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Abstract: Chemical biology and drug discovery are two scientific activities that pursue different
goals but complement each other. The former is an interventional science that aims at understanding
living systems through the modulation of its molecular components with compounds designed for
this purpose. The latter is the art of designing drug candidates, i.e., molecules that act on selected
molecular components of human beings and display, as a candidate treatment, the best reachable risk
benefit ratio. In chemical biology, the compound is the means to understand biology, whereas in drug
discovery, the compound is the goal. The toolbox they share includes biological and chemical analytic
technologies, cell and whole-body imaging, and exploring the chemical space through state-of-the-art
design and synthesis tools. In this article, we examine several tools shared by drug discovery and
chemical biology through selected examples taken from research projects conducted in our institute
in the last decade. These examples illustrate the design of chemical probes and tools to identify
and validate new targets, to quantify target engagement in vitro and in vivo, to discover hits and to
optimize pharmacokinetic properties with the control of compound concentration both spatially and
temporally in the various biophases of a biological system.

Keywords: drug discovery; hit to lead optimization; target engagement; target validation; kinetic
target guided synthesis; fragment; early ADME

1. Introduction

Understanding biological processes implies a comprehensive and dynamic view of
living systems at molecular and atomic scales. This knowledge can be acquired through a
combination of observational and experimental (i.e., interventional) science. Eventually, it is
used to design therapeutic interventions using molecules specifically designed to promote
a health state of the organism. As both the biological components and the tools to intervene
are chemical by nature, chemical sciences are key to making biological experiments not
only informative but also interpretable, and knowledge relevant to a therapeutic action.
Chemical biology and drug discovery are two scientific activities based on chemical sciences
applied to chemical and biological objects. The former aims at describing biological
processes through chemically controlled molecular intervention and the latter uses the
knowledge on biological processes to design molecules that drive the cell and organism
states in a chemically controlled way. In both activities, specific molecular interactions
between biological components and xenobiotics are sought. In this paper, we illustrate the
use of these concepts in drug discovery through real life examples taken at the different
steps of target and drug discovery: target selection, validation, and engagement; hit
discovery; hit-to-lead; and lead optimization, especially by fine-tuning ADME properties.
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2. Target Validation and Engagement
2.1. Chemical Biology Approaches to Reprogram the Transcriptome of Bacteria and Select
Drug Candidates

Target validation and target engagement are the two pillars of drug development to
ensure in vivo action and a potential therapeutic benefit.

Tuberculosis (ITB) caused by Mycobacterium tuberculosis still remains a huge global
health challenge, particularly considering the fact that about one-third of the world’s pop-
ulation has latent TB, as currently estimated by the World Health Organization. One of
the unique features shared by many TB drugs currently used in the first- and second-line
treatments is that they behave like a trojan horse. Indeed, their antibacterial activity is
only brought to light once they are transformed inside the bacteria by its own enzymatic
machinery [1]. Most of the bioactivation processes involved have been studied and un-
derstood since the 2000s. For example, the two drugs ethionamide (ETH) and isoniazid
(INH), which are, respectively, the substrates of two different oxidative enzymes: EthA, a
Baeyer—Villiger mono-oxygenase; and KatG, a catalase peroxidase; are transformed into
two distinct NAD™" adducts. These adducts then inhibit the same target called InhA, a
NADH-dependent enoyl-acyl-carrier-protein reductase involved in the biosynthesis of
mycolic acids which are major components of the mycobacterial cell-wall (illustrated in
Figure 1A for ETH). Not surprisingly, the most frequent resistance mechanism occurs by
mutation in enzymes involved in these bioactivation pathways [2].
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Figure 1. (A) Ethionamide bioactivation pathways: EthA and EthA2 are triggered by the inhibition of mycobacterial
transcription factors EthR and EthR; with small molecules BDM41906, BDM71339, and SMARt-420; (B) structure of the
clinical candidate BVL-GSK098.

