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Hit discovery technologies range from traditional high-throughput screening to affinity selection of
large libraries, fragment-based techniques and computer-aided de novo design, many of which have been
extensively reviewed. Development of quality leads using hit confirmation and hit-to-lead approaches
present their own challenges, depending on the hit discovery method used to identify the initial hits. In
this paper, we summarize common industry practices adopted to tackle hit-to-lead challenges and
review how the advantages and drawbacks of different hit discovery techniques could affect the various

issues hit-to-lead groups face.

It has been shown that marketed drugs are very frequently highly
similar to the leads from which they were derived [1]. Thus, both
the quality and the quantity of lead classes available to medicinal
chemists are primary drivers for discovering best-in-class medi-
cines. This makes lead generation a crucial step in the drug dis-
covery process. Over the past decade, high-throughput screening
(HTS) of corporate compound decks has become the major para-
digm for hit or lead discovery in big Pharma. The role of HTS in hit
discovery has been recently complemented by several fragment-
based screening technologies, which require different hit-to-lead
processes. Affinity screening approaches have also emerged as
orthogonal methods for early lead discovery [2,3]. For affinity-
based techniques, the readout is typically a qualitative or quanti-
tative signal based on the physical interaction between macro-
molecule (RNA, DNA or protein) and the small molecule partner.
With the emerging principle of fragment-based hit generation [4-
6], hit discovery techniques can be further subdivided based on the
nature of the molecules used to interrogate targets: drug-like
compounds that might be tailored to conform to the filters related
to the Rule of Five [7], or fragment-like molecules for which the
principle of Rule of Three [8] has been put forth. In addition, both
compound classes have been the subject of in silico lead discovery
techniques.
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All hit discovery approaches have — often orthogonal — short-
comings prompting the frequent use of multiple techniques for hit
confirmation (Table 1). Challenges facing traditional HTS tech-
nologies include high false-positive rates, the need for reporter
assays and the limitation in throughput imposed by testing com-
pounds individually [9]. False negatives in HTS probably occur
frequently but, owing to the nature of false negativity, the true
incidence is difficult to establish [10]. Affinity methods address
some of these issues and possess several advantages over other
techniques. However, they are not without their own particular
problems in that they do not deliver a functional readout and,
therefore, hits require biochemical, cellular or in vivo validation.
Affinity methods are often carried out using mixtures of com-
pounds to increase throughput and, thus, could also require a
deconvolution process to identify single actives. Typical primary
detection methods of binding in affinity screenings are NMR
spectroscopy, X-ray crystallography, mass spectroscopy (MS)
and surface plasmon resonance (SPR).

Sampling of therapeutically relevant chemistry space is the key
to the success of any hit discovery program. As a result of this, and
in view of the comments made previously, decision making is
often biased by hit-rate expectations because the size of chemistry
space, the potency of initial hits and the number of compounds
screened are clearly interrelated. Better sampling is likely to
increase hit-rate and improve the potency of some of the primary
hits, whereas the chemistry space of smaller fragment-like mole-
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TABLE 1

Hit discovery and confirmation techniques

Primary Molecule class  Detection Hit discovery Sampling  Hit confirmation Hit discovery techniques
assay advantages challenges
Biochemical ~ Drug-like Mostly Preliminary SAR? Very poor  Data noise, false positives, Affinity confirmation, counter
fluorescence false negatives screening (proteins, artifacts),
preference for cluster hits
Fragment-like Mostly Minimal resource  Better False positives, weak potency Multiple assays, counter screening
fluorescence need (artifacts), preference for structural
data
Affinity Drug-like MS Large mixture Poor Deconvolution, false positives Biochemical confirmation in discrete
capability by MS, false negatives format, mixture optimization
Fragment-like NMR Structural Better Weak potency, false positives, Biochemical confirmation, structure
information no SAR guided optimization, site-directed
screening
Fragment-like X-ray Structural Better Weak potency, false negatives, Biochemical confirmation, structure
information no SAR guided optimization
In silico Drug-like Scoring Chemistry-less Better Need experimental confirmation  Biochemical confirmation, model
filtering and preferably structural data refinement by enrichment studies
for model
Fragment-like Scoring Chemistry-less Good Need experimental confirmation  Biochemical confirmation, model

filtering

and preferably structural data
for model

refinement by enrichment studies

@ Assuming preference for cluster hits.

