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Pharmaceutical companies often refer to ‘screening their library’ when performing high-throughput

screening (HTS) on a corporate compound collection to identify lead structures for small-molecule drug
discovery programs. Characteristics of such a library, including the size, chemical space covered, and
physicochemical properties, often determine the success of a screening campaign. Therefore, strategies to
maintain and enhance the overall quality of screening collections are crucial to stay competitive and to cope
with the ‘novelty erosion’ that is observed gradually. The Next Generation Library Initiative (NGLI), the
enhancement of Bayer’s HTS collection by 500 000 newly designed compounds within 5 years, is addressing
exactly this challenge. Here, we describe this collaborative project, which involves all internal medicinal
chemists in a crowd-sourcing approach, as well as selected external partners, to reach this ambitious goal.

Introduction

HTS of large compound collections has proven
to be of great value in the search for starting
points in medicinal chemistry optimization
programs [1-4]. Despite recent advances in al-
ternative approaches, such as virtual screening
[5], de novo structure-based design [6,7], frag-
ment-based lead finding [8], and screening of
DNA-encoded libraries [9,10], HTS of corporate
compound libraries continues to have the
highest impact on small-molecule lead discov-
ery [11] and was the origin for numerous mar-
keted drugs [3], including DPP IV inhibitor
sitagliptin (Januvia) and factor Xa inhibitor riv-
aroxaban (Xarelto), to name just two examples.

Itis widely accepted among medicinal chemists
that size (number of compounds), quality (struc-
tural attractiveness [12] and purity), molecular
properties (drug-like or lead-like), and diversity
(chemistry space covered [13]) of a screening
library are key determining factors for the success
of a screening campaign [14,15]. Another im-
portant aspect for drug discovery conducted in a
competitive environment, such as the pharma-
ceutical industry, is achieving patentable novelty
for a lead series. This can pose a considerable
challenge when working on hits found in a HTS
collection that has grown over time, including
acquisition campaigns for largely nonexclusive,
commercially available compound sets.

Here, we describe our approach towards en-
hancement of our corporate screening collec-
tion by 500 000 newly designed compounds.

Conclusions derived from analysis of
current screening collection and project
goal

Over the past 20 years, the Bayer HTS screening
library has grown from <1 x 10° compounds to
its current size of ~4 x 10° compounds. The
historic growth was mainly driven by adding
project compounds and in-house parallel syn-
thesis libraries. On top, commercial screening
libraries were purchased containing nonexclu-
sive or semiexclusive substances. These oppor-
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tunistic expansions were complemented by
systematic enrichment with compounds from
our agricultural unit and, last but not least, the
incorporation of 870 000 compounds from the
Schering HTS set that became available through
the Schering acquisition in 2006 [16]. This one-
time boost of the Bayer screening deck with
lead- and drug-like compounds had a positive
impact on HTS success in several cases where
the existing collection had failed to deliver any
useful novel starting points. To give two
examples, a screen for stimulators of soluble
guanylate cyclase delivered a previously un-
known series of imidazo[1,2-a]pyridines ulti-
mately leading to a clinical candidate. In
addition, a novel series of 1,4-dihydropyridine c-
Met kinase inhibitors was discovered. Thus, in-
creasing the size of a screening deck with high-
quality lead- and drug-like compounds dissim-
ilar to the original set [16] will result in a higher
probability of success in HTS campaigns. Con-
sequently, when we set out to develop our NGLI,
we had to clearly define the quality and differ-
entiation criteria for compound inclusion and
had to provide tools and establish processes to
ensure adherence to such guidelines.

When we analyzed the novelty of our
screening collection in 2014, we were surprised
that 18% (0.64 x 10°) of all compounds were
commercially available from various sources and
54% (1.88 x 10°) were represented in a generic
sense in PubChem [17]. This analysis substan-
tiated and quantified the common perception of
many in our drug discovery project teams that
substantial and, over time, increasing, efforts
were generally required to reach novelty when
starting with hits from our HTS collection. To
have an impact on the overall composition of
our screening library, we proposed to add
500 000 compounds to compensate for the
observed ‘novelty erosion’ and we defined
novelty and full exclusivity as prime quality
requirements for our NGLI compound sets.

