'.) Check for updates .
Chemistry

Review Europe
European Chemical

ChemMedChem doi.org/ 101002/ cmdc.202300099 Societies Publishing

www.chemmedchem.org

DprE1 Inhibitors: Enduring Aspirations for Future
Antituberculosis Drug Discovery

Saloni Yadav,” Aastha Soni,”) Omprakash Tanwar,*™ Rajendra Bhadane,*™ ¥
Gurdyal S. Besra," and Neha Kawathekar®

Well tolerated groups in head region: —
Requires a very hydrophobic functional group

o} in this region CH
OH p—0, 3 Head
o - \pOH CF CF3 g, oA
HO.. N\ A 3
Q} (0] o 1?( < )
N o] ,,/
NF TN OH '
= 2 HO ‘ o
N FAD (0] =16y, S
HoN OH (W= g, F
N™"NH - & e, \

U » - 25\\
N#/&O Ew"/‘ Head %‘,\‘J
N

®
SH g%j“v o)
%)
G|y117\ “Zv?% )
Gy

X Trunk %)

SN %5\(,\3@ Tolerate a flat ring or scaffold which can align
) q%w\?’“‘/ parallel tricyclic heterocycle isoalloxazine of FAD
Tolerate a wide variety of J s ad
flexible functional groups, Tail %) O2N BN 0
This is a solvent accesible area 2 N%
% ' z N=(
o} N K\Nﬁ’; J N’k\ 5
— "o
o} N HN"Nq
% v
N Trunk

o o

Hﬁa NO N)g{ N o N=( )t
o/@ @ﬁHkﬁ Tail \O/\/NQ }j\\& H(?:N&N/

ChemMedChem 2023, €202300099 (1 of 31) © 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH


http://orcid.org/0000-0002-2832-0044
http://orcid.org/0000-0002-7330-4801
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcmdc.202300099&domain=pdf&date_stamp=2023-06-29

Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemMedChem doi.org/10.1002/cmdc.202300099

DprE1 is a crucial enzyme involved in the cell wall synthesis of
Mycobacterium tuberculosis and a promising target for anti-
tuberculosis drug development. However, its unique structural
characteristics for ligand binding and association with DprE2
make developing new clinical compounds challenging. This
review provides an in-depth analysis of the structural require-
ments for both covalent and non-covalent inhibitors, their 2D
and 3D binding patterns, as well as their biological activity data
in vitro and in vivo, including pharmacokinetic information. We
also introduce a protein quality score (PQS) and an active-site

Introduction

Tuberculosis (TB) remains one of the top ten leading causes
of death worldwide, particularly in low-income countries.
According to the WHQO's 2020 report, 1.4 million people died
from TB in 2019." Although treatment is available, its success
rate is only 57% due to the lengthy and costly regimens.™
The emergence of extensively drug-resistant (XDR) TB strains
has further increased the cost of treatment® TB drug
resistance has developed through mechanisms such as
efflux,®’ genetic mutations,™ deficient DNA repair, and
compensatory evolution.” The low permeability of the TB
cell wall, slow growth, dormancy, drug tolerance, and
persistence present challenges for the discovery of new TB
drugs.”

Many adverse effects are associated with the use of first-
line anti-TB drugs, such as hepatitis, cutaneous reactions,
haematological reactions, gastrointestinal intolerance, and
renal failure.”’ Additionally, the high lipophilicity requirement
of compounds to inhibit Mtb growth restricts the develop-
ment of novel and diverse anti-TB hits/leads and impedes
their optimization of physicochemical properties.®® In light
of this, understanding the metabolic pathways involved in
Mtb and optimizing the absorption, distribution, metabolism,
excretion, and toxicity (ADMET) of small molecules is crucial.
This emphasizes the need for the discovery of faster-acting
and safer drugs for future use.”

Several excellent reviews on anti-tubercular (anti-TB) drug
discovery have been published.®'” Most anti-TB drugs target
Mtb cell wall assembly, including mycolic acid biosynthesis
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map of the DprE1 enzyme to help medicinal chemists better
understand DprE1 inhibition and develop new and effective
anti-TB drugs. Furthermore, we examine the resistance mecha-
nisms associated with DprE1 inhibitors to understand future
developments due to resistance emergence. This comprehen-
sive review offers insight into the DprE1 active site, including
protein-binding maps, PQS, and graphical representations of
known inhibitors, making it a valuable resource for medicinal
chemists working on future antitubercular compounds.

(isoniazid/ethionamide) and arabinogalactan/lipoarabino-
mannan biosynthesis (ethambutol). The importance of the
physicochemical properties of drugs and Mtb transporters in
the discovery of new anti-TB medicines has been nicely
explained by Elizabeth and Robert.""

Decaprenylphosphoryl-f3-D-ribose-2"-epimerase  oxidase
(DprE1, Rv-3790) and decaprenylphosphoryl-f3-D-ribose-2'-
epimerase (DprE2, Rv-3791) play a crucial role in the synthesis
of the arabinan components of arabinogalactan (AG) and
lipoarabinomannan (LAM)."'?

DprE1 and DprE2 are highly conserved in Mtb and are
essential for cell wall biosynthesis. DprE1 has sometimes
been referred to as a “magic drug target” and is the focus of
intense TB drug discovery efforts."* Many excellent reviews
have been published elsewhere, highlighting the importance
and utility of DprE1 inhibitors in the development of different
anti-TB hits and leads" Emphasizing the rich chemical
diversity of DprE1 inhibitors will serve as the foundation for
future anti-TB drug discovery.