In physiological conditions, the in vitro and in vivo antimycobacterial potency of
thioamide drugs as ethionamide and prothionamide is limited; indeed, their bioactivation
pathway is negatively regulated by a transcription factor called EthR. More importantly,
the silencing of this gene was shown to improve the susceptibility of M. bovis BCG to
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ethionamide [3]. It therefore appeared fundamental from a therapeutic point of view to
understand whether it was possible to reprogram the transcriptome of the bacteria by
targeting EthR with small organic molecules or not. Two parallel strategies, a screening
of lead-like molecules based on the X-ray structure of the repressor on one hand and a
fragment-based optimization on the other hand, led us to the discovery of two families of
potent inhibitors of EthR with a common central 1,2,4-oxadiazole core [4-7]. The binding
mode of this family of boosters to EthR was then intensively studied by co-crystallization
and X-ray diffraction, and the engagement of the target in bacterio proved to greatly
improve the expression of EthA and thus the bioactivation of ethionamide. Through
the synthesis of more than 500 molecules, two compounds were selected for further
in vivo studies: BDM41906 and BDM71339 (Figure 1A). The co-administration of ETH
with BDM41906, given orally at 20 mg/kg, reduced the mycobacterial load as effectively
as a three-times-higher dose of ETH monotherapy [8]. BDM?71339 also proved to be
successfully active in vivo [9]. At this stage, we had just shown that targeting mycobacterial
transcriptional repressor such as EthR with small molecules did indeed make the bacteria
more sensitive to ethionamide.

The major shift within the framework of this project occurred when we performed the
key replacement of the oxadiazole-piperidine moiety by a spiroisoxazoline motif. In fact,
it turned out that this modification caused a loss of the binding to EthR without causing
a loss of ethionamide activity boosting on the bacteria. The transcriptomic analysis with
our lead compound SMARt-420 allowed us to discover that this booster triggers a different
transcription factor called EthR;, thus awakening new alternative ETH activation pathways
leading to the reversion of clinical resistant strains (Figure 1A) [10].

SMARt-420 therefore represents a good example of a chemical probe that allows the
reprogramming of the transcriptome of M. tuberculosis. Moreover, the optimization of this
chemical family led to the discovery of the clinical candidate BVL-GSK098 (Figure 1B). BVL-
GSKO098 entered Phase 1 development with first-subject-first-visit on November 27, 2020.
This work has paved the way for the development of bacterial transcriptional regulators
in drug development for bacterial infections to circumvent antimicrobial resistance; BVL-
GSK098 is the first example to reach the clinic.

2.2. Chemical Biology Strategies to Quantify Target Engagement

Along with target validation, target engagement in living cells is crucial for the
development of new drugs.

Several techniques have recently emerged, such as cellular thermal shift assay (CETSA),
a target engagement tool used in intact cells. CETSA is based on the ligand-induced thermal
stabilization of the targeted protein that causes a shift (also referred to as thermal shift) in
the aggregation temperature (Tagg) of the protein (Figure 2A) [11]. It can be used to guide
lead optimization [12]. It is now routinely included in screening cascades for both hit and
target validation and it offers several advantages [13]. For example, it allows consolidating
results from an on-target primary screen with elements such as target engagement by
compound and cell-membrane permeability, or characterization of compounds in complex
settings where phenotypic screening for the given target is not possible. It also provides a
way to validate ligands that may be chaperones, with applications, for example, in rare
diseases [13].
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Figure 2. Target engagement using CETSA and CETSA-aRPPA. (A) Principle of CETSA and measurement of ATagg of
protein and ITDRF; (B) detection methods: 1. Immunofluorescent staining with a target-directed antibody and high-content
imaging; 2. Western blot using immunofluorescent staining; 3. Dual-antibody detection of the folded target protein
and antibody proximity detection systems based on, for example, Bioluminescence or fluorescence; 4. enzyme fragment

complementation (EFC) system where a small fragment tag (e.g., 42 amino acid of (3-galactosidase; or 14 amino acid Hibit
fragment of nanoluciferase) is tagged to the target of interest, and compound-mediated target stabilization is subsequently
detected by the addition of the enzyme acceptor (EA) fragment (e.g., rest of 3-galactosidase or NanoLuc) and luminescence
reporter; 5. CETSA-aRPPA uses immunostaining detection (dotblot format) and acoustic reverse phase protein array.
CETSA-aRPPA combines a high throughput, low quantity of material, and advantageously no need for target tagging, in

comparison to other detection methods.

Several detection methods are used to quantify the protein bound to the ligand as
described in Figure 2B. In order to expand the use of CETSA as a decision tool, efforts have
been made on increasing throughputs and detection methods (Figure 2B). Initially, Western
blot and imaging were used, but these methods suffered from a low throughput. In order
to improve this key parameter, CETSA has been coupled with AlphaL.ISA®® detection [14]
or enzyme fragment complementation (EFC) [15]. Nevertheless, these techniques require
specific antibodies to detect the endogenous target protein or the exogenous tagged target
protein expression that hinder their general use. As a result, Western blot (WB) is still the
most used readout for CETSA, despite the substantial cell amounts and low throughput.