Further important quality aspects to consider
when enhancing screening libraries are physi-
cochemical properties and the overall diversity
of compounds. Calculation of the in silico oral
phys-chem Score (oPCS, scores range from 0:
oral drug like/small to 10: not drug like large/
lipophilic) [18] distribution of our current
screening pool showed that ~75% of all com-
pounds had a score of 0-4, with an average
score of 2.9 (corresponding to an average cor-
rected molecular weight of 397 and calc logD; 5
of 3.0). Although we were rather satisfied with
the status quo, we decided to set ourselves even
more ambitious goals for the enhancement set
and, therefore, set a target of achieving an

overall reduction of at least 1 unit in the average
oPCS. In addition to improving calculated
physicochemical properties, we wanted to im-
plement some modifications affecting the cov-
ered chemical space. Given the unfathomable
depth of drug-like structural space [13], it is
apparent that closing of gaps in a compound
collection is almost impossible. Nevertheless, we
reasoned that one convincing approach to in-
crease diversity without increasing molecular
weight would be through the introduction of
more saturation and three-dimensionality [19].
Traditionally, medicinal chemistry structures
and, consequently, screening collections are
strongly biased towards flat molecules assem-
bled around (hetero-)aromatic scaffolds. Calcu-
lation of the average Fsp> [19] for our HTS-pool
showed a value of ~0.3. Thus, we planned to
increase this fraction significantly for the novel
part of the library. In summary, we set ourselves
the following project goal for the NGLI: en-
hancement of the HTS pool by 500 000 novel
compounds over a period of 5 years and that all
compounds should have the following average
properties: oPCS <2, molecular weight <400,
calc logD, 5 <3.0, and Fsp>>0.4.

Overview of set-up and design strategies
The framework of NGLI requires us to design and
procure the prospected 500 000 new com-
pounds within a period of 5 years. To achieve an
optimal balance of overall diversity with prac-
ticability in actual syntheses, the guiding criteria
were set as follows: each library should be based
on a scaffold ideally having two to three handles
for diversification. To achieve novelty, the scaf-
fold and/or substitution pattern should provide
two points of deviation from literature prece-
dence. A maximum of 20 late-stage intermedi-
ates should, via final diversification, enable
access to libraries comprising 400-600 com-
pounds. The proposed synthesis scheme,
though unprecedented, should not require
more than 10-12 linear steps and should be
plausible as judged by experienced medicinal
chemists, including parallel synthesis experts, in
our internal review panel. Realizing that our in-
house community is a unique source for explicit
(general rule-based, e.g., phys-chem properties)
and implicit (individual preference and group
experience, e.g., wanted and unwanted func-
tionalities [20]) medicinal chemistry knowledge,
we chose a ‘crowd-sourcing’ approach to collect
and select the majority of NGLI libraries from this
resource. In addition, through close collabora-
tion with selected external partners, we com-
plemented this approach by enhancing the HTS
deck with libraries of peptidic and nonpeptidic

macrocycles or other modalities incorporating
specific know-how. The overall guidelines for
library proposals are summarized in Box 1.

To facilitate the library design and enumera-
tion process, thus allowing the chemists to focus
on the creative process of idea generation, a
tracking database was provided to which all
library proposals were uploaded. We also de-
veloped a cheminformatics workflow for library
enumeration, schematically outlined in Fig. 1.

Complementary to this crowd-sourcing ap-
proach and to increase the likelihood of finding
pharmacologically active compounds, we made
use of the vast amount of internal and published
structure—-activity relationship (SAR) and protein
structural knowledge. We formed four target
class focused ‘design teams’ each comprising
medicinal and computational chemists. The task
of those teams was to implement a strategy to
make best use of the available protein structure
and SAR data and apply that to the design of
10 000 compounds per year and team. The
‘GPCR & lon Channel’ team approached the
challenge with target-subfamily specific likeness
models. Given that there is no common struc-
tural motif for all G-protein-coupled receptors
(GPCRs) or ion channel ligands, internal and
external SAR data (ChEMBL) for homologous
target proteins were extracted and cleaned.
Molecules were represented by extended con-
nectivity fingerprints (ECFP)-4 fingerprints and
physicochemical properties and a random forest
algorithm was trained to distinguish actives
from inactives. The likeness models were ap-
plied to selected novel compounds from virtual
libraries (virtual compounds and possible bioi-
sosteric databases). The ‘Protease’ design team
primarily used the vast amount of co-crystal
structures to set up an automated docking and
structure-based design approach. Special em-
phasis was placed on the selection of the
sidechains of the protease inhibitors given their
importance for interaction with the target pro-
tein. The ‘Kinase’ design team primarily designed
new cores and prioritized those by docking into

BOX 1

NGLI library proposals guidelines
Molecular properties (average): oral phys-
chem score [18] (0PCS) <2, MW <400, calc
logD7.5 <3.0, Fsp3 >0.4.