Significance of DprE1 in Mtb Cell Wall Synthesis
and Its Mechanism of Inhibition

The Mtb cell wall consists of three essential components: the
long-chain mycolic acids (MA) located at the non-reducing
termini of the highly branched AG, which is linked to
peptidoglycan (PG) through a linker unit, and the essential
LAM polysaccharide located in the mycobacterial outer
membrane.['¥

The arabinan components of AG and LAM are exclusively
synthesized by distinct arabinofuranosyl transferases using
the common decaprenylphosphoryl-3-D-arabinofuranose
(DPA) (3) sugar donor found in Mtb. The biosynthesis of DPA
(3) begins with activation of ribose-5-phosphate by phos-
phoribosyl-1-pyrophosphate synthetase (PrsA, Rv1017c) to
form 5-phosphoribosyl-1-pyrophosphate (pRpp). Decaprenyl
monophosphate is then linked to pRpp using UbiA (Rv3806c)
to produce decaprenylphosphoryl-5-phosphoribose (DPPR),
which is then dephosphorylated by Rv3807c to form decap-
renyl-5-phosphoribose (DPR, 1). DPA (3) is then synthesized
from DPR (1) in two steps: the conversion of DPR (1) to
decaprenylphosphoryl-2-ketoribose (DPX, 2) by the flavopro-
tein enzyme DprE1 (Rv-3790), and the conversion of DPX (2)
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to DPA (3) by the NADH-dependent reductase DprE2
(Rv3791) (Figure 1).''9

The DprE1 and DprE2 enzymes work together to convert
DPR (1) to DPA (3), which is an essential precursor for AG and
LAM biosynthesis. In 2009, Makarov et al.,"® discovered the
first series of DprE1 inhibitors, referred to as Benzothiazi-
nones (BTZs). Since then, several additional DprE1 inhibitors,
including the clinical candidate Macozinone or PBTZ169,
have been identified, but none of them are currently
available for clinical use. Our aim is to provide the latest
information on each aspect of this research, and as a result,
the present review highlights the significance of DprE1 as a
target in the search for new tuberculosis drugs.

Structural insights into the DprE1 active site

To date, there are 31 DprE1 structures reported in the PDB
from Mtb and Mycobacterium smegmatis (Msm), with both
species sharing 83% sequence identity and RMSD of 0.464
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A7 From these 27 PDBs are for Mtb(4FEH,"> 4FDN,3
4FDO,!® 4FDP,® 4FF6,* 4KwW5,"® 4NCR™® 4P8H(not
published), 4PFD(not published), 4PFA(not published),
4P8K,2" 4P8L,* 4P8C,2 4P8T,* 4P8Y,* 4P8M,* 4P8N,"*"
4P8P,[20] SOEP,[Z” 5OEL,[2” SOEQI[ZH 6683,[22] 6HEZ,[23] 6HFW,[23]
6HFV,”®  6HF0®® and 6HF3™) while four PDBs for
Msm(4AUT,*Y 4F4Q,*¥ 4G3T,” and 4G3U™). The FAD bound
DprE1s; apo-proteins are also published as 4FDP!"¢ (mono-
clinic crystal form) and 4FEH (not published, hexagonal
crystal form), while specific DprEls, apo-proteins are pub-
lished as 4G3 U®’ (monoclinic crystal form) and 4G3T%!
(hexagonal crystal form). The complete information regarding
protein structure resolution, ligands, and overall protein
quality score of these PDBs are mentioned in Table 1.

Based on the overall quality of PDB structures, we have
formulated a general Protein Quality Score (PQS) for each
entry so that the researchers can choose the protein of
interest for their molecular modeling studies. The PQS is a
coarse quality score for a PDB entry inspired by many factors,
such as resolution, presence or absence of missing loops/
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Figure 1. The role of DprE1 in the biosynthesis of the Mycobacterium tuberculosis (Mtb) cell wall (arabinan) and its inhibition by the DprE1 inhibitor

macozinone (PBTZ169, 4).

outliers, and the number of times a PDB appeared in the
literature.

DprE1 contains two domains of a vanillyl-alcohol oxidase
and belongs to the family of oxidoreductases, which includes
both the FAD-binding domain (consisting of amino acid
residues 7-196 and 413-461) and the substrate/inhibitor-
binding domain (comprising amino acid residues 197-412).
The FAD is buried within the FAD-binding domain, with the
isoalloxazine of FAD located at the junction between the
substrate/inhibitor-binding domain. The FAD is essential for
the protein’s proper functioning."” The electron density map
of all crystal forms shows disorderliness in two surface loops
within the substrate/inhibitor-binding domain. Loop | (resi-
dues 269-303) and loop Il (residues 316-330) are situated
above the substrate/inhibitor-binding domain and facilitate
the attachment of the ligand to the substrate/inhibitor-
binding site. The behavior of these loops varies depending
on the bound inhibitors. Some inhibitors, such as Ty38C (5),
QN118 (6), and QN127 (7), stabilize loop |, while CT319 (13)
stabilizes loop II, and Ty36C (20) and QN129 (8) stabilize both
loops (Figure 2).'”

Binding Site Analysis of DprE1
Several reports on the structure of the DprE1 protein and its
active site have been published by Piton etal"” and by

Chikhale et al.'*® Since then, nine new PDB structures of
DprE1 have been deposited in the PDB database. However, a

ChemMedChem 2023, €202300099 (4 of 31)

comprehensive analysis of these structures is still necessary.
With sufficient data now available, it is possible to perform a
more in-depth analysis of the active site and gain a better
understanding of how DprE1 can bind both covalent and
non-covalent inhibitors. Our analysis of the DprE1 binding
site has divided it into head, trunk, and tail regions based on
the conformations of the co-crystallized ligands. In all PDB
structures, the FAD is positioned in a fixed location within
the binding pocket and serves as a support for ligand binding
(Figure 3).

The head region

The head region of the active site is composed of a hydro-
phobic cavity formed by His132, Gly133, Lys134, Ser228,
Lys367, Phe369, and Asn385. The cavity is more or less
identical in the X-ray structures, but it may have moved to
accommodate the inhibitors. The occupancy of this region
governs the inhibitory activity of DprE1. If ligands completely
occupy the head region, they strongly influence the ligand-
receptor affinity, i.e., pBTZ169 (4) and BTZ043 (9). Both
ligands contain a -CF; group, an ideal feature for this cavity,
and pack very well in this region by forming dense Vander
Waals interactions with the backbone of residues His132,
Gly133, and Lys134.1¢ Probably, the early structure-activity
relationship (SAR) for BTZs favored the inclusion of a CF3
group in this position. Therefore, most of the ligands
reported in the literature contain a CF; group occupying the
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PDB code Ligand name
(resolution

(AD)

Ligand structure

PDB entries with covalent DprE1 inhibitors

PQS (out of
five)

Table 1. Information on reported DprE1 PDB crystal structures and their protein quality score (PQS).”’

Integrity of side chains and status of missing
residues
Use in molecular modeling (MM) studies

Ref.

ANCR
(1.88) PBTZ169 (4)
4F4Q

(262) BTZ043 (9)

4PFA (2.56) BTO (10)

4PgH

(3.00) CBT-37 (11)

4FF6 (2.60) CT325(12)

4FDN (2.6) CT325(12)

4FDO (2.4) (CT319(13)

6G83 (2.40) sPBTZ169 (14)

6HEZ

(2.30) BTZ043 (9)

F5C

FsC

F3C

F;C

FsC

N

S o)
r—~
N™ HN

Missing residues in both chains A and B.
Used one MM study.