Using a nanoacoustic transfer device, we developed an original CETSA-aRPPA
method as a new high-throughput tool to explore target engagement (Figure 2B) [16].
Additionally, apart from measuring the variation of the aggregation temperature (Tagg)
in the context of cells in the presence of the compound, it can be used to assess the
dose-dependent stabilization of the target-of-interest ITDRF (isothermal dose-response
fingerprint), transcribing the potency of the compound to interact with the target.

We use this routinely in our projects to evaluate target engagement. As an example,
we studied different insulin degrading enzyme (IDE) inhibitors in hepatocytes and showed
the impact of a single fluorine on target engagement in cells [16]. Another application of
this protocol is to allow the evaluation of multiple targets at the same time.

3. Chemical Biology Strategies to Identify New Hits
3.1. Screening of Focused Libraries or Clinical Compounds Libraries on Metalloproteases

Among the different hit-discovery strategies, we classically use high-throughput
screening of known drugs and clinical compounds (TEELibrary available from the French
company Apteeus, located in Lille) or focused libraries [17,18]. We have applied such
strategies to the discovery of inhibitors of two atypical metalloproteases, namely insulin
degrading enzyme (IDE) and endoplasmic-reticulum aminopeptidase 2 (ERAP2), for which
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biological roles are not completely defined or which have only a few modulators with poor
drug-like properties in the literature.

IDE is an intriguing metalloprotease from the M16 family [19]. We ran a high-
throughput drug repurposing screening of a library of drugs and clinical candidates
to identify new drug-like inhibitors with optimal pharmacokinetic properties to probe
these roles (Figure 3A). We identified several inhibitors of IDE among which ebselen was
the most potent IDE inhibitor described so far (ICsq (insulin) = 14 nM). Mechanistic studies
suggested ebselen could be a reversible covalent inhibitor of IDE. Biophysical methods such
as HDX-MS pointed out how ebselen disturbs the open-closed conformation equilibrium
of IDE in a distinct manner to previously described inhibitors [20].
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Figure 3. High-throughput screening cascades for the discovery of metalloprotease inhibitors. (A) Ebselen is the most active
IDE inhibitor. It is a reversible covalent inhibitor that impairs the open—close conformational shift of IDE and the entry of
the substrates; (B) screening a focused library of acidic compounds allowed the discovery of the first activator of ERAP2
among a family of inhibitors.

Both the fact that the inhibitory activity of ebselen towards IDE is the highest listed
activity on a human target and the proof of IDE engagement by ebselen in hepatocytes
explain some of its reported activities in metabolism, such as its insulin-mimetic action or
improved hepatic insulin signaling and restored glucose tolerance in vivo.

ERAP2, another metalloprotease from the M1 family (aminopeptidase), trims peptides
for their presentation by MHC-I proteins. Polymorphisms of this enzyme have been
linked to the risk of developing several pathologies including autoinflammatory diseases,
infections, and cancers [21,22]. To date, only a few ERAP?2 inhibitors have been identified,
but these compounds either lack selectivity against other metalloenzymes and/or show
poor drugability properties. We recently screened our 2000-member library of acidic
compounds on ERAP?2 to find alternative scaffolds [23].
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We coupled screening on a small substrate with hit triage using longer antigens (non-
apeptides) and selectivity screening against closely related aminopeptidases (ERAP1 and
IRAP). Thanks to this screening cascade (Figure 3B), we identified 11 inhibitors of ERAP2.
In particular, we discovered a series of carboxylic acids that behave either as inhibitors
or as activators of small substrates hydrolysis [23]. Interestingly, these compounds bind
the catalytic site but shape it for optimized binding and hydrolysis of small substrates like
Arg-AMC (activators) or for preventing longer peptides to bind (inhibitors).

Screening has thus allowed us to identify new modulators of metalloproteases with
atypical binding modes or pharmacological activities.

3.2. Kinetic Target Guided Synthesis

Among the novel bioorthogonal chemical breakthroughs in chemical biology and
drug discovery, protein-templated synthesis is an uncommon and, to some extent, an
unexplored strategy. Dynamic combinatorial chemistry (DCC) [24] and kinetic target-
guided synthesis (KTGS) use the targeted protein as a template to create its own ligands
from biocompatible and reactive reagents. In KTGS, the irreversible reaction between
the reagents occurs following their binding to the targeted protein that brings them in
close proximity and properly orients their compatible reactive moieties (Figure 4A) [25-27].
Azides and alkynes are the biocompatible reagents, which are the most employed and
produce protein-templated triazoles by in situ click chemistry, a class of KTGS. Triazoles
are appealing scaffolds in drug discovery as they can be involved in numerous interactions
(e.g., dipolar interactions, H-bond interactions, aromatic interactions) [28,29]. Thus, with
its tremendous potential, in situ click chemistry has drawn our attention and subsequently
was integrated in our array of strategies for our drug discovery programs.
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Figure 4. (A) Principle of kinetic target-guided synthesis (KTGS) with the example of the in situ click chemistry strategy.