Novelty: scaffold and/or substitution
pattern should provide two points of
deviation from literature precedence.
Synthetic tractability: maximum of 10-12
linear steps, plausible synthetic scheme.
Structural features: no unwanted
functionalities [20].
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FIGURE 1

Library enumeration workflow: Step 1: a core scaffold representing the chemists’ idea is decorated with chemically feasible reagents chosen from a set of
~15 000 building blocks preselected for desirability and easy availability from commercial sources. The size of virtual libraries initially generated by this
procedure typically ranges from 10° to 107 virtual products. Step 2: for each virtual product, various physicochemical properties (e.g., corrected molecular
weight, predicted solubility, calc logD; 5 and the combined descriptor oPCS), as well as 2D functional connectivity fingerprints (FCFP-4) [21] are calculated. Step
3:to select the most appropriate building blocks for the final combinatorial matrix to be produced (e.g., 20 x 20 building blocks giving rise to 400 final products),
we used a multiobjective evolutionary algorithm [22] to find building-block combinations lying on a Pareto-optimal front (i.e., offering the best possible

compromise with respect to physicochemical properties and feature diversity of the library).

X-ray or homology models. In addition, in cases
where the protein structural information was
not sufficient, ligand-based pharmacophore
approaches were applied. The fourth design
team, ‘Epigenetic Targets, used a mix of all the
above-mentioned design approaches, because
they were faced with nonhomologous targets
and, as a result, ligand- and protein structure-
based approaches were applied depending on
the concrete targets to be addressed. All four
design teams used selected representatives of
the target class in which they had previous
project background. Additional targets were
added based on a survey of early and future
targets for which we plan to initiate drug dis-
covery projects. The overall workflow for pro-
posal handling is depicted in Fig. 2.

Logistics and quality control

To guarantee quick value generation, a process
was elaborated to enable the seamless flow of
data and new compounds into the Bayer sys-
tems. The fast availability of compounds for HTS
campaigns and for retrieval purposes is vital to
keep active research projects on schedule. To

incorporate more than 100 000 test compounds
and 5000 final-stage intermediates per year, very
robust and reliable workflows had to be created.
A major part of the compound management
process was outsourced to external partners
located worldwide. Considerable effort was
invested to establish workflows for handling
data and compounds with minimal manual in-
tervention across languages, cultures, and time
zones. Several research IT systems were modi-
fied, and new tools were built, to securely and
efficiently support the workflows. As a result,
newly delivered substances were incorporated
into the screening file in less than 4 weeks.
The compounds made by our partner orga-
nizations were thoroughly analyzed (NMR, LC-
MS, >90% purity required for 95% of com-
pounds), weighed into vials and formatted into
different types of plate according to Bayer’s
specification. A minimum of 30 mg of material
per compound was requested to secure suffi-
cient stock amounts. Upon arrival at Bayer, in-
ternal quality control was performed for all
compounds before addition to the overall HTS
screening deck. To our delight, it turned out that

all plates delivered displayed good quality, and
few errors occurred during the compound
management process at the partner laborato-
ries. Thus, efficient processes were successfully
implemented with different partners allowing
smooth incorporation of a large number of
novel compounds into the Bayer HTS screening
deck. In addition, the availability of final-stage
intermediates in multigram quantities allowed
efficient resynthesis and easy access to analogs.

Properties of the produced libraries
As outlined earlier, designed libraries should exhibit
favorable physicochemical properties, as well as
diversity with respect to our existing compound
collection. With a significant number of new com-
poundsin hand, we were able to compare these new
molecules to the old part of the screening file. As can
be deduced from Fig. 3, we were clearly able to
achieve property distributions desirable for lead-like
compounds. In addition, on average, we could sig-
nificantly improve these properties compared with
our historical Bayer HTS pool.