cules is exponentially smaller than that of drug-like molecules
[11]. In the lead-discovery environment, false positives can result
from multiple mechanisms, including: nonspecific hydrophobic
binding, poor solubility (protein or substrate precipitation), the
tendency of small molecules to form aggregates, reactive func-
tional groups, low purity, incorrect structural assignment or com-
pound concentration, interference with the assay or its readout,
and experimental errors. False negatives can be the result of poor
solubility, chemical instability, low purity, lower than expected
compound concentration, interference with the assay or its read-
out, and experimental errors.

The generation of viable chemical leads requires at least two
components: (i) a clear and rational definition of the requirements
of the lead in terms of physical, chemical, biological and pharma-
cological properties; and (ii) a straightforward strategy to achieve
these goals. A generic lead profile can be used for defining the most
important characteristics of lead compounds, such as potency,
selectivity, physicochemical parameters, and in vitro ADME fea-
tures like microsomal and/or hepatocyte clearance and perme-
ability. The exact composition of the necessary requirements for a
lead compound are highly dependent on the therapeutic area or
need, and are usually extended by some less exact needs (e.g.
synthetic accessibility, optimization potential and patentability)
that can be of equal or even greater importance. The consequences
associated with this multidimensional hit-to-lead process are the
requirement for (i) dedicated hit-to-lead or exploratory medicinal
chemistry groups with significant chemistry automation, who are
able to provide fast validation of the promising hits, (ii) extensive
hit profiling activity including cell-based assays and secondary
screening with acceptable throughput at the early phase of the
project, and (iii) integrated in vitro and in vivo ADME characteriza-
tion that might include predictive toxicology. Even with optimal
resources, hit-to-lead optimization is a challenging and often
resource-intensive phase of lead discovery that requires strictly

value-based management tools and high-throughput processes for
all its components. Hit-to-lead processes are anticipated to have
high failure rates compared with lead optimization programs, but
the early and relatively less costly elimination of undesirable or
intractable lead classes is of significant value before extensive
medicinal chemistry efforts are initiated.

The method of choice for primary hit generation is often
determined by the available infrastructure, resources, prior screen-
ing experience and predicted hit rate in the context of therapeutic
needs (e.g. anticipated mechanistic limitations, off target selectiv-
ity, and pharmacokinetic and pharmacodynamic issues). The
next, and equally crucial, phases in lead discovery, hit confirma-
tion and the hit-to-lead processes, need to be tailored to deal with
the various challenges encountered in the selected hit discovery
processes as summarized in the preceding paragraph. Only after
proper follow up can a confirmed hit list be compiled for planning
a potential hit-to-lead optimization campaign. Because blind
screening will remain the predominant method for orphan or
validated targets with no known leads, we review common indus-
try practices for small-molecule hit generation and follow up, and
elaborate on common relationships between the hit discovery
method of choice and the follow-up issues presented.

Hit identification

Hits and leads can be derived from many sources. Novel targets are
typically interrogated in a high-throughput campaign if a suitable
assay can be developed. Before — or simultaneously with — that
process, small focused compound sets are frequently assayed in a
medium-throughput fashion to identify molecules for pharmaco-
logical target validation. The latter can become the primary source
of leads for well-understood target families because targeted
focused libraries are readily available internally in most pharma-
ceutical companies. Fragment-based lead discovery can also be
applied, either as an alternative to HTS, or as an additional lead
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source when HTS hits are inadequate to initiate a medicinal
chemistry program. For novel targets, focused- and fragment-
based screening would also become the method of choice, if no
suitable high-throughput assay can be developed for HTS. Novel
ideas generated by information on small molecules reported in the
literature are potentially the fastest entry to new leads for validated
targets. In addition, in silico methods remain an attractive option
for prioritizing structures for focused screening [12,13] or frag-
ment-based lead discovery [14,15].