Missing residues in both chains A and B.
Not used in any virtual screening.

Missing residues in both chains A and B.
Many outliers are present in the side chains.
Used in one MM study.

Missing residues in the active site (269-297) and
creating a closed-form.
4FDO appeared in six MM studies.

Missing residues in chain-A.
Not used in any virtual screening.

Missing residues in chain-A. Some side chain
outliers are present.
Not used in any virtual screening.

[19,292]

[24)

[20]

[292,49]

[13e]

[13e,36]

[13e,36,50,56-57,70,74,77]

[22,36]

23]
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Table 1. continued
PDB code Ligand name Ligand structure PQS (out of Integrity of side chains and status of missing Ref.
(resolution five) residues
[A) Use in molecular modeling (MM) studies

PDB entries with covalent DprE1 inhibitors

O‘\N
6HFW SYN ‘. Missing residues in chain A
' ‘ - 23]
(2.47) CMP1 (15) IN ‘ Not used in any virtual screening.
F3C

6HFV “ 23]
(2.05) CMP2 (16) N "' - B

6HFO (2.38) [\il;r)obenzoxacme . ‘% _ 23

Nitrobenzoxacine “

residues are also present. 231
6HF3 (220) (18) " In PDB 2D structure shows PBTZ169 bound, but
FsC compound (18) is attached.

PDB entries with non-covalent DprE1 inhibitors

Many side-chain outliers are present, and missing

NO,

N ‘. Missing residues in both chains A and B.
4PFD (2.30) CBT-18(19) fewer outliers are present in the side chain, ]
‘ Not used in any MM study

N ‘. Missing residues in both chains, creating an
4P8K (2.49) Ty38c (5) open-form of the enzyme. [2078]
? ‘ 4P8K appeared in one MM study.

‘. Missing residues in both chains. Many outliers
4P8C (1.95) QN127 (7) are present in the side chain. 120]
‘ It is not used in any virtual screening.

No missing residue in chain-A, but some are

missing in chain-B. Some outliers are present
Not used in any virtual screening but can be
4P8L (2.02) Ty36C (20) ' used as the chain-A has no missing residue and 1201
‘ has good resolution. Extra ligand (2J3) is bound,
which makes the active site a little larger. May
give a clue for accommodating different ligands
2P8M ‘. Missing residues in both chains. Some outliers
.09 QN114 (21) " are present 2ol
’ ‘ Not used in any virtual screening.

Missing residues in both chains. Many outliers

4PEN N%OH “ are present.
QN118 (6) . P F " This PDB is not used in any virtual screening. 120
3

(1.79) N ﬂ/\(;[ Two conformations of ligands are visible in the
o~ PDB structure

A
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Table 1. continued

PDB code Ligand name Ligand structure PQS (out of Integrity of side chains and status of missing Ref.

(resolution five)
[AD
PDB entries with covalent DprE1 inhibitors

residues
Use in molecular modeling (MM) studies

4P8P (2.2)  QN124(22)

o
NS OH
4P8Y (2.01) The ester ofTy38c /@: P
FsC NN

(5) is reported

4P8T (2.55) QN129 (8)

4KW5

2.61) TCA1(23)
50EP
(2.35) TCA481 (24)

50EL (2.20) TCA1(23)

50EQ

(2.25) TCA020 (25)

| N
S

Missing residues in both chains. Many outliers
are present.
This PDB is not used in any virtual screening.

[201

[201

Same as 4P8L accept its resolution little less than
4P8L

Missing residues in both chains and creating an
open-form of the active site.
Used in four MM studies

[18,56-57,79]

Missing loops are present in chain-A 21
Not used in any virtual screening

Many side-chain outliers are present, missing

residues in chains. 21
Mutant structure not suitable for VS, as it

contains mutant Y314C.

Missing residues in chain-A. Some side chain
outliers are present.
Not used in any virtual screening.

211

[a] Comparison of PDB structures by quality. Pie charts show the distribution of PDB structures based on their quality, as determined by a combination of
PDB data and information from the literature. The green portion represents the percentage of structures with higher quality, while the red portion
represents the percentage of structures with lower quality. The higher number of green portions in a pie represents better PDB structure.

head region, with the exception of a few ligands such as
TCA1 (23). (see Figure 15A below). As buried hydrophobic
interactions generally contribute to the stability of protein-
ligand interactions and favor the ligand’s increased affinity,
the head region is the main driving force for drug-receptor
interaction and its association with DprE1 [27] (see Figure 3).
The sub-structures of the most often used hydrophobic

ChemMedChem 2023, €202300099 (7 of 31)

scaffolds in many DprE1 inhibitors are given in (Figure 4).
These structural motifs accommodate very well in the head
region and can be incorporated into new ligands to achieve
desired potency against DprE1.
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Figure 2. Depiction of the disordered loops of DprE1’s substrate/inhibitor-binding and FAD-binding domains in the active site is shown (Loop-I is represented
by amino acids 269-303 in yellow cartoon and by surface representation in blue, Loop-Il is represented by amino acids 316-330 in blue surface representation;
FAD and the ligand are shown in elemental ball and stick representation, while the rest of the protein is depicted in pink cartoon with a transparent white
surface; the PDB ID is 4P8L2%).

Figure 3. The map of the DprE1 active site is presented. A) A dummy model of the active site, which is divided into three regions: the head, trunk, and tail. B)
A non-covalently bound inhibitor and its position within the active site. C) A covalently bound inhibitor and its placement in the active site. The green
represents the hydrophobic (head) region, the blue represents the groups facing the FAD (trunk part), and red represents the solvent-accessible (tail) region.
The electrophilic warhead is shown above the pink sphere. (B) The mechanism of Nitroso-activation (32) of BTZ derivatives and the formation of the
Meisenheimer complex is also shown.
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Figure 4. Active site map of DprE1 with important structural landscapes. Tolerable functional groups at different positions in the active site of the DprE1
enzyme are highlighted in green, blue, and red colors respectively for the head, trunk, and tail regions. The color scheme for the binding site is as shown in

Figure 3.

The trunk region

This portion runs parallel to the isoalloxazine ring of FAD.
The isoalloxazine ring ensures that the substrate and
inhibitors remain in a planar orientation within the active
site. The trunk is surrounded on one side by the isoalloxazine
ring of FAD and Gly117, and on the other side by GIn336,
Cys387, Val365, Asn364, and Lys418. Cys387 plays a crucial
role in binding covalent inhibitors, forming a covalent bond
with nitro groups of compounds such as pBTZ169 (4) and
BTZ043 (9), among others (as seen in Figure 3C).

On the other hand, Lys418 contributes to the stabilization
of the covalent adduct by forming an additional hydrogen
bond. It forms a hydrogen bond with the carboxamido group
of TCA1 (23) (PDB ID 4KW5).'® and establishes strong
hydrogen-bonding interactions with the carboxylate group of
the quinoxaline ring (PDB ID 4P8N).2"

This region is occupied by scaffolds/heterocycles that can
align parallel to FAD by forming m-m stacking interactions
with the isoalloxazine ring of FAD. The tolerated scaffolds/
heterocycles in this region include benzothiazinone, benzo-
thiazole, benzamide, and quinoxaline (see Figure 4). The
isoalloxazine ring of FAD forces these rings to fit parallel to it,
allowing the ligand to bind to the active site of DprE1. Both
monocyclic and bicyclic rings are tolerated in this region. It is

ChemMedChem 2023, €202300099 (9 of 31)

important to mention that this region resembles a bulged
belly (protruding towards Lys134 and Trp230) and can
accommodate slightly larger ring systems, such as tricyclic
and macrocyclic planar compounds. The frequently used sub-
structures in this region are shown in (Figure 4). Incorporat-
ing flat rings with similar electronic and structural features
(i.e. donor/acceptor features) could lead to better DprE1l
inhibitors for future use.

The tail region

The last and very flexible region of DprE1 is the tail region.
The ligand is generally exposed to the solvent in this region
and the flexible loops are poorly resolved in most crystal
structures. The tail area consists of two disordered loops;
loop | from 269-303 and loop Il from 316-330 (Figure 2).
Both loops collectively cover the substrate/inhibitor-binding
pocket and serve as a gateway for opening and closing the
binding site for the substrate or inhibitor."” The critical
amino acids in this region are GIn334, Tyr60, Leu363, and
Arg325. In some crystal structures (PDB ID 4P8N™%), this
region can extend to Asn324, Leu317, Trp230, Asp318, and
His315. Tyr60 is a crucial amino acid that forms hydrogen
bonds with many co-crystallized ligands. In this region,

© 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH
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various fragments are tolerated, including non-polar aliphatic
groups and some aromatic groups. The structural compo-
nents include piperidine, 2,6-dimethylpiperidine,
cyclohexylmethylpiperazine, 4-methoxynenzylamine, and 1,4-
dioxa-8-azaspiro[4.5]decane, 4-(cyclohexylsulfonyl)piperidine
(Figure 4).

The active site map of DprE1 with important structural
landscapes

Tolerable functional groups at different positions in the
active site of the DprE1 enzyme are highlighted in green,
blue, and red colors respectively for the head, trunk, and tail
regions. The color scheme for the binding site is as shown in
(Figure 3).

The association of DprE1 and DprE2

The association of DprE1 and DprE2 is crucial for the
synthesis of the Mtb cell wall and the biosynthesis of the
arabinogalactan (AG). The two enzymes form a stable
heterodimeric complex, which exhibits better catalytic activ-
ity than the individual enzymes.”® A key finding of the
molecular modeling study conducted by the Parkesh group is
that DprE1 and DprE2 interact at disordered regions.¢*?”
This interaction may explain the missing electron densities in
many crystal structures of the DprE1 enzyme.” Thus, it is
suggested to consider the structural complex of both DprE1
and DprE2 before conducting any enzyme crystallization or
molecular docking experiments on DprE1. In order to ensure
accurate and reliable docking results, it is essential to
consider structures with complete resolution and no missing
residues. Among the available structures, only chain-A in
4P8 L and 4P8T fulfills this criterion. Therefore, for molecular
docking studies, focusing on the fully resolved chain-A in
4P8L and 4P8T would provide the most reliable structural
information. Additionally, it is important to note that the
association between DprE1 and DprE2 can impact ligand
binding and efficacy. To obtain more comprehensive results,
co-crystallizing a ternary complex consisting of DprE1, the
ligand, and DprE2 would be beneficial. This ternary complex
structure would yield deeper insights into the ligand binding
mode and the interplay between DprE1 and DprE2, poten-
tially leading to improved outcomes in molecular modeling
studies.”® Also developing the DprE2 inhibitors may also
help in mutation issue in Mtb.

Medicinal Chemistry Perspectives of DprE1
Inhibitors

Several inhibitors of DprE1 have been identified to date,
exhibiting either covalent or non-covalent binding to the
enzyme. The initial discovery of DprE1 inhibitors involved

ChemMedChem 2023, €202300099 (10 of 31)

covalent-binding nitrobezothiazinones (BTZ) analogs, result-
ing in the clinical candidates BTZ043 (9) and Macozinone
(MCZ, PBTZ169, 4).'772421 Eyrthermore, subsequent research
has yielded a range of covalent and non-covalent com-
pounds, which will be discussed in the following sections.

The Emergence of Covalent DprE1 Inhibitors
Development of nitrobezothiazinones (BTZs)

Nitrobenzothiazinone represents the earliest and most sig-
nificant class of covalent DprE1 inhibitors. BTZ043 (9) and
BTZ044 (29) are the S and R enantiomers, respectively, of
BTZ038 (26) and have equipotent in vitro activity (Figure 5A).
The S and R enantiomers of the amino (BTZ045) and
hydroxylamine (BTZ046) derivatives were also synthesized
and evaluated, but they showed 500-fold less activity than
the nitro analogues."® All these compounds form covalent
bonds with the Cys387 residue of DprE1. A site-directed
mutagenesis study suggests that Cys387 is not essential for
DprE1 activity.®?” Hence, for covalent inhibition, a natural
substrate such as FAD or its close analogues farnesylphos-
phoryl-B-D-ribofuranose (FPR) is required for reductive acti-
vation of nitro (26) to a nitroso intermediate (27)2%3"
(Figure 5A). The efficacy of BTZ was determined in the
standard mouse infection model, in which BALB/c mice were
infected with a bacillary load of Mtb H37Rv via aerosol. The
pharmacokinetic study of BTZ043 showed a half-life in serum
of more than 2 hours, a T,,,, of greater than 0.5 hours, a C.,
of 2 ug/mL, and an AUC of 4.6 h-pg/mL.

In another experiment by Trefzer et al.,? it was observed
that BTZ043 (9) inhibited the epimerization of 14C-DPR into
14C-DPA, confirming that the target enzyme for BTZ043 (9) is
DprE1. The mutation of Cys394 to Gly394 in DprElgy
(corresponding to Cys387 in DprE1,,,) established resistance
against BTZ043 (9) in Msm strains. Mass spectrometry studies
confirmed the formation of a covalent semi-mercaptal (28)
intermediate between BTZ043 (9) and DprE1SM, demonstrat-
ing that BTZs represent a suicide substrate/inhibitor for the
DprE1 enzyme.®? Similarly, Neres et al.”™ established that
BTZ043 (9) is a pro-drug and that point mutations in DprE1 at
Cys387 lead to modulation of MIC values up to 10,000-fold. It
was observed that the nitro group of BTZ was essential for
anti-TB activity, and these results confirmed that the point
mutation at Cys387 was responsible for BTZ resistance.***

Confirmation of covalent adduct formation

To further support the formation of nitroso-intermediates (27
and 32), Liu et al.,®*¥ performed a reduction experiment using
BTZ043 (9) and PBTZ169 (4) and observed the formation of a
short-lived intermediate that could be isolated. During the
investigation, BTZ043 (9) formed a short-lived Meisenheimer
complex (30and 31), which could be re-oxidized to the
original compound (Figure 5B). LC-MS, NMR, and a deute-
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Figure 5. A) Mechanism of semimercaptal adduct formation of BTZ038 (26) with Cys387. B) Hydride-induced formation of Meisenheimer complexes. The color

scheme is represented according to the binding site (as given in Figure 3).

rium exchange reaction confirmed it, where nucleophile-like
hydrides generated using NaBH4 and NaBD4 react directly
with BTZ through the addition of ortho (30) and para (31) to
the nitro group. These Meisenheimer complexes appeared
differently from BTZ043 (9) and PBTZ169 (4). When isolated,
stored in solution, and exposed to air, they oxidized and
regenerated the BTZ nitroso-intermediate (32) (Figure 5B).2%
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Proof of subcellular localization of DprET1, its isolation, and
first PDB structure elucidation

In their study, Brecik etal®' utilized high-resolution
fluorescence microscopy to identify the extracytoplasmic
localization of DprE1, a key enzyme involved in DPA biosyn-
thesis in mycobacteria. The authors provided an explanation
for this unexpected finding, highlighting that the periplasmic
localization of DprE1 contributes to its vulnerability and the
susceptibility of this target to various classes of inhibitors.
This extracytoplasmic localization implies that drugs target-
ing DprE1 can exert their effects without needing to enter
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the cytoplasm. As a result, these inhibitors can potentially
evade the action of efflux pumps, trapping mechanisms, and
other cytoplasmic inactivation mechanisms that might confer
intrinsic resistance.

Further, Batt et al.,"*® published two crystal structures of
DprE1lgy, in complex with BTZ043 (9) with and without FAD
(PDB codes: 4AUT™" and 4F4Q.”¥ As with Batt et al.,"* some
loops were disordered, and electron density maps were
missing for the first 13 residues and residues between 275-
303 and 330-336. These disordered loops cover the isoallox-
azine ring of FAD, which is located at the interface between
the substrate/inhibitor-binding and cofactor-binding do-
mains. They found that Lys425 (corresponding to Lys418 in
Mtb) is a crucial amino acid for DprE1 activity, which was
confirmed through site-directed mutagenesis experiments. A
mutation of Lys425 to Ala425 resulted in complete loss of
DprE1 activity. The group also synthesized a fluorescent-
labeled BTZ043 (9) analogue known as BTZ-TAMRA (33),
which had moderate activity (6.2 pg/mL MICy) against Mtb
H37Rv and localized to DprE1 (Figure 6A). The localization of
DprE1 within the bacterial cell was investigated, and
fluorescence analysis revealed distinct localization at the
poles of the bacteria, suggesting the subcellular localization
of DprE1 for the first time. The crystal structure of the native
and BTZ043-bound DprE1 showed that the active site
required a conformational change to accommodate the DPR

substrate. Two disordered loops were observed between
residues 323-329 and 275-303 (Figure 6B and 6C)."'**®

Discovery of macozinone (MCZ), a piperazine-containing
benzothiazinone (PBTZ)

To optimize the potency and toxicity of BTZ043 (9), Makarov
etal,"” discovered the clinical candidate PBTZ169 (4), or
Macozinone (MCZ). The evaluation of BTZ043 (9) in a mouse
model revealed that it had a weak potency and high
hydrophobicity, and therefore, the authors proposed to alter
its molecular structure in order to enhance its drug profile
and improve its efficacy. Instead of the piperidine scaffold,
they incorporated a piperazine ring in a new series of
benzothiazinones (BTZs) and obtained PBTZs as improved
DprE1 inhibitors. Extensive SAR studies were performed by
substituting the N-4 piperazine. Hydrophilic groups, such as
carboxylic acids, alcohols, and different amines, resulted in
reduced anti-TB activity compared to BTZ043 (9). Aromatic
hydrophobic substituents, such as a phenyl ring, were not
tolerated. Aliphatic alkyl substitutions at N-4 were attempted,
resulting in improved water solubility and better potency
due to protonation of the tertiary amino nitrogen of the
piperazine ring. In vitro activities against MtbH37Rv showed a
strong correlation between minimum inhibitory concentra-

A)
ﬁ .
8 N_~

[ BTZ-TAMRA (33)} LT

|

= N*

Mtb H37RV, MICo = 6.2 mgimL | Ny,
C)
\
11

N 343

FAD 502

ATHR' 125

Figure 6. A) 2D structure of BTZ-TAMRA (33). B) Crystal structure of 4AUT,? an apo form. C) Crystal structure of 4F4Q co-crystallized with BTZ043 (9).
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tion (MIC) and lipophilicity. PBTZ169 (4) was found to be
twenty times more potent than BTZ043 (9) (MICy,, Mtb
H37Rv=0.003 pg/mL) and possess better stability in the
mouse model. In vivo efficacy of PBTZ169 in a murine model
of chronic TB after low-dose aerosol infection of BALB/c mice
was assessed and found to be active in both lungs and
spleen and superior to BTZ043 in reducing bacterial burden
in the spleen and CFU in the lungs by more than 0.5 log,
equivalent to isoniazid. Compared to BTZ043, pharmacoki-
netic data suggest that PBTZ169 is rapidly absorbed in the
stomach and intestine and has a serum level that remains
well above the MIC for more than 21 hours with a single daily
dose. PBTZ169 (4) (TDs;,=58 ug/mL) was found to be less
toxic than BTZ043 (9) (TDso=5 pg/mL) in the HepG2 human
cell line. A crystal structure of Mtb DprE1 covalently bound to
PBTZ169 (4) was obtained with a resolution of 1.9 A (PDB
4NCR." Nearmedic Plus LLC is conducting a Phase 2a clinical
study for PBTZ169 (4), although its current status is “termi-
nated (very slow enrollment).?"

Binding mode analysis of PBTZ169 (4)

The binding mode of PBTZ169 (4) to DprE1 has been studied
by Makarov etal,"” and found to be similar to that of
BTZ043 (9). PBTZ169 (4) binds to the substrate/inhibitor-
binding pocket with its -NO, group covalently binding to
Cys387 and the -CF; group situated in a hydrophobic pocket.
The BTZ ring is aligned parallel to FAD, and the piperazine
ring and cyclohexyl form Van der Waals interactions with
Gly117, Trp230, and Leu363. The cyclohexyl-methyl moiety
lacks electron density and is exposed to the solvent (Fig-
ure 7B).

Optimization efforts on BTZ043 (9) and PBTZ169 (4)

Optimization of BTZ nucleus led to the development of N-
alkyl and heterocyclic ring-substituted 1,3-benzothiazine-4-
one derivatives. In this series, compound 34 (Figure 7A)
displayed a minimum inhibitory concentration (MIC) of
0.0001 pM against Mtb H37Rv, 20 times higher activity than
BTZ043 (9). The pharmacokinetic properties of compound 34
were determined in Sprague Dawley rats through single oral
(p.0.) and intravenous administration (i.v.). The elimination
half-life was found to be approximately 2.5 hours (i.v.) and
5.4 hours (p.o.), and C,,, was achieved through oral dosing at
about 0.56 ug/mL (1.25 uM), which is 12,560 times higher
than its in vitro MIC level. It also showed an acceptable oral
bioavailability of 26 %. The increase in activity might be due
to the replacement of the spiroketal group with an azaspir-
odithiolane group.”” On the other hand, Li et al.*® identified
a benzothiopyranone analogue (35) (Figure 7A) through
scaffold morphing of BTZ as a DprE1 inhibitor. SAR studies
revealed that benzothiopyranone analogues with a tertiary
amino side chain at the 2-position showed potent activity. In
this study, compound (35) displayed excellent in vitro activity
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against Mtb H37Rv and two XDR-TB clinical isolates, and
superior pharmacokinetic properties in male Balb/c mice,
with high plasma exposure and a prolonged elimination half-
life of approximately 7.25 hours after oral administration, and
low oral bioavailability of 13.1%. In vivo efficacy was
evaluated in a murine model of acute infection with Mtb
H37Ry, resulting in a 5.4 log reduction of Mtb colony-forming
units (CFU) in the lungs.®®

Tiwari et al.,®” discovered two oxidation products of
BTZ043 (9), benzothiazinone-sulfoxide (BTZ-SO) (36) and
benzothiazinone-sulfone (BTZ-SO2) (37). The metabolic fate
of BTZ043 (9) was governed by either a cytochrome P450 or a
flavin monooxygenase enzyme. The compounds were eval-
uated against pathogenic mycobacterial strains, such as Mtb
and Mycobacterium bovis, and BTZ-SO (36) was found to be
effective and showed impressive activity, while BTZ-SO2 (37)
showed mild activity (as seen in Figure 7A).5

Piton et al.,*? revised the SAR of PBTZ and discovered the
novel series of sulfonyl benzothiazinones (sPBTZ) through
structural modification at the piperazine-N-4 position. This
modification improved the metabolic stability, in vivo activity,
and aqueous solubility of the compounds. Among these,
sPBTZ11626091 (38) (as seen in Figure 7A) was found to be
the best. The SAR studies showed that substitutions with
small groups (methyl, ethyl, cyclopropyl) on the sulfonyl
moiety led to mild cytotoxicity, higher solubility, and better
metabolic stability due to low clearance rates. Substitutions
with larger functional groups were more toxic, less soluble,
and had high clearance rates and less metabolic stability. The
in vivo efficacy of sPBTZ11626091 was evaluated in a murine
model of chronic TB and was found to reduce the bacterial
burden in lungs and spleen by 0.46 (P <0.05) and 1.03 (P<
0.0001) log,, respectively. The results were validated by
solving the crystal structures of DprE1 in complex with
sPBTZ169 (14) with a resolution of 2.40 A (PDB 6G83?) and
the interactions were similar to those of pBTZ169 (Table 1).

More efforts to improve PBTZ169 (4) were undertaken by
Zhang etal."™ They synthesized unique spirocyclic and
bicyclic-8-nitrobenzothiazinones that showed improved
physicochemical and pharmacokinetic properties when com-
pared to the reference. The best compound (39) (Figure 7A)
had a minimum inhibitory concentration (MIC) of 32 nM
(0.014 pg/mL) and showed a 1000-fold improvement in
solubility. It also had a 2-fold lower clearance rate compared
to PBTZ169 (4). The compound showed oral bioavailability of
27% and a high volume of distribution, resulting in a
terminal elimination half-life of 2.5hours. SAR studies
revealed that compounds that retained piperazine-like prop-
erties showed better inhibition activity. The study showed
that high lipophilicity and molecular symmetry increased
potency, while reducing molecular planarity improved sol-
ubility.

Gao etal,”"” identified benzothiazinethiones as a new
scaffold as anti-TB agents, which were obtained by thiolation
of benzothiazinones. One of the potent benzothiazinethione
analogs, SKLB-TB1001 (40), is shown in the box in (Figure 7A)
and demonstrated excellent activity against Mtb. The inhib-
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Figure 7. Discovery of macozinone and others (14-45). A) Rationale for the discovery of novel BTZ and other derivatives. B) Binding mode of PBTZ169 (4) with

DprE1 (PDB 4NCR'™).

ition of DprE1 by SKLB-TB1001 (40) was confirmed through
computational docking and differential scanning calorimetry.
It is speculated that SKLB-TB1001 (40) may have a unique
mechanism of action as it may generate a sulfur-containing
metabolite or an organic SO, donor, which could bind to
DNA or RNA due to the nucleophilicity of the S atom. The
compound was found to be as potent as BTZ043 (9) and
PBTZ169 (4) against replicating H37Rv and was more potent
than isoniazid (MIC-0.064 uM/0.47 ug/mL). It was similarly
potent against multidrug-resistant clinical strains that
showed resistance to isoniazid and rifampicin, and it was
equipotent against extensively drug-resistant clinical strains.
SKLB-TB showed favorable oral bioavailability in lipophilic
formulation, suggesting a high potential for clinical trials at
higher doses. A pharmacokinetic profile study was conducted

ChemMedChem 2023, €202300099 (14 of 31)

in SD rats at a dose of 5 mg/kg, and the results showed rapid
absorption with a T,,, of 1.13 hours and a moderate
elimination half-life of 1.45 hours.*" In an in vivo metabolic
identification experiment of SKLB-TB1001 (40), seven metab-
olites were isolated, but only the de-sulfuration oxidation
metabolite (41) showed moderate activity against H37Rv."?
Wang et al.,*® developed a series of potent benzothiazi-
nones containing an oxime moiety (42) (Figure 7A) attached
to a nitrogen heterocycle through the cyclohexyl ring of
PBTZ. 19 compounds were screened, and among them, one
was close to PBTZ and showed greater potency than PBTZ.
This compound is under evaluation as a potent anti-TB
clinical candidate. In vivo efficacy was performed on a murine
model infected with Mtb H37Rv strains and compound (42)
was found to reduce CFUs in the lungs by 4.04 logs, which is
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greater than PBTZ169 but less than isoniazid. Pharmacoki-
netic profiles were conducted in SD rats at a single intra-
venous dose (2.5 mg/kg) and oral multi-dose at 20, 50,
200 mg/kg, which showed T1/2 of 1.774+0.43, 3.20+£0.71,
4.134+1.27, and 6.73 £ 1.41 respectively, which is greater than
PBTZ169" The compound (42) was renamed TZY-5-84 and
further studied by Guo etal.” It showed potent in vitro
activity against Mtb H37Rv, ranging from 0.014 to 0.015 mg/
L. In the murine infection model, at a dose of 12.5 mg/kg, it
showed comparable efficacy to PBTZ169 at a dose of 25 mg/
kg.[“‘”

More recently, Lu and colleagues identified and opti-
mized a series of novel spiro-heterocycles through the
hybridization of PBTZ169 (4) and BTZ043 (9). The best
compound from this series, IMB1603 (43)“" (Figure 7A), was
found to have a similar activity profile and better solubility
compared to PBTZ169 (4). The IMB1603 (43) was found to
have a MIC value of <0.035 uM against Mtb H37Rv. Further
research was carried out by Ma et al,”” and they identified
hexahydropyrrolo[3,4-c]lpyrrole clubbed benzothiazones as
potent compound. The activity of these agents was opti-
mized by making changes at the 2-position of BTZ. SAR
findings suggested that substituents on the phenyl ring play
a crucial role in Mtb activity, with para and meta substituents
showing comparable potency to ortho-substituted BTZs, and
double substituents (para and meta) showing even better
potency than mono-substituted BTZs. For instance, a com-
pound with 4-chloro-3-fluorophenyl substituent (44) showed
excellent activity against Mtb (MIC <0.035 uM/0.018 pg/mL)
with low cytotoxicity and better water solubility compared to
PBTZ169 (4)"*

Liu et al™” investigated covalent inhibitors, which have
stronger and longer-lasting interactions with target proteins
compared to non-covalent inhibitors, leading to better
pharmacological responses at lower concentrations. They
replaced the nitro-electrophile of BTZs with other warheads,
and studied three classes of BTZ derivatives (Figure 7A). Only
compound 45 (cyano group replacing nitro-group of
PBTZ169) showed moderate potency with a MIC of 0.03 uM
and 1G5, of 0.92 uM. However, none of the compounds
showed covalent DprE1 inhibition™”

Efforts to replace BTZ core ring
Development of dinitrobenzamide derivatives (DNBs) and more

In search of new DprE1 inhibitors, Christophe et al.
conducted a high-throughput phenotypic screen using
automated confocal microscopy, which led to the identifica-
tion of dinitrobenzamide derivatives (DNBs) with excellent
activity against drug-sensitive, MDR, and XDR strains of Mtb.
SAR studies indicated that the nitro group at the 3 and 5
positions on the benzene ring is most favored, and reducing
one of these nitro groups to an amine or hydroxylamine
group resulted in reduced activity. DNB1 (46) (Figure 8)
showed excellent biological activity in both extracellular (MIC
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0.2 uM) and intracellular (MIC 0.2 uM) assays. The cyclic
benzamide derivative 47-(S) was more potent in extracellular
assays (MIC 0.08 uM) but less potent in intracellular assays.
These DNBs showed time-dependent bactericidal action and
had a good ADME profile®®

Xanthone derivatives-methyl-2,4,7-trinitroxanthone (MTX)
Based on the discovery of BTZs and DNBs, Trefzer et al.,**”
discovered two classes of compounds: 1) methyl-2,4,7-
trinitroxanthone (MTX, xanthone derivatives) and 2) dinitro-
benzene derivatives (DNBs). MTX (48) (Figure 8) was found to
have anti-TB activity against both BTZ-resistant and BTZ-
sensitive strains, with a mechanism of inhibition and resist-
ance similar to other BTZs. SAR studies showed that only one
of the nitro groups in MTX was essential for its biological
activity. Further optimization led to the discovery of CT319
(13) (Table 1), which had high activity against both Msm and
Mtb and contained a -CF3 group in place of one of the nitro
groups. Both CT319 (13) and MTX (48) have a -NO2 warhead
and a similar resistance mechanism. It was also observed that
the nitroso-intermediate forms the semi-mercaptal adduct
instead of the nitro-group, confirmed by synthesizing
nitroso-derivative CT325 (12) fromCT319 (13).5% The crystal
structure of DprETMT with CT325 (12) was determined and
the atomic coordinates of five crystal structures were
deposited in the Protein Data Bank (PDB) server (e.g., 4FDN,
4FDO, 4FEH, 4FDP, and 4FF6)"*® (See Table 1 for PDB details
and their ligands).

Based on the discovery of BTZs, Tiwari et al.*® developed
a series of anti-TB compounds. The activity of BTZ derivatives
depends on an electron-deficient nitro-aromatic core and the
2-methyl-1,4-dioxa-8-azaspiro[4.5]decane can be replaced
with various functional groups. The BTZ scaffold was
simplified to simpler nitro-aromatic compounds, and the
linker-groups were varied through sulfonamide (49), benzyl
esters (50), and reverse-amides (51). SAR studies showed that
di-nitro substitutions were the best and less electrophilic
compared to CF; substitutions or unsubstituted compounds,
especially in sulfonamide(49).®

Discovery of benzothiazole N-oxides (BTO)

Landge et al,”* discovered a nitro-arenesbenzothiazole
(BT) series using a whole cell-based phenotypic screening
campaign, with a benzothiazole-oxide (BTO) emerging as a
promising scaffold. The exploration of benzothiazole
chemistry led to the discovery of different compounds,
namely BTO, BT, and crowded benzothiazoles (cBT). A
comparison of all series in terms of IC;, values revealed that
potency decreases in the following hierarchy: BTO < BT < CBT.
The best compound in the BTO series was (10) (Table 1) with
an MIC of 0.05 pM (0.02 pg/mL) against Mtb H37Rv and an
inhibitory activity 1Cs, of 0.026 uM (0.011 ug/mL) against Mtb
DprE1. The compounds from the BT series were moderately
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Figure 8. Discovery, SAR, and optimization of DNBs, BTs, and CBTs (46-54).

active, with the best compound (BT-14, 52) (Figure 8) having
an activity MIC of 0.286 uM (0.12 mg/mL) against Mtb H37Rv
and an ICy, of 0.247 uM (0.103 pug/mL), but were found to be
mutagenic. The cBTs were found to possess reduced potency,
which may be due to the steric hindrance caused by the
methyl group around the nitro group. As a result, the nitro-
group in cBTs may not be reduced into a nitroso-group,
which occurs in the normal activation of benzothiazoles.
However, the reduced potency was advantageous as cBTs are
the safest, most stable, least cytotoxic, and non-mutagenic.
To assess the importance of the nitro group, replacements
with a nitrile, sydnone group, or boronic acids were tried at
this position, but these replacements resulted in inactive
compounds against Mtb. To assess the importance of the CF;
group at position-5, a nitrile group was incorporated, but the
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resulting compound was less potent than the original BT.
However, when an amide group replaced the CF; group, the
resulting compound was inactive, possibly due to its inability
to form a covalent bond. When an amide group was
introduced at position-2, the resulting compounds CBT-18
(19) (Table 1) showed an increase in MIC values: Mtb H37Rv
MIC=4.6 uM (2 pg/mL), Mtb DprE1 IC5o=1.7 uM (0.735 uM).
The replacement of the amide with an oxazoline ring resulted
in the discovery of the novel compound CBT-37(11) with
almost a similar potency profile: Mtb H37Rv MIC=4.52 pM
(2 pg/mL), Mtb DprE1 1C5o=1.2 uM (0.53 puM).

Finally, to understand the binding mode of these series of
compounds, CBT-18 (19) and CBT-37 (11) were co-crystallized
with DprE1TB. Interestingly, it was observed that despite
having the same nucleus as methyl CBT-18 in 4PFA, CBT-18
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binds covalently while CBT-37 in 4P8H binds non-covalently.
The methyl group located adjacent to the -NO2 group in the
CBTs was necessary for its balancing effect; it decreases
electron affinity and nullifies the mutagenic effect of the
nitro group, thus offering a better safety profile® (Figure 8).
In general, BTO and BT compounds were found to be
cytotoxic, mutagenic, and exhibit CYP inhibition, while CBT-
containing compounds did not. This observation may be due
to the hindrance effect of the methyl group on these
reactions.

Discovery of 1,2,4-triazole analogues

Roh and colleagues®” discovered many anti-tuberculosis (TB)
compounds containing the nuclei of oxadiazole, triazole, and
tetrazole.”®*" The mechanism of action of these compounds
was found to be similar to that of PBTZ169 (4). Based on the
patented oxadiazole-containing compounds, a series of 1,2,4-
triazole analogues (isosteres of 1,3,4-oxadiazole) was pre-
pared and demonstrated excellent anti-mycobacterial activ-
ity. Compounds (53) and (54) were found to be effective
against MDR/XDR strains of Mtb at an MIC of 0.03 pM=
13.42 ng/mL (Compound (53),=14.11 ug/mL Compound (54)
(Figure 8). Roh and colleagues found that m-dinitrobenzene
and m-CF;-NO,-benzene as substituents were equally potent
in their study®>"

Development of Noncovalent DprE1 Inhibitors

Covalent DprE1 inhibitors have proven to be successful as
anti-TB agents and have produced many clinical candidates.
However, they may induce mutagenicity and cross-reactivity
issues with off-target enzymes. Therefore, non-covalent
DprE1 inhibitors have the potential to meet the requirements
for bioactivity while minimizing the negative effects associ-
ated with covalent DprE1 inhibitors. The subsequent section
details the evolution of various classes of non-covalent
compounds.

Discovery of benzothiazole based non-covalent DprE1
inhibitors

Wang and colleagues discovered the few pioneering non-
covalent benzothiazole-based DprE1 inhibitors."® Cell-based
phenotypic screening identified TCA1 (23) (Figure9 and
Table 1) as the first non-covalent DprE1 inhibitor against Mtb
MDR and XDR strains. The MIC against WT Msm was found to
be 0.23 £0.012 uM, while against the mutant (Y314 C) Msm, it
was 5.4 £0.32 pM. Similarly, the IC5, against Msm DprETWT
was 0.048 £0.014 pM, while against the mutant (Y321 C) Msm
DprE1, it was 0.24+0.052 pM. TCA1 (23) was found to
possess bactericidal activity against both replicating and
non-replicating Mtb. The crystal structure of DprEl in
complex with TCA1 (PDB-4KW5"®) was released with a
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resolution of 2.61 A (Figure 15A). The active site analysis of
DprE1 revealed that TCA1 (23) has many interaction points in
the active site, resulting in excellent potency® (the detailed
explanation is given in the Ligand Interaction Analysis
section). In the animal model study, TCA1 upon i.v. admin-
istration showed a low clearance, a steady-state volume of
distribution, and an elimination half-life of 0.73 h. After oral
administration of a 20 mg/kg or 50 mg/kg solution formula-
tion, it exhibited a high C,,, moderate exposure with a
bioavailability of 19% to 46 %, respectively, and a half-life of
1.8 h. It was also stable to proteolytic activity in human and
mouse plasma for up to 4 h and had no inhibitory activity
against four CYP enzymes. In vivo efficacy experiments were
performed on acute and chronic infection models using a
100 mg/kg dose. After four weeks of administration of TCAT,
the CFU dropped