Furthermore, we performed a similarity
analysis between each NGLI library compound

Internal medicinal
chemists

Design teams
External source

Proposal

Selected CROs to
synthesize envisioned
compounds

Review board

Alliance manager

3

Selection Production

Deliver key intermediates

Ed

1 Quality check

| / Registration

I/ Addition to HTS deck
: Documentation

&

Logistics

Drug Discovery Today

FIGURE 2

Library ideas from all sources are reviewed by an internal expert team comprising experienced medicinal and computational chemists. Proposals fulfilling our
criteria outlined in the main text are selected for production by partner labs at selected contract research organizations (CROs), a process closely supervised by
our dedicated alliance manager. Regular feedback loops between CROs and Bayer experts ensure timely adaptation of designs and synthesis routes to
unforeseen synthetic challenges, leading to high overall success rates in the synthesis of library scaffolds and/or late-stage intermediates and individual target
compounds. Once a library has been produced, the compounds are shipped according to different formats as described in the main text.
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For various structural and physicochemical properties typically used to judge the lead-likeness of a given library, we compared the frequency distributions and
mean values of the newly designed Next Generation Library Initiative (NGLI) compounds (in blue) with those derived from Bayer’s current high-throughput
sequencing (HTS) pool (in gray). For all four properties analyzed, the NGLI compounds showed favorable property distributions, on average superior to the
existing HTS pool. Therefore, we conclude that future HTS hits derived from NGLI compounds should constitute good starting points for compound

optimization.

and its closest neighbor in the Bayer HTS pool
(Fig. 4). Overall, both compound pools are
clearly distinct from each other, with few library
compounds exhibiting similarity coefficients
above 0.7 to their respective nearest neighbors
in the HTS pool. This distribution clearly reflects
the strict novelty criteria applied to each pro-
posed library scaffold, thus expanding the
chemical space covered by our future HTS pool.
We also analyzed the quality and success of
the design approaches. After 2.5 years,
~250 000 compounds were delivered over time
and added to the HTS library. Of those novel
compounds, 6900 were found as primary HTS
hits and further processed in ICs testing; 4000
were active (<10 M) and, of those, 1300 were
highly active (<1 wM). Of the highly actives
(<1 M), 46% stemmed from design

approaches (active on the target class they were
designed for), 33% derived from design
approaches but were active on a target class
they were not designed for, and 23% of highly
actives were from chemistry-driven approaches.
Although statistically not significant and pre-
liminary, the novel compounds on average had
lower hit rates relative to our standard HTS
compound collection. We assume that the lower
hit rates reflect the better physicochemical
profiles and diversity of the novel compounds.
Although a library initiative of this magnitude
with its focus on novelty and exclusivity is
designed for long-term impact, it has been
rewarding to see that NGLI-derived HTS hits
have already entered SAR campaigns. A more
detailed analysis of hit-rates and origin of hits
will be published in due course.

Concluding remarks and outlook

The NGLI represents a unique exercise in the
history of Bayer aiming at rejuvenating our
screening library with 500 000 novel, lead-like
compounds with a clear focus on further
strengthening our capabilities in small-molecule
lead discovery. A special feature of NGLI is its
collaborative set-up, making best possible use of
in-house knowledge involving hundreds of
scientists by a crowd-braining approach com-
plemented by select external partners. In addi-
tion to providing access to novel compounds
and intermediates in multigram quantities, the
initiative provides a rich source of exclusive
information, such as a virtual chemistry space
enabling in silico screening of rapidly accessible
compounds. Furthermore, designing libraries of
compounds populating unprecedented chemi-
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FIGURE 4

For each Next Generation Library Initiative (NGLI) compound, the closest analog in Bayer’s high-throughput sequencing (HTS) pool was determined by
calculating Tanimoto similarity coefficients using circular extended connectivity fingerprints (ECFP)-4 fingerprints [20]. The frequency distribution of the
Tanimoto coefficients is centered around a low similarity value of 0.4. There were only a few NGLI compounds exhibiting significant similarity (>0.7) to an
existing compound from the HTS pool. Thus, it can be concluded that the NGL initiative clearly broadens the chemical space of Bayer’s HTS collection.

cal space requires the invention and exploration
of novel synthetic routes, representing a
plethora of synthetic chemistry knowledge that
we plan to use for machine-learning approaches
to further enable chemical synthesis with arti-
ficial intelligence.

Proposing novel chemistry-driven compound
libraries with excellent physicochemical proper-
ties and target-family based design approaches
by best possible integration of structural biology
knowledge and computational design strategies
should ideally provide numerous quality hits in
future HTS campaigns. We can already conclude
that compounds from NGLI have had a positive
impact on the outcome of our latest screens.
Nevertheless, a more detailed and/or compre-
hensive analysis can only be shared at a later date
on the basis of sufficient data.
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