In vitro biochemical and cellular assays have long been used for
HTS of approximately a million drug-like molecules in miniatur-
ized formats [16]. Typically, single-point experiments are per-
formed with small molecules at concentrations of 1-50 uM with
a 30-50% activity cutoff to identify wells for confirmation. Con-
firmation is performed either by single-point repeats or by titration
in the original high-throughput or medium-throughput format, or
in both. This HTS workflow is customary in the industry but is
hampered by several drawbacks. One can only sample a tiny
proportion of drug-like chemistry space (estimated to contain
>10°° molecules) with approximately a million compounds. Mate-
rial improvement of the sampling rate is unlikely under the
current paradigm [11,17]. False-positive and false-negative rates
in HTS are relatively high owing to the contributing factors
detailed earlier in this review. Fragment-like compounds can also
be screened in biochemical assays. Several factors are easier to
control in fragment-based lead discovery because the number of
samples is significantly smaller than that used for HTS. Com-
pounds can be prefiltered for solubility, purity and reactive func-
tional group considerations, and structural assignment and
compound concentration can be confirmed before adding new
entries to the screening deck. Owing to the expectation of weak
potency of the primary hits, it is necessary to perform biochemical
assays of the low molecular weight compounds at relatively high
concentrations [18]. Major issues plaguing this approach include
aggregate formation [19], promiscuous binding [20,21] and assay
interference. An attractive alternative approach — substrate activity
screening (SAS) — has also been proposed, in which the accumulat-
ing cleavage product of N-acyl aminocoumarin libraries against
proteases can be monitored [22]. The underlying idea can
undoubtedly be extended for other enzymatic protein families,
but it is likely to remain limited for receptors or protein—protein
interactions.

Affinity screening techniques can accommodate small molecule
mixture formats and, therefore, can increase throughput (and
sampling) for drug- or fragment-like molecules. The mixture cap-
ability is the result of the assay readout being specific to the
interacting small molecules as opposed to, for example, the sub-
strate [23,24]. Affinity methods used to screen drug-like molecules
use MS readouts and usually eliminate false positives caused by
nonspecific hydrophobic binding, poor solubility, reactive func-
tional groups, low purity or assay interference. However, the
occurrence of false negatives remains an issue. The most widely
applied affinity techniques used in the primary screening of frag-
ment-like molecules include NMR [25], MS [26] and X-ray [27,28]
methods, which are primarily affected by false positives (NMR and
MS) [6], false negatives (X-ray and MS) [29], limitations related to
target size and ligand off rates [6], tendency to form crystals, or
need for mutations or labeling.

Hit confirmation

Hits can be derived from many sources, but ultimately an actual
sample of the presumed hit structure must demonstrate activity in
a primary biological assay. However, it is crucial to establish that
the observed signal is caused by a desirable mechanism. In the past
decade, the significant experience gathered from multiple HTS
campaigns has facilitated improvement and refinement of the
process. Particle count measurements for varying sample concen-
tration, 2D fluorescence intensity distribution analysis for fluor-
escence interference [30] or color quenching corrections in
scintillation proximity assays (SPAs) have been proposed to elim-
inate some artifacts [31]. A useful practice for identifying promis-
cuous or frequent hitters is to monitor hit rates across all screening
campaigns of individual samples [32]. It has been proposed that
one of the common mechanisms for promiscuous binding might
be the tendency of some small molecules to form aggregates [19].
Such compounds have been pinpointed by repeated biochemical
screenings at different protein concentrations or with additives
such as detergents [19]. Alternatively, dynamic light-scattering
readings can be used to look for large aggregate particles in
biological buffer systems [33]. Counterscreens have also been used
to eliminate false positives caused by assay interference or aggre-
gate formation. To this end, actives in the primary biochemical
screen are assayed against another member of the target family
under identical assay conditions. Ideally, the only difference
between the primary and counter assay is the target, whereas other
reagents and parameters, such as concentration, are kept
unchanged. If the observed activity is the same in both assays
the small molecule is likely to be either promiscuous or a false
positive. This technique is also expected to eliminate false posi-
tives caused by aggregate formation and small molecule precipita-
tion. By contrast, follow-up assays using different assay readouts
(at several fluorescence wavelengths or with radiolabeled ligands,
etc.) provide less information content and might be limited to the
elimination of molecules that interfere with the assay readout of
the primary screen. A few methods have been suggested for filter-
ing out undesirable mechanisms, such as oxidation or alkylation
caused by reactive moieties. For many targets or therapeutic areas,
elimination of often unobvious offenders is crucial for avoiding
costly lead optimization on chemical series that would not become
drugs. Reactivity towards reactive thiol groups, such as glutathione
or a cysteine in La antigen protein, has been proposed to signal
such mechanisms. The former is quantified by fluorogenic
quenching [34], whereas the latter can be applied using ALARM
(‘a La assay to detect reactive molecules’) NMR or ALARM MS [35].
In addition, microcalorimetry and affinity-based techniques,
mostly SPR, have been used [36,37] to establish binding for HTS
positives and to weed out false positives using mechanisms such as
protein precipitation. Representative members of the remaining
hits, which survive all the postscreening filters, are usually re-
synthesized to verify their structural assignment and then re-
assayed to confirm that the observed activity in HTS was not
caused by an impurity.