A pool of azides and alkynes are presented to the protein of interest, which stabilizes a pair of affine reagents in reacting

configuration (close proximity and proper orientation of their compatible reactive moieties). The protein accelerates the
irreversible reaction of these two reagents to afford the final 1,2,3-triazole ligand; (B) KTGS by EthR using a multicomponent

strategy from one azide and

60 diverse alkynes leading to BDM14950 that traps a new “open-gate” conformation; (C) KTGS

by IDE using an orthogonal multicomponent strategy from two azides and 90 diverse alkynes leading to 66 hits including
the best in vivo active IDE inhibitor BDM44768 that shifts IDE conformer ensemble toward closed conformations.

First, in a project related to the mycobacterial transcriptional regulator EthR, the
thienoacetyl group of an ‘in-house” weak inhibitor was replaced by an acetylazido group
affording BDM14801 [30]. Sixty diversified alkynes were selected from our dedicated
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library for their possible capability to bind in a hydrophobic pocket of EthR close to the
ligand binding domain where the azido moiety of BDM14801 interacts according to X-ray
analysis. Then, the KTGS was performed in a multicomponent format, where the alkynes
were displayed to the protein as a mixture of competing reagents. This multicomponent
format has the advantage of reducing the number of reaction wells and thus decreasing
the amount of enzyme and the duration of analytical screening compared to the binary
format. For the EthR-templated KTGS, the azide was incubated with 6 clusters of 10
alkynes in the presence of the target. Remarkably, after 24 h of incubation, SIM LC/MS
analysis identified one hit: the 1,4-disubstituted 1,2,3-triazole BDM14950 (Figure 4B). This
compound proved to be a submicromolar inhibitor (IC5y = 580 nM). Moreover, thanks to
this KTGS experiment, a new “open-gate” conformation of EthR was discovered with the
flip of two mobile phenylalanines induced by the formation of the triazole ligand (PDB
code: 308H). This phenomenon affected the transcriptional repressor activities of EthR
and allowed the access of a new hydrophobic region that could be further explored for the
discovery of new inhibitors.

Another successful KTGS experiment was performed on insulin degrading enzyme
(IDE) [31]. Two azides were rationally designed thanks to information available on sub-
strate preference and known inhibitors. These azides bore an hydroxamate moiety as
a warhead to coordinate the zinc ion in the N-terminal domain (IDE-N). Ninety varied
alkynes were picked out of our dedicated library for their potential ability to bind the
C-terminal domain (IDE-C) of the catalytic site. The KTGS was carried out in an orthogonal
multicomponent format where the alkynes were arranged in orthogonal clusters in function
of the type of their backbone or their substituents. In this sorting strategy, any alkynes
compete with its counterparts in two different competing environments. This format has
the advantages of maximizing the chance of templated triazole formation and reducing
the rate of false negatives. For our KTGS experiment involving IDE, the two azides were
incubated individually with the metalloprotease and 19 clusters of 9 or 10 alkynes. Of note,
the hit rate was quite good (18.3%) and 1,4- and 1,5-disubstituted triazoles were detected
by LC-MS-TOF analysis. Impressively, among the 66 hits, the KTGS delivered BDM44768
(Figure 4C), the first inhibitor targeting the catalytic site with an in vivo activity that al-
lowed us to invalidate this metalloprotease as a target to treat type-2 diabetes. Moreover,
co-crystallization of this compound with IDE revealed that it interacted with both IDE-N
and IDE-C terminal domains, shifting the metalloprotease towards its closed, inhibited
conformation (PDB code: 4NXO). Consequently, KTGS showed its proficiency to explore
unknown or less abundant conformations.

3.3. Fragment-Based Drug Discovery

In the last two decades, fragment-based approaches have gained a lot of attention
alongside the discovery of new biologically active molecules, notably for their capacity
to explore new chemical spaces against very challenging targets [32]. Fragment-based
drug design relies on the screening of small molecules heavy atom count (HAC < 17-20),
so-called fragments, compared to lead-like and drug-like molecules (25 < HAC < 35) found
in high-throughput screening libraries. Using fragments allows for a better sampling of
the chemical space, even with small libraries (usually 10°~10* compounds) [33,34] which
are less costly to assemble and use and are therefore more accessible to small biotechs
and academics. Another advantage with fragments is that they usually display more
efficient binding modes [35]. However, because they create fewer interactions with the
target, the hits from the screening tend to have low affinities (1 mM-10 uM) and need
to be extended to create new interactions and increase their potency. This optimisation
of the fragments hit can be performed using three main strategies: fragment-growing,
fragment-linking and fragment-merging. Among these, fragment-growing is the most
common and simply consists of “growing” the initial hit fragment by adding new chemical
moieties in order to create new interactions with the target. This process is highly facilitated
when binding mode information is available. Fragment-linking involves the assembly of
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two fragments that bind in non-overlapping binding sites. Finally, fragment merging is the
merger of structural aspects of fragments overlapping with other known ligands. One of
the main criteria for the success of a fragment-based approach is the quality of the initial
fragment-library. It has to be well designed to largely explore the available chemical space
and maximize the chances of hit-identification. One of the main shortcomings in current
chemical libraries is the lack of three-dimensionality, which has been proven to lead to
improved optimization [36,37]. We designed original, easily accessible, and chemically
tractable spirocyclic scaffolds. A 3D-enhanced focused library of 50 spiroisoxazolines [38]
and spirohydantoins [39] was therefore synthesized to enrich our in-house fragment library
(Figure 5A).
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Figure 5. Fragment-based drug design (FBDD) approaches used to identify hits in three different anti-infectious drug

discovery programs. (A) Enrichment of the library with 3D-fragments; (B) structures of three optimized inhibitors of
mycobacterial proteins EthRy, MabA and EthR.

Due to their small size, fragments usually display excellent physicochemical proper-
ties, a very attractive feature in the aim of penetrating the thick and poorly permeable M.
tuberculosis cell envelope, for instance [40]. Therefore, in the scope of our anti-infectious
drug discovery programs, we applied fragment-based approaches for the discovery of
inhibitors of transcription factors EthR, EthRy, and the mycobacterial enzyme MabA, part
of the fatty acid elongation system FAS-II (Figure 5B).

3.3.1. Discovery of Fragments Targeting EthR and EthR,

By combining surface plasmon resonance (SPR) and X-ray crystallography, we iden-
tified 4-iodophenylsulfonamide as a weak binder of the mycobacterial transcriptional
repressor EthR [5]. The simultaneous presence of two fragment entities in the binding
pocket allowed for parallel fragment-growing, fragment-linking, and fragment-merging
strategies. Although both fragment-linking and fragment-merging strategies allowed the
exploration of previously undescribed binding pockets, the fragment-growing approach
proved to be the most efficient and quickly delivered low nanomolar ethionamide boosters.
Multiparametric and structure-guided optimization led to BDM71339 (Figure 5B), the
first fragment-based EthR inhibitor with in vivo activity in a mice model of tuberculosis
infection [9].

As previously mentioned, an alternative ethionamide bioactivation pathway, regu-
lated by a second transcriptional regulator EthR;, has been identified [10]. The success
encountered with the fragment-based approach for the identification of EthR inhibitors
encouraged us to start from fragments to identify new chemotypes of EthR; ligands. The
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screening of EthR; with our fragment library using thermal shift assay led to the identifica-
tion of five new chemical series [41]. Structure-based optimisation of the tropinone-based
scaffold led to BDM76150 (Figure 5B), a sub-micromolar EthR; inhibitor.

3.3.2. Discovery of Fragments as Inhibitors of MabA

Inhibitors of EthR and EthR, boost the bacterial bioconversion of ETH into an ETH-
NAD adduct which ultimately inhibits InhA, an enzyme of the fatty acid biosynthesis
FAS-II system in charge of elongation of mycolic acids. In addition to InhA, three other
enzymes are involved in the FAS-II system: MabA (FabG1), HadAB/BC, and KasA/B.
Among all these essential enzymes, only MabA had not yet been investigated for specific
inhibitors. We therefore decided to implement a fragment-based approach for the discovery
of the first inhibitors [42]. LCMS-MS-based biochemical assay allowed for the identification
of six chemical series of MabA inhibitors. Out of these, the anthranilic acid-based family
was selected for further optimization. Chemical exploration around the anthranilic acid
moiety led to the low micromolar inhibitor BDM76448 (Figure 5B). Affinity for MabA of
BDM76448 fluorinated analogues was confirmed by ’F-NMR. Indeed, signal perturbations
correlated well with ICsy measured in the biochemical assay. BDM76448 represents the
first example of a MabA specific inhibitor. Further optimization of this compound and
validation of its ant