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Drug-like and lead-like hits derived from HTS campaigns provide good starting points for lead
optimization. However, too strong emphasis on potency as hit-selection parameter might hamper the
success of such projects. A detailed absorption, distribution, metabolism, excretion and toxicology
(ADME-Tox) profiling is needed to help identify hits with a minimum number of (known) liabilities.
This is particularly true for drug-like hits. Herein, we describe how to break down large numbers of
screening hits and we provide a comprehensive overview of the strengths and weaknesses for each
structural class. The overall profile (e.g. ligand efficiency, selectivity and ADME-Tox) is the distinctive

feature that will define the priority for follow-up.

Drugs have often been discovered starting from endogenous ligands
or natural products, followed by chemical modifications to improve
in vivo efficacy. With the breakthroughs in biochemistry in the early
1980s, this successful approach was further supplemented by
in vitro assays with increased throughput. In the 1990s, this also
paved the way for a new research paradigm that relied to a signif-
icant degree on HTS of large compound libraries to identify novel
lead structures.

With the advent of genomics, an increasing number of novel
and clinically less-validated targets identified from the human
genome project have been screened in recent years. Despite these
fundamentally positive developments of new therapeutic target
opportunities, the number of new drug launches is decreasing and
the overall costs for the development of a new drug are rising steadily
[1]. Consequently, the pharmaceutical industry has recently come
under significant pressure to improve its R&D process.

Together with the degree of target validation, the processing of
HTS hit lists (i.e. selection, prioritization and chemical follow-up
of hits) is a crucial phase in drug discovery to reduce attrition and
therefore improve the overall R&D productivity. Here, we will
discuss our experience with this process and a selection cascade for
the identification of the most suitable screening hits will be outlined
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and will be illustrated by case studies. We will focus only on HTS-
derived hit lists for drugs that are intended for oral administration.
Other considerations need to be applied for hits derived from other
techniques, such as fragment-based screening [2], or projects with
the requirement of a parenteral formulation.

Hits, leads and drugs

Hits are defined as nonreactive compounds [3] of verified structure
and purity, with a confirmed minimal in vitro potency (<20 uM)
derived from HTS. By contrast, leads are compounds that, in
addition to their potency, show some degree of selectivity for the
given target, along with confirmed specific binding, emerging SAR,
biophysical and absorption, distribution, metabolism, excretion
and toxicity (ADME-Tox) properties, which are promising for their
eventual optimization into small-molecule drugs. Furthermore,
when considering a set of different leads, their chemical accessi-
bility (e.g. number of synthetic steps) and ease in the synthesis of
their analogs might play an important role for further selection,
especially for those leads that are not fully drug-like in their prop-
erties and thus need to undergo extensive modifications.

In recent years, the definition of a lead and especially of lead-
likeness in physicochemical terms has drawn considerable attention.
This debate was initiated by the pioneering work of Lipinski [4]
and Teague and co-workers [5]. Triggered by the fact that hits
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FIGURE 1

Discovery of sorafenib (1) from a lead-like low-potency screening hit.

BOX 1

Rule of five and early definition of lead-likeness.

Rule of five (RO5):
(i) MW <500 Da;
(i) Lipophilicity (log P) < 5;
(i) Sum of H-bond donors < 5;
(iv) Sum of N- and O-acceptors < 10.

Lead-likeness:
(i) MW < 350 Da;
(i) LogP<3;
(iii) Affinity ~ 0.1 M.

identified via HTS and combinatorial chemistry could not fulfill
the initial expectations of a more-rapid identification of promis-
ing investigational new drugs (INDs) and based on the observation
that compounds violating defined limits in molecular weight
(MW), number of H-bond donors and acceptors and lipophilicity
often have poor oral absorption, Lipinski published the ‘rule of
five’ (ROS), which defines the desired properties for oral absorption
(Box 1).

According to Teague et al. [5], lead optimization generally results
in increased molecular weight and lipophilicity. Consequently,
drug discovery should start with lead-like structures not only ful-
filling the ROS but also with even lower molecular weights and
lipophilicity. This observation resulted in the concept of lead-likeness
(Box 1). These criteria have been used for the design of discovery
libraries and for hit selection from HTS campaigns.

Since the introduction of these concepts (Box 1), more detailed
analysis followed, which compared drugs and their corresponding
leads. These investigations resulted in a more-profound under-
standing of the lead optimization process on a molecular basis [e.g.
MW, rotable bonds and polar surface area (PSA)]. In parallel, addi-
tional aspects, such as toxicity, synthetic accessibility or pharmaco-
kinetic properties, have been considered, which have not only led
to a refined definition of drug-likeness [6] but also impacted the
criteria of lead-likeness [7,8].

Potency alone is a false predictor for hit selection

It is now widely accepted that proper selection of screening hits
is of central importance for the success of lead optimization efforts
[9] and that these hits will ideally exhibit lead-like properties
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(i.e. possess a well-balanced mixture of potency, selectivity and
other important features). Such features would include favorable
physicochemical properties, absence of toxophores and amenability
to the rapid synthesis of chemical analogues [10]. More recently,
the concept of ligand efficiency has been introduced for the analy-
sis of screening hit lists [11]; this parameter uses the experimen-
tal binding energy per atom (or Andrews’ binding energy) to nor-
malize molecular weight and potency. In this scenario, it would be
preferable to follow up on hits with the highest ligand efficiency,
rather than those with the greatest potencies per se. Compounds
carefully selected using this paradigm will represent the most prom-
ising starting points for successful lead optimization [12].

This new paradigm is clearly not in line with the traditional lead
identification process, which had potency as the most important
driving force. Typically, early in vivo proof-of-principle studies have
been performed with the most potent screening hits. First phar-
macological effects in vivo have often been obtained after intra-
venous or intraperitoneal administration (even if oral administra-
tion is part of the targeted drug profile) using formulations not
suitable for later studies or clinical development (‘protype drugs’
and ‘chemical validation tools’). Rather than using them solely for
target validation, these promising early biological data gave such
compounds sufficient support for further chemical resourcing,
despite the fact that the overall profile (e.g. ADME-Tox) had hardly
been investigated and might have been far from optimal. Optimization
of ADME-Tox properties is considered to be much more difficult than
optimizing potency and/or selectivity [13]. Therefore, this procedure
led to apparent high success rate in lead identification and high
failure rate in the lead optimization phase [14].

In summary, it is of central importance that the hit selection
process is based not only on potency, but also on all other param-
eters that will subsequently strongly influence the successful out-
come of the lead optimization phase. Ideally, this process will be
data-driven as much as possible.

The importance of drug-like hits

Collection of ADME-Tox data will be tedious for the screening of
hit lists comprising a few thousand compounds. Therefore, it might
be tempting to reduce this number by simply applying filters based
on the definition of lead-likeness. A successful example of the meta-
morphosis of a lead-like hit into a candidate for clinical develop-
ment is the kinase inhibitor sorafenib (1), currently in Phase III
clinical development (Figure 1) [15]. This compound was derived
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FIGURE 2
Discovery of BAY 59-7939 (3) from a lead-like low-potency screening hit.
TABLE 1
Examples of drug-like HTS hits that allowed the identification of candidates for clinical development®
No. Hitpotency HitMW HitlogP Candidate Candidate Mw Changein Class target Original New indication

(M) (Da) MW (Da) potency (uM) difference Potency (fold) indication

1 0.1 512 24 573 0.001 +61 100 DNA processing Anti-infectives
2 10 500 3.1 400 0.2 -100 50 Protease Cardio-vascular COPD
3 0.05 465 5.0 519 0.004 +54 12 Nuclear receptor Dyslipedemia  Dyslipedemia
4 08 458 45 479 0.08 +21 10 Enzyme Cancer Obesity
5 1.0 414 1.6 395 0.002 -19 500 Kinase Cardiovascular ~ Asthma

°All of the values for potency were derived from a biochemical assay (IC_) with the exception of example number 1, which includes activities derived from a cellular assay (EC, ).

Abbreviation: CODP, chronic obstructive pulmonary disease

from the commercially available screening hit 2, which clearly
exhibits lead-like properties (Figure 1). Here, medicinal chemistry
efforts resulted in significant changes of the core structure and the
molecular weight (difference in MW = 143 Da).

Despite this story of success, medicinal chemists often encounter
a different situation when dealing with screening hit lists. At Bayer,
and most likely at other pharmaceutical companies as well, screen-
ing pools are composed, to a large extend, of compounds originating
from earlier lead optimization programs and from combinatorial
chemistry efforts (large, random libraries including compounds
with high MW and lipophilicity but also focused libraries synthe-
sized in lead optimization programs). Therefore, hits are routinely
identified that possess drug-like rather than lead-like properties
in terms of MW and lipophilicity. Sometimes these more drug-like
than lead-like compounds will also have higher potency, but even
if this is not the case, these hits might show their own advantages
as starting points for medicinal chemistry programs.

A striking example of the importance of using screening hits
with more drug-like properties as starting points for medicinal
chemistry campaigns is the discovery of BAY 59-7939 (3), a factor
Xa inhibitor, currently in Phase II clinical trials (Figure 2). Screening
hit 4 was identified as a low-potency inhibitor of factor Xa. This
hit clearly showed drug-like properties. Despite its low potency, op-
timization by medicinal chemistry efforts ultimately led to 3 (Figure
2). Notably, a total of only four minor modifications, such as removal
or attachment of a halide, caused an almost 30,000-fold increase in
activity, although the MW was increased by only 14 Da [16].

Additional examples of drug-like hits further underline the use-
fulness of these compounds as leads for drug discovery (Table 1).
Candidates for clinical development were derived from drug-like
hits for a variety of targets in different indications. In some cases,

medicinal chemistry efforts were even able to achieve a reduction

of molecular weight and still increase potency by at least one order

of magnitude.

Among the five hits shown in Table 1, four compounds origi-
nated from previous lead optimization programs. Only screening
hit number 1 was synthesized by combinatorial chemistry as a
chemistry-driven library not addressing a specific target class.
Selectivity versus the original target was addressed quite easily for
two reasons: (i) difference in SAR for the two targets; (ii) com-
pounds lacked or were only weakly active versus the original
target. The latter because they might represent synthetic interme-
diates or they are compounds from, for example, a combinatorial
library designed to expand the SAR.

These examples clearly demonstrate that drug-like hits and lead-
like hits are complementary, even if they show only moderate-to-
low affinity for the target. Therefore, the following conclusions can
be drawn:

(i) It does not matter per se if a hit or lead is lead-like or drug-like.
We need to know the overall profile to judge its suitability for
further chemical optimization.

(ii) Discarding drug-like hits or leads (even low-potency ones)
would be a waste of precious chemical matter and intellectual
property.

(iii) A data-driven process addressing ADME-Tox issues is needed
to identify among the drug-like and the lead-like hits those
compounds with a minimum number of liabilities. This
process needs to be able to deal with hit lists of >1000
compounds.

(iv) Not all liabilities should be equally weighted, some are easier
to address by chemical means than others (e.g. potency and
selectivity versus ADME-Tox).
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TABLE 2
Cascade for hit characterization and prioritization

Assay Throughput ADME-Tox data Comment
per HTS assay
Phase 1 In silico profiling unlimited Solubility, molecular size, lipophilicity, PSA, rotable bonds, structural alerts
Phase2  CYP3A4inhibition ~100 compounds Single point (% inhibition at 10 uM) using human microsomes and midazolam
Physicochemical profile ~100 compounds Solubility in buffer (pH = 6.5), membrane affinity, protein binding
Microsomal stability ~100 compounds Stability after incubation in human liver microsomes
hERG activity ~100 compounds In vitro assay as a filter for functional assay
Phase 3  Exposure after oral administration ~10 compounds Cassette dosing might be applied
TABLE 3

In silico ADME-Tox traffic light colors and corresponding property values®

Calculated Molecular Lipophilicity TL PSA (A 1L Rotable bonds Metabolic hERG inhibition CYP inhibition Undesirable
solubility TL  volume TL (Log P)* TL clearanceTL® TL TL groups TL"
(mg/l)® mMw_,)

>50 <400 <3 <120 <7 No alert No alert No alert No alert
10-50 400-500 3-5 120-140 8-10 Weak alert Weak alert

‘We have also developed and validated a four-level in silico classification system. For the undesirable groups TL, a finer grading and inclusion of a black label to highlight particularly

undesirable (e.g. highly reactive) features has been found useful.

*Solubility: buffer solubility at pH 6.5; the prediction algorithm has been developed by stepwise multiple linear regression analysis on a training set of 4806 Bayer in-house compounds

(values determined from DMSO stock solutions by precipitation).

‘MW _ : molecular weight corrected for the occurrence of halogen atoms to achieve proportionality to molecular volume.

‘Lipophilicity: expressed as log P values (log of the octanol:water partition coefficient), which are calculated with the CLOGP program (BioByte Corp., version 4.2, fragment database

version 22) as implemented in SYBYL (TRIPOS).

°PSA: polar surface area; calculated from the structure in Ref. [20]; in our implementation only nitrogen and oxygen atoms and their attached hydrogen atoms are regarded as polar,

whereas sulfur atoms are regarded as nonpolar.

*Metabolic clearance: stability in human microsomes; these three traffic lights and the undesirable groups TL are used as alerts, indicating an increased risk with regard to fast
metabolic degradation, hERG channel blockade, CYP inhibition or undesirable chemical properties (e.g. chemical reactivity, mutagenicity and propensity to the formation of reactive
metabolites). The underlying algorithms for these four TLs are based on a combination of substructure recognition and calculated physicochemical properties and have been

developed from literature and in-house data and experiences.

‘Rotable bonds: the number of rotable bonds can be easily calculated from the structure and is a reflection of the conformational flexibility of a molecule, which in turn influences the

oral bioavailability of drug candidates [21].

"Undesirable groups: the underlying algorithm of this traffic light is based on substructure recognition and has been developed with in-house data and personal experiences by our

medicinal chemists.

Implementation of a data-driven hit-to-lead process
The term hit-to-lead describes the process of filtering and assess-
ing hits (derived from HTS) and the limited chemical modifications
of these hits to establish an initial SAR. Data other than potency
and selectivity of a given hit or cluster of hits are collected to allow
for a data-driven decision on which class should be advanced into
the lead optimization phase [17]. The goal is to identify compounds
with a minimum number of known liabilities that will provide the
optimal starting point for further activities. Because lead opti-
mization is a much more costly and resource-intensive process than
hit evaluation, the generation of data that will lead to an early
decision to terminate activities on a given series of compounds is
of particular importance. Moreover, the knowledge of the indi-
vidual liabilities of selected compounds will provide a guideline for
the lead optimization activities, addressing crucial issues early on.
Hit selection and prioritization can be based on two categories,
namely biological profile (potency, selectivity and specificity) and
ADME-Tox and physicochemical properties. The first category is
beyond the scope of this review. In the following, we will describe
in detail our hit selection process with regard to the second
category (Table 2).
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Because a hit set from an HTS campaign often comprises several
hundred to several thousand compounds, experimental assessment
of the ADME-Tox and physicochemical profile of the entire hit set
represents a considerable challenge. To rationally break down these
large numbers, the first characterization phase (phase 1) comprises
an in silico assessment via an in silico ADME-Tox scoring system.
Most of the scores can be conveniently labeled by a ‘traffic light’
(TL) color code (Table 3). The color coding indicates a risk assess-
ment and facilitates data analysis and visualization. All generated
in silico data are considered purely as alerts, no hits will be discarded
based on in silico information only.

To exemplify the in silico ADME-Tox traffic lights, the screening
hits described in Figure 1 and 2 have been assessed accordingly
(Table 4). Potential strengths and weaknesses of the compounds
are visualized in a straightforward manner.

In the second phase of the cascade (phase 2), experimental
in vitro characterization of selected screening hits is initiated.
Structural clustering is performed to aid compound selection (typ-
ically structural clustering is based on CATS or Unity Fingerprints).
Following positive in silico assessment, singletons and cluster rep-
resentatives are selected for purity assessment by LC-MS. For large
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TABLE 4
In silico ADME-Tox traffic lights for kinase inhibitor and factor Xa inhibitor screening hits from Figure 1 and 2
Structure Calculated Molecular Lipophilicity PSA (A’) TL  Rotable Metabolic  hERG CYP Undesirable
solubility TL volumeTL TL(LogP) bonds TL clearance TL inhibition TL inhibition TL groups TL
(mg/l) (Mw,,)
3324 5 No alert No alert No alert Non-fused
o Q thiophene
NJ\N
/
o
s F 10-50 407.7 2.6 61.9 5 No alert No alert No alert Non-fused
bm@ o thiophene
N

SE /?
(o]

/1(0
<,

Abbreviations: MW

cor’

clusters, several representatives are selected, based on maximum
structural diversity and in silico assessment. High to medium
throughput assays are used to characterize the representative
screening hits with respect to human ether-a-go-go related gene
(hERG) activity, cytochrome P450 (CYP) 3A4 inhibition and sta-
bility in human liver microsomes. To obtain reasonable data from
the experimental physicochemical profiling and from pharmaco-
kinetic studies, a purity of >80% is mandatory. The available
throughput of these assays is in the range of ~100 compounds per
assay. Collection of experimental data helps to validate the in silico
assessment and provides a reliable picture of the hits.

In the final phase (phase 3), the ADME-Tox and physicochem-
ical profile is complemented for examples of the most promising
clusters and singletons from phase 2 by an in vivo pharmacokinetic
profile, as determined after oral administration. From these
experiments, area-under-curve (AUC) and C,,, are determined as
key parameters reflecting oral exposure.

After these filters have been passed, the profile of all remaining
hits is assessed with regard to the chances to solve the identified
crucial issues (‘path forward’) in a subsequent lead optimization
program. Depending on the availability of suitable analogs, this
might require limited chemistry resources per hit. In general, the
following criteria are applied before a lead series is moved forward
into a lead optimization program: known SAR (multiples of actives
and inactives), reasonable biochemical and/or functional activity
(depending on target and indication), selectivity for the target,
demonstrated in vivo efficacy, preliminary intellectual property (IP)
assessment.

max

Discussion

Processing through the described cascade will generate a data pack-
age for each selected cluster and singleton. These data, in combi-
nation with each compound’s biological profile, need to be assessed
by experienced medicinal chemists supported by efficient tools for
data analysis and visualization [18,19]. The prioritization of the
hits for chemical follow-up is clearly not a deterministic process.
Typically, from a successful screen 3-5 structural classes remain
worthwhile for initiating the hit-to-lead optimization process.
Other structural classes are, in most cases, discarded because of

molecular weight corrected for the occurrence of halogen atoms; log P, log of the octanol:water partition coefficient.

liabilities identified for the entire cluster (resulting in very limited
chances to overcome this issue within the SAR) or because of multi-
ple severe liabilities within the same class or compound (again ren-
dering the corresponding multi-parameter optimization too difficult).

The most promising compounds in this context are those with
a favorable ligand:efficiency ratio, as well as a minimum number
of liabilities and (ideally) liabilities that are considered to be
addressable by medicinal chemistry in a straightforward fashion.
Generally, they cover the drug-like and the lead-like chemical space.
Truly lead-like molecules remaining at this stage of the hit-to-lead
process are attractive starting points for discovery programs
because they usually offer large room for optimization. However,
this advantage of lead-like hits is typically counterbalanced by a
weak biological activity and/or selectivity at comparable ligand
efficiencies. Furthermore, truly lead-like leads are more likely to
fall under the claims of competitor patents or are highly generic
and the chemical and structural direction of their further opti-
mization is unclear, thus rendering the eventual IP situation less
predictable. Finally, if no structural information on the interaction
with the target is available, more time and resources will be
required to explore the mostly undefined chemical space around
the lead. Thus, lead-like hits might add additional obstacles to the
lead optimization process, potentially making it a longer route to
the final development candidate.

By contrast, drug-like leads have some advantages compared
with lead-like leads, despite the fact that they might offer less room
for chemical optimization. Because these compounds originate
from earlier lead optimization projects, the chemical class has
already been proven to possess some degree of biological specificity,
thereby avoiding the issue of false positives caused by an unspe-
cific interaction with the biological readout system. Furthermore,
as a result of their more-complex structure, their IP situation can
be better defined. Finally, the chemical space around the leads is
often well evaluated from an earlier medicinal chemistry program.
Therefore, clear SAR information with respect to selectivity,
potency and pharmacokinetic properties can be obtained from
already existing analogs and thus offering a clear path to overcome
identified liabilities very early in the optimization process. This
renders the entire endeavor less time consuming and more
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predictive. Even if a lead cannot be optimized, the necessary
information for termination will be available sooner than for a
more lead-like hit.

In conclusion, drug-like and lead-like hits derived from HTS
campaigns provide good starting points for lead optimization.
Independent of the category under which a hit might fall, a
detailed hit profiling should be performed based on experimental
data, prior to the lead optimization phase. This allows the identi-
fication of hits with a minimum number of (known) liabilities. This
type of hit will provide the best starting point for lead optimiza-
tion. We have implemented a process to break down large numbers
of screening hits that provides a comprehensive overview of the
strengths and weaknesses of each structural class. The overall pro-
file is the distinctive feature that will define the priority for follow-up.
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too stringent application of the various rules for lead-likeness.
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