Small fragment-like compounds evaluated in traditional bio-
chemical screens have been reported: ‘needle’ (an alternative
name for fragment-based) screening [18] was followed up with
several studies to handle false positives, including multiple assay
formats, SPR binding and structural studies (NMR and X-ray).
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Biochemical screens have also been used to prioritize fragments for
crystallography, thereby enabling the evaluation of larger frag-
ment pools while keeping the required X-ray resources low [28].
Issues related to aggregate formation, or fluorescence interference,
become more frequent with increasing compound concentration
but can be dealt with in a manner similar to that detailed in the
preceding paragraph. It has also been noted by multiple groups
that structural information has been found to be invaluable in
aiding the progression of weak fragment hits to more advanced
leads [18,20]. SAS detects accumulating substrate turnover and can
therefore circumvent issues related to aggregates, solubility and
nonspecific binding observed in simple reporter assays. SAS has
recently been demonstrated for proteases, but similar techniques
can conceivably also be adapted for the substrate-binding site of
other enzymes.

An important aspect of selecting chemical series for follow-up is
their binding mechanism. For some targets, active site ligands are
preferred, whereas for other protein families, an allosteric mechan-
ism might be considered advantageous. Typically, selected mem-
bers of hit clusters are evaluated in competition studies in
biochemical or affinity-based [38] settings, although final deter-
mination can often only be made by structural studies [39].

Hit-to-lead techniques
Once the list of confirmed hits has been compiled with supporting
data, the selection process begins for prioritizing chemical series
for hit-to-lead follow up. The key considerations might be radically
different for hits derived from the different hit discovery techni-
ques. Potency per se, one of the primary drivers for prioritization in
the dawn of the HTS era, has been seen as being of lesser impor-
tance, following the realization that gaining potency relatively
rapidly is not a major bottleneck. For hits from HTS, selectivity,
chemical tractability, binding mechanism, pharmacokinetic prop-
erties and freedom of operation (patentability) are usually viewed
as more significant than the actual potency of the confirmed hits.
In addition, a strong preference for cluster hits over singletons in
HTS screens is common. However, for fragment-based hits, there is
generally little value in judging selectivity or clustering for weak
hits originating from small and diverse fragment libraries. The
availability of structural information on binding mode and oppor-
tunities to rapidly and easily produce structural analogues might
be highly valued, whereas pharmacokinetic or intellectual prop-
erty (IP) evaluation often makes little sense at such an early stage.
The hit-to-lead optimization paradigms are also dependent on
the screening technology used for hit discovery. We have here
collated many of the published success stories of hit-to-lead opti-
mization and analyzed them in relation to the technologies they
used (Table 2). The hit-to-lead process for drug-like hits might
involve techniques such as hit evolution, (bio)isosteric replace-
ments and hit fragmentation, or any combination of these
(Figure 1). Hit evolution is one of the most frequently used
techniques for hit optimization when analogues of the original
hits are synthesized with different substitution patterns and
tested. These focused libraries are usually created by solid- or
solution-phase parallel synthesis, coupled with high throughput
purification to facilitate compound output for screening. Alter-
natively, crude or purified compounds, synthesized in mixtures,
can be screened under competitive conditions with affinity screen-

ing methods to identify analogs with improved Kq4 [38]. Initial SAR
data produced by these libraries can then be used to drive explora-
tory medicinal chemistry efforts, producing compounds with an
improved lead-like profile. (Bio)isosteric replacements represent a
case of hit evolution when hits are transformed using bioisosteric
rules. Unlike chemical similarity, biological similarity depends on
the structure of the target and, as such, prevents the application of
bioisosterism as a general method. Nevertheless, bioisosteric repla-
cements, if applicable, are useful for improving the hit profile
while maintaining potency. Hit fragmentation, most often applied
when the initial HTS hits are large molecules, is the structural
decomposition of HTS hits that leads to the identification of
promising fragments or minimum pharmacophores. Although it
has been demonstrated that HTS hits with significant molecular
complexity left reduced chemistry space for subsequent hit-to-lead
optimization, the structural information encoded in the large
complex molecules can be used for fragmentation. Fragments
produced from this approach can be subjected to fragment-based
hit-to-lead technologies. Identification of the minimal core frag-
ments can then serve as a new starting point for fragment expan-
sion. Fragmentation can be followed by the combination of
fragments identified even in different hits (fragment linking or
merging). Retrosynthetic fragmentation can facilitate developing
dynamic combinatorial libraries for fragment self-assembly.

The examples collected in Table 2 suggest that successful hit-to-
lead optimization of HTS hits resulted in drug-like leads, regardless
of the lead-likeness of the original hit. Problems in the lead-like-
ness of the hits are basically attributed to molecular weight and
logP, reflecting the fact that HTS hits are often large lipophilic
molecules. Rapid resolution of such issues has been largely aided
by the considerable expertise accumulated in these areas by the
medicinal chemistry community. The chemical similarity
between hits and leads derived from them is somewhat larger
for HTS hits (average 0.61) than that for fragment-based hits
(average 0.56). This is probably a consequence of the larger mole-
cular weight of hits, as well as saddle modifications needed to
tweak the initial hits during the hit evolution process. However,
the value of this conventional approach is clearly demonstrated by
improvements of ligand efficiency (LE), defined as free energy of
binding per heavy atom: LE = AG/Npon-hydrogen atoms, for the HTS
hits during the lead optimization (LE gain in 87% of cases, average
HTS hit-to-lead ALE = 0.07, Table 2).

The methods in the preceding paragraph applied in hit frag-
mentation are also used as primary hit-to-lead technologies for
fragments identified by fragment-based screenings (Figure 2). Like
drug-like hits, hit-to-lead optimization of fragments is often a
combination of site-directed screening or fragment expansion,
and fragment linking or merging, although in practice these
technologies tend to be used together. High-throughput parallel
expansion of the initial fragment hits has been found over the
years in Abbot to be the most effective way to progress fragment
hits obtained in NMR screening [40]. It was also noted that
although library design was typically aided by structural data,
serendipitous findings arising from the addition of random diver-
sity to the focused library often resulted in discoveries of novel and
unpredictable interactions [40,41]. Throughout the process of
fragment expansion, new functionalities, structural moieties or
hydrophobic surfaces are built in to the original fragment picked
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TABLE 2

Hit evolution to leads

Target Screening Hit Hit Lead-likeness® Primary H2L Lead Lead Chemical Drug-likeness® Ref.
strategy activity® LE Strategy activity LE Similarity®
JNK1 HTS 0.1 M ICsg 0.36 MW 364.4 Isosteric replacement 16 nM 1Cso 0.38 0.50 OK [42]
mGIuR5 HTS 0.37 uM 1Cso 0.55 OK Isosteric replacement 5nM ICso 0.82 041 OK [43,44]
Tryptase HTS 1.26 uM 1Cso 0.29 MW 411.5, logP 3.66 Isosteric replacement 100 nM 1Csq 0.32 0.56 OK [45]
NR2B HTS 0.1 M ICsq 0.41 MW 3214, logP 4.28 Isosteric replacement 2 nM ICso 043 0.57 OK [46,47]
BACE1 HTS, MS 25 uM ICsq 0.17 MW 508.7, logP 3.99 Isosteric replacement, 11 nM ICsq 0.27 0.62 MW = 578.8 [48,49]
hit evolution
CXCR2 HTS 4.6 pM ICso 0.39 logP 3.44 Hit evolution 28 nM 1Csq 0.49 0.89 OK [50]
MC4 HTS 2.75 pM ICSOd 0.35 MW 334.8, logP 4.55 Hit evolution 46 nM K; 042 0.81 OK [51]
JNK3 HTS 0.3 uM ICsg 0.45 MW 365.6, logP 3.45 Hit evolution 80 nM ICsq 0.36 0.73 OK [52]
Adenosine A2 HTS 0.15 uM K; 0.42 oK® Hit evolution 27 nM K; 042 0.68 OK [53]
JNK1 HTS 1 uM ICso 0.41 logP 4.22 Hit evolution 20 nM 1Csq 0.44 0.68 OK [42]
CDK2 HTS 1.5 M ICsq 0.53 OK Hit evolution 37 nM 1Cso 0.46 0.42 OK [54]
MCHTr1 HTS 1.68 uM 1Cso 0.26 logP 4.39 Hit evolution 3nM ICso 0.46 0.52 OK [55]
P2X7 HTS 0.12 uM 1Cso 0.26 MW 540.3, logP 6.31 Hit fragmentation 40 nM ICsq 0.44 0.44 OK [56]
HCV NS5B HTS 12 uM ICsg 0.18 MW 484.6, logP 5.78 Hit fragmentation 4.3 uM ICsq 03 0.64 OK [57]
IKK2 HTS 1.6 uM ICsq 0.57 OK Hit fragmentation 25 nM 1Csq 0.61 0.71 OK [58]
c-Src Biochemical 40 pM ICsg 0.32 logP 3.80 Fragment linking 64 nM ICsq 032 0.69 OK [59]
U1061A RNA MS >100 uM Dy N/A OK Fragment linking 6.5 uM Dy 0.17 0.67 MW = 558.6 [60]
PTP1B NMR 293 pM K; 0.21 MW 3133 Fragment linking 22 nM K; 0.2 0.51 MW =713.8 HBA=6 [61]
PTP1B NMR 800 wM Dy 0.29 OK Fragment linking 6.9 uM K; 0.24 0.56 OK [62]
FKPB NMR 2 uM Dy 0.3 MW 365.4 Fragment linking 19 nM Dy 0.24 0.79 MW = 620.7 [63]
MMP3 NMR 20 uM Dy 043 logP 3.24 Fragment linking 25 nM Dy 0.49 0.31 OK [64]
HPV E2 NMR 1.9 mM Dy 0.2 logP 3.52 Fragment linking 10 uM ICsg 0.31 0.56 logP = 5.35 [65]
Bcl-xL NMR 180 wM 1Csq 0.24 MW 320.2, logP 5.00 Fragment linking 10 wM ICsg 0.16 0.71 MW =611.7 logP = 8.10 [66]
Bcl-2 NMR 300 wM Dy 0.3 OK Fragment linking 36 nM K; 0.27 0.24 MW = 551.6 logP = 5.11 [67]
LFA-1/ICAM-1 NMR 80 uM Dy 0.26 MW 303.3, HBA 4 Fragment linking 40 nM K; 0.33 0.56 OK [68]
Glycogen XRA 130 nM 1Csq 0.34 MW 379.5 Fragment linking 6 nM 1Cso 033 0.57 OK [69]
phosphorylase
Urokinase XRA 56 uM K; 0.49 OK Fragment linking 370 nM K; 0.49 0.51 OK [70]
Gelatinase B Biochemical 2.7 mM ICs? 0.32 OK Fragment expansion 13 uM ICsg 0.25 0.60 OK [71]
DNA gyrase Biochemical 41 mM MNEC* 0.13 logP 3.45 Fragment expansion 62 nM MNEC 0.28 0.26 logP =6.39 [18]
PDE IV Biochemical 60 uM ICso 0.49 OK Fragment expansion 33 nM IG5 049 0.62 OK [28]
HPV E1 helicase Biochemical 2 pM ICso 0.41 OK Fragment expansion 4.3 nM ICso 0.34 0.62 OK [72]
Thymidilate MS 1.1 mM K; 0.23 OK Fragment expansion 330 nM K; 03 0.68 HBA=6 [73]
synthase
ErmAM NMR 1 mM Dy 0.41 OK Fragment expansion 8 uM K; 03 0.46 OK [74]
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(78]
[79]

OK

0.58
0.46

0.45

30 nM ICso

Fragment assembly

OK

N/A

N/A

Assembly

CDK2

HBA=6

0.26

Fragment assembly

OK

0.54

Assembly

Caspase-3

? Fragment activity belongs to the most active fragment was considered.

P Leadlikeness, drug likeness: MW, logP, H-bond acceptor (HBA), H-bond donor (HBD) were evaluated using rule-of-3 and rule-of-5, respectively.

“Tanimoto coefficients as calculated by sim2d (OpenEye) using MACCS keys.

9 Estimated by logit transformation [80]: logit = log[(% activity < 100) — (% activity)].
€ Estimated logP owing to missing fragments in logP calculation.

fMNEC: maximum not effective concentration.
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FIGURE 1

Schematic representation of hit-to-lead approaches for drug-like
hits. The most common approach for evolving drug-like hits is hit evolution,
a systematic SAR-driven analoging process. The strategy of (bio)isosteric
displacement is mostly used for improving the pharmacokinetic or
pharmacodynamic profile of the lead molecule. Hit fragmentation can be
applied when the initial hit is a large molecule that cannot be significantly
processed by hit evolution or (bio)isosteric displacement.

up in primary screening. As a result, the original fragment becomes
more complex, with more potential target-interaction points,
resulting in compounds with increased potency. Fragment expan-
sion is well suited for the multidimensional optimization task of
the hit-to-lead process because it easily allows simultaneous con-
sideration of selectivity and ADME issues as potency improves. It
has been noted that access to structural data has been crucial for
the rapid evolution of fragments and keeping the number of
compounds synthesized low. The whole process of fragment
expansion is governed by human intervention and, ideally, sup-
ported by primary and secondary assays. Examples in Table 2
demonstrate that this tight control helps to preserve lead-like
properties during optimization and often ends with a drug-like
lead. Ligand efficiency is usually conserved, or decreases only
slightly, during the hit-to-lead process with fragment expansion
(average fragment expansion hit-to-lead ALE = O; Table 2), which is
acceptable because the typical primary fragment hits are efficient
binders. The basic premise of fragment linking or merging is that if
two or more elements interact closely in the binding pocket with
the protein target then, owing to the entropic component, con-
necting them can produce more-complex molecules with higher
potency. However, linking or merging fragments is not a straight-
forward process even with structural information at hand, and it
can significantly increase molecular complexity, although binding
efficiency can be maintained. In fact, ligand efficiency increased
only for 3 out of 12 cases (25%) shown in Table 2, with no change
being the average (average fragment linking hit-to-lead ALE = 0).
The ‘likeness’ values, generated in Table 2 on the basis of Rule of
Three for fragments and the Rule of Five for drug-like molecules,
demonstrate that, unlike the similar comparison for HTS hits, if
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FIGURE 2

Schematic representation of hit-to-lead approaches for fragment
hits. Fragment expansion, an analoging process similar to hit evolution, is the
most successful technique used for evolving fragment hits. Fragment linking
can be used when two or more fragments are believed to bind to the target in
close proximity to one another. Fragment assembly is the active-site-driven
assembly of chemically compatible fragment units.

the initial fragment is not lead-like then corresponding lead tends
not to be drug-like either. On one hand, this means that there is
little chance of maintaining favorable properties during hit-to-
lead optimization wusing fragment linking exclusively. On
the other hand, growing molecular weight and complexity caused
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