues reviewed 27 recent examples of
successful fragment-to-lead published case studies in 2015 as
well as 28 in 2016.111,112 On the basis of their analysis, kinases
were by far the largest target class reported in fragment-to-lead
examples (33%), with only 4% GPCRs most likely owing to
the challenge of using structure-based drug design of these
targets. Advances in technology to generate stabilized
membrane proteins may increase the use of FLBG in GPCR
as target classes, with a recent example of protease-activated
receptor 2 (PAR2) as a good case study on how both FBLG
and DEL can be applied to these targets.113 A wide variety of
screening techniques can be used in FBLG. For example, it was
found that biochemical screens (28% of reported studies)
followed by thermal shift (17%) and ligand observed NMR
(17%) were the most frequently used techniques. Of the four
cases documented in this report, three were identified by NMR
methods (BET, BACE, and IRAK4)13,14,72,105 and one was
identified in a thermal shift assay (BET).16

Only one clinical candidate in this cohort was discovered by
DNA-encoded library technology (Table 1, entry 63).103 Of
the lead generation technologies highlighted in this review, it is
the most recent of the screening technologies8 and, as such,
might require time and development to truly come of age and
demonstrate impact on drug discovery. At least one other
example of a known successful clinical candidate from this
technology has been reported, namely, the soluble epoxide
hydrolase inhibitor GSK2256294).114 Another factor owing to
the limited impact is that only a few of the large
pharmaceutical companies and contract research organizations
currently have access to the technology. There are also
limitations to the types of chemistry that can be used to
construct libraries on DNA. A review by Franzini and
Randolph highlighted this as a current challenge, coupled
with the limitations on large libraries to low MW and low
lipophilicity.115 Advances in library design with more diverse
and compatible chemistry may likely lead to an increased
application and could provide similar impact to other lead
generation strategies covered in this review.
Phenotypic Screens. The opportunities and potential

pitfalls of phenotypic based screening have been recently
reviewed by Moffat et al.116 Many successful drugs have been
brought to the market through this approach.117 However, very
few examples are found in this set. Thus, most of the screens
reported in this study utilize target-based biochemical screens.
The Merck NS5A candidate is an exception (Table 1, entry
53),90−92 where a viral replication assay not biased to any
target or mechanism was used to identify a stilbene scaffold
resulting in a lead series of compounds and clinical candidates.
Another antiviral example comes from the HIV attachment
inhibitor temsavir (Table 1, entry 56)95 which was discovered
by a phenotypic screen and later proposed to work via

inhibition of HIV attachment. The Ebola compound
discovered by Gilead and USAMRIID (Table 1, entry 55)94

was also identified through a phenotypic cell based screen.
Outside the infection therapeutic area, one compelling example
was the discovery of small molecules that are splicing modifiers
of the SMN2 gene. Implementation of a cell based
(HEK293H) SMN2 mini-gene screen led to multiple chemical
series, ultimately resulting in clinical candidate RG7800 after
medicinal chemical optimization (Table 1, entry 49).83−85

With the increased implementation of gene-editing technolo-
gies and access to patient-derived stem cells, phenotypic
screening presents a very attractive method to more directly
link the lead generation screen to the disease of interest. Since
the clear majority of case studies in this article come from
target-based biochemical screens, it does suggest that
phenotypic screening, at the moment, is most beneficial to
infection-based screens. Perhaps there are several reasons for
this.116 One of the primary bottlenecks of phenotypic screens
may arise from deconvolution of these hits, which can be
significantly complicated and resource-intense. If indeed target
identification is required by management in the pharmaceutical
company (it is not a requirement by regulatory authorities)
before proceeding to lead optimization, it can take an
indefinite amount of time. Project teams may have to embark
on a tool compound campaign to build tagged molecules for
target pull-down and chemoproteomics experiments. There are
many drugs where the mechanism of action is still not known,
and not all diseases can be sorted under the “one target, one
disease” theory. Humans are complex, and drugs are likely to
affect several biochemical responses simultaneously, which in
turn can cause feedback reactions on the effected pathways. A
lesson learned from the fate of AstraZeneca’s drug pipeline
prior to 2010 was that 40% of the AZ internal drug projects
lacked a clear link between the main target and disease.118

Without knowledge of (or claiming to know) the mode-of-
action, publication can be challenging, possibly limiting the
number of examples in the scientific literature.

Do New Drugs Come Directly from Existing Hits? There is
one example in this analysis where the drug candidate appears
to have been discovered directly in the screen, namely, the
Ebola drug candidate GS-5734 (Table 1, entry 55)94 which
was discovered by a directed screen of nucleoside analogs. It
should be noted that the final drug candidate was ultimately
the phosphoramidate prodrug of the screening hit. This
highlights the difficulty in identifying drugs or “near-drugs”
(e.g., prodrugs) directly from a screen.
The concept to screen drug and drug-like molecules or

“pharmacologically active” compounds is an area of current
interest.119 Related to this, drug repurposing is where current
drugs or clinical compounds are screened to identify new
therapeutic opportunities. A review by Baker et al. has shown
that two-thirds of all drugs have been evaluated in at least one
other disease area.120 Not surprisingly many successful

Figure 5. Example of hit-clinical success from small, directed screening sets.
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examples are those where the disease area is related to the
original one. However, there are cases where a drug has been
repositioned for a completely different therapeutic area. For
example, prednisolone from inflammatory disease to restless
leg syndrome.120 Although there are examples from the clinical
setting of repurposing, it remains in question whether
screening drug, drug-like, or pharmacologically active sets of
compounds will lead to hits that can be optimized quickly into
a clinical candidate. It is our belief that high-quality hits will
shorten the discovery phases; however finding a “hit” derived
from a clinical candidate will still require optimization of the
target biology without loss of the drug-like properties in the
process. In theory, drug and drug-like molecules will have been
optimized for superior drug metabolism and disposition and as
such, if hits are found from random screening, might progress
much more quickly. However, to date, no comprehensive
studies have been published on the advantages of screening
these types of collections.
Lead Generation from Known Starting Points. Follow-

on drugs or “fast-follower” type approaches have been a staple
in the pharmaceutical industry.7 Many successful follow-on
drugs have come to the market, one-third of which surprisingly
receive priority review from the FDA, thus indicating that
many follow-on drugs are potential “best-in-class” options.121 A
fast-follower type approach often seeks to identify the minimal
changes that provide both differentiation and opportunities to
claim novelty and invention. To illustrate this, a review by
Giordanetto et al. compared >50 structurally related first in
class follow-on pairs and determined that there are frequently
minimal differences in heavy atom counts (median, +2)
between these pairs.122 It should be noted that fast follower
programs may not always appear in the literature, and this may
be due to several potential reasons. First, even if the new drugs
may be novel by a patent examiner, the “discovery story” might
have already been told from the first-in-class molecule and
perhaps less compelling for publication within the scientific

community. The second reason might be due to the risk of
compromising an intellectual property claim, since it is difficult
to claim that a structure is novel while at the same time
documenting that it was the competitor compound that led to
this discovery. Thus, it should be pointed out that we did not
attribute the designation of “fast follower” to any of these
examples but kept the designation very broad and restricted to
the category of “Known” in order to avoid any incorrect
assumptions.
In some cases, the clinic candidate was immediately derived

from another clinical candidate from the same company to
improve on a particular profile. This is a common practice and
backup strategy in many pharmaceutical R&D organizations.
In these cases, the category was marked “Known”, but efforts
were made to try and trace back to the original starting point
where possible. One example is highlighted below (Figure 6),
where scientists at Merck first launched elbasvir as a NS5A
inhibitor for HCV infections. This discovery was driven by
knowledge of their screening hit 4, along with emerging
literature of others compounds in the field on the successful
cyclization strategies to the advanced lead scaffolds.90−92 A
team at Merck recently reported ruzasvir 6 as a pan-genotype
inhibitor, which was derived from the elbasvir scaffold 5.90−92

Another example of improvement on an existing clinical is
the antimalarial compound OZ439 (Table 1, entry 58),98

which also demonstrated the importance of physicochemical
and synthetic insight on a key liability of the original clinical
candidate. In this case, the stability of the ozonide functional
group was a long sought after but elusive improvement which
would lead to better plasma stability and corresponding
improved therapeutic efficacy for this class of drugs. A
transformational change was the introduction of an 8′-aryl
ring, proposed to shift the conformational equilibrium of the
cyclohexyl ring system to a more stable axial-peroxide
conformation. It should be noted that in this case the physical
property changes led to a dramatic increase in lipophobicity

Figure 6. Example of hit-clinical success from known starting points.
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(clogP of 2.8 of starting compound versus clogP of 5.5 for final
compound), a change that is not typically conducive in going
from the hit to clinical candidate. It is often the case that
reducing lipophilicity may also reduce metabolic and other
unwanted liabilities.123−125 However, in this example, addition
of the aryl group led to improved chemical stability and
subsequently greatly improved plasma stability.
A case study reported by a group at ARIAD demonstrated

that the incorporation of “nontraditional” structural motifs can
be a useful approach to go from hit to clinical candidate based
on known scaffolds (Table 1, entry 15).34 In this case, a
phosphine oxide was designed to interact in the hinge region
replacing a sulfonamide, which led to brigatinib (AP26113), a
potent and selective compound with favorable ADME
properties. Although not directly identified in this cohort of
examples, deuterium (with the first FDA approval given in
2017) and silicon are also potential nontraditional elements
that have been used to try and advance existing clinical
candidates and drugs.126,127

Another approach identified in the “Known” compound
category was the strategy of combining two drug classes into
one via tether as illustrated (Figure 7). The rationale behind

the dual-acting compound was primarily to provide an
improved activity over resistant bacterial strains. However,
TNP-2092 (Table 1, entry 60)98 also demonstrated an

unexpected synergy in vitro and in vivo, as compared to either
of the two antibacterial agents. Ghasemi et al. have recently
reviewed strategies and approaches to dual-acting compounds
in this emerging area.128

A special class of dual-acting compounds utilizes the concept
of targeted protein degradation (PROTACS); two target
domains are tethered to one another in order to trigger protein
degradation of the desired protein.129 Although no examples
were found in this cohort, the first clinical candidate was
recently reported elsewhere.130,131

Endogenous ligands can also serve as useful starting points
for lead generation. As an example, a research team at Eli Lilly
has reported on three GPR40 agonists which are all clinical
candidates. The most advanced compound is shown in Table 1
(entry 25, 11 in Figure 8)47,48 along with the initial starting
point 9 which served as the lead generation scaffold. This
scaffold was ultimately inspired and initially designed based on
the natural ligand DHA 8, with conformational constraints
leading to a potent GPR40 agonist series.

Back-Up Candidates. Very few cases of clinical candidate
backups were identified in this analysis. One example is that by
the group at BMS for a backup of the HCV compound
asunaprevir (Table 1, entry 54).93 This compound was
discovered by an effort to find molecules with an improved
cardiovascular profile of the original candidate using ex vivo
models. There may be several reasons for the lack of backup
clinical cases reported in the recent literature. One reason
could be that these studies are not considered the most
interesting publications by peer reviewers and/or journal
editors (as discussed above) and perhaps do not receive the
type of attention a first-time disclosure of a clinical candidate
receives. It is also possible that publication of a backup
candidate requires disclosing a flaw in the original compound
which might be a competitive disadvantage once disclosed. Yet
another reason is quite possibly a shift in pharmaceutical
companies’ strategies, prioritizing “novel” programs, as
compared to investing in back up candidates.118

Integrated Lead Generation Approaches. Integrated
lead generation approaches are those that utilize multiple lead
generation campaigns in parallel and combine the knowledge
from the various streams to identify the lead starting points.
BMS-929075, a clinical candidate for hepatitis C virus,
represents an example of a molecule derived from this
“integrated lead generation” approach (Table 1, entry 52).89

The project team utilized a random screening HTS hit (13)

Figure 7. Example of hit-clinical success by building dual-acting
compounds.

Figure 8. Example of hit-clinical candidate from endogenous ligand.
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and combined it with the known ligands 12 and 14 in a
structure-based drug design approach giving the lead scaffold
15 (Figure 9). This highlights the value of having access to
HTS hits and X-ray structures and exploiting this information
together with previously known compounds/scaffolds.
A group at Pfizer reported an integrated strategy to identify

novel EZH2 starting points leading to a clinical candidate
(Table 1, entry 12).28,29 The strategy was built on the
recognition of a known lactam motif (17) common to
previously reported EZH2 inhibitors (Figure 10). This

knowledge was used in the construction of a small focused
library, wherein hit structures such as 18 were discovered as
the key starting point for further optimization efforts. Careful
attention was placed on synthesizing library members within a
selected clogP range (−1 to 3). Further ring constraint and
aromatic substitution led to the final clinical candidate 19.
Development and discovery of new synthetic routes during a
drug discovery campaign can also be the genesis of new hit
structures and clinical candidates. A similar starting point (20),
this time derived from HTS screening but also incorporating

Figure 9. Example of integrated lead generation approach.

Figure 10. Examples of integrated lead generation strategies for EZH2 inhibitors.
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integrated approach with a known inhibitor, led to another
EZH2 clinical candidate (22) by Constellation (Table 1, entry
13).30,31 These examples highlight that structurally different
clinical candidates can be obtained by medicinal chemistry
expansion by two different companies, arguably starting from
very similar starting points.
New synthesis technologies can play an important role in

advancing hits to leads and ultimately to clinical candidates.
However, exploration of novel chemistry can also lead
serendipitously to reasonable starting points. Wang et al.
have described the search for novel PARP inhibitors, which
resulted in the unexpected synthesis of the trans-diphenyl
intermediate 24, which upon cyclization led to extremely
potent PARP inhibitors (Table 1, entry 20; Figure 11).40

Novel synthetic chemistry has played an important role in the
history of medicinal chemistry, including those structures that
were not originally intended by the chemists (e.g., discovery of
benzodiazpines).130

Covalent Inhibitors. One strategy to leverage previously
known compounds, which is gaining in popularity, is to
introduce a covalent “warhead” with the aim to form a covalent
bond to a neighboring cysteine or serine residue. Four
examples of this strategy are shown in Table 1. Two examples
are shown against the EGFR receptor (Table 1, entries 8 and
9)23,24 and one against FGFR (Table 1, entry 11).26,27 The
first example from Pfizer was derived from known EGFR
inhibitors using a SBDD approach, whereas the example from
Novartis was derived from an HTS biochemical screen on the
kinase domain. Another example published by Pfizer high-
lighted that selectivity could be built in with the covalent
approach, in this case JAK3 over other JAK subtypes, by
utilizing the known published X-ray coordinates of tofacitinib
and building in the right covalent warhead (Table 1, entry
61).101 An important design element in this strategy is the
introduction of an electrophile that is not reactive to more
biologically prevalent nucleophiles such as glutathione but is
selective toward a thiol or a serine residue on the target
protein. Important factors such as the kinetics of the reaction,
steric considerations, and electronics, which govern the
addition, all play an important role in deciding which
electrophiles are most appropriate for a given electrophilic
warhead.132 It is notable that tofacitinib was used in the design
of another Pfizer clinical candidate, in this case a pan-JAK
compound. The molecular properties were also optimized
toward inhaled or skin applications (Table 1, entry 62).102

It is interesting to note that there are no reported examples
of clinical candidates emerging from a virtual screening
approach. Computational methods were integrated into
many of these programs, but none of these reported cases
disclosed that the original hit was identified via a virtual screen
such as docking approach or a ligand-based approach. We can

speculate on several reasons for this observation. The first one
is perhaps that the examples from “Known” compounds as
starting points have benefited from virtual screening but it was
not explicitly stated. Virtual screening techniques are also likely
integrated into SBDD approaches once the lead has been
identified as well.

Physical Properties. Keserü and Makara have reviewed a
set of hit-to-lead pairs from 2000 to 2007.133 In their analysis,
more than 80% of hit-to-lead pairs originated from HTS and
∼15% from focused screens (which include FBLG and VS).
This paper serves as a useful benchmark for comparison on
how physical properties change from the initial hits. One
observation noted was that lipophilicity (as measured by logP)
of HTS hits was significantly higher than those of non-HTS
hits. The authors also discuss the challenges in progressing
HTS hits without increasing hydrophobicity to achieve
potency. Other analyses have been reported previously around
the evolution of physicochemical properties going from hits to
leads and from leads to clinical candidates. Morphy has studied
in detail across the various target classes and further stratified
by pharmacological action (e.g., antagonists, agonists, etc.) and
hits compared to leads.134 They conclude from this paper that
the nature of the endogenous ligand determines the physical
property space of lead expansion. In all studies the median
MW and clogP increase when optimizing hits to leads.
Analyzing the cohort of 66 hit-to-clinical candidate pairs

reveals a slightly different picture. We see very little change on
average in lipophilicity (as measured by clogP) when
comparing “Random” screening and “Known” starting points
with their corresponding candidate drug. In fact, the average
clogP change was close to zero, with examples where it
increased as well as decreased. Perhaps this is an indication
that lead generation and screening collections have improved
in quality since the previous analysis over a decade ago (2000−
2007). However, it might also reflect the difference in hit-to-
lead compared to hit-to-candidate profiles. If high MW and
high logP lead to the closure of a lead series, and subsequent
publication, this may lead an overabundance of these examples
in the literature. Arguably the clinical candidates have passed a
significant hurdle of multiparameter optimization and
represent a unique set of molecules. Not all structural
modifications from hit-to-clinical candidates were designed to
improve potency and/or physical properties against a weak hit.
Some cases are noted in Table 1 where the clinical candidate
was derived from an already potent and/or optimized
compound, but the key challenge was to either provide
additional pharmacology (e.g., ALK/FAK inhibitor) or to
remove a liability such as anti-target potency or metabolic
stability. The molecular weight changes from hit-to-clinical
candidate in this analysis are consistent with those hit-to-lead
changes reported in the previous examples from Keserü and
Morphy.133,134 Finally, it should be noted that the use of ligand
efficiency measures (e.g., LE and/or LLE) appears to have
significant impact on the trajectory of lead generation
programs, but these are target-specific and not necessarily
generically applied, as recently reported by Young and
Leeson.135 The uptake of these efficiency metrics is becoming
more widely used, and many of the examples of the hit-to-
clinical pairs in this manuscript were optimized with an
underlying strategy where these were included. Young and
Leeson describe in detail many successful hit-to-lead and lead-
to-clinical examples and outline four major strategies that
enable project teams to achieve a successful trajectory (e.g., (a)

Figure 11. Synthesis and the role of serendipity in lead generation
strategies.
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seek “necessary” nitrogens,136 (b) methylate, (b) fluorinate,
and (d) hydroxylate) which benefited from the application.135

Indeed several successful examples in this review have taken
these general strategies (e.g., Table 1, entries 4, 14, 19, 20, 24,
etc.).

■ CONCLUSIONS

In summary the recent literature (J. Med. Chem. between 2016
and 2017) was curated to obtain a set of 66 hit-to-clinical
candidate pairs. These were categorized into specific lead-
generation approaches and analyzed for changes in properties
and structural diversity. We observed that approximately half
(46%) of the clinical drug examples originated from previously
known compounds. These clinical candidates were not always
fast-follower or part of back-up programs, as there were
examples of from endogenous ligands, including examples
tethering known drugs. The second largest category of clinical
candidates was derived from random screening approaches
(31%). Examples were also identified from focused screening,
fragment-based lead generation, and DNA-encoded library
screening, although their prevalence was low. Furthermore, an
area of increasing interest is design of covalent compounds
derived from known noncovalent ligands. Very few examples of
clinical candidates derived from phenotypic screening were
reported and none from virtual screening. An analysis of
physicochemical properties indicated that molecular weight
was typically the only significant change in going from hit-to-
clinical candidate. The additional molecular weight added was
on average +63 Da for the “Known” categories of compounds
and +95 Da for the “Random” screening set. On average one
rotatable bond was added, but little change in lipophilicity was
observed (Δ logD = −0.2). Lipophilicity, as calculated by
clogP, did not seem to be a significant property change. There
were an equal number of examples that increased vs decreased
lipophilicity in going from hit to clinical candidate. Overall this
analysis demonstrated that using previously known compounds
as starting points is a successful strategy and led to most
clinical candidate compounds for this set. However, random
screening approaches also deliver clinical candidates, and the
strategy is advantageous when no known compounds exist or if
a specific mode-of-action is desired. Other strategies also have
demonstrated impact (e.g., FBLG and DEL), and their full
potential may yet be realized. It may be a coincidence that no
examples come from virtual screening, but we find this to be a
curious observation since it is relatively inexpensive method
with significant potential. It is also noted that drugs are rarely
found straight from screening hit-finding campaign, and most
clinical candidates are the result of significant chemistry
optimization campaigns. In conclusion, this study provides a
retrospective analysis of past trends that have led to successful
clinical candidates and hopefully provides the framework for
the exploitation of future opportunities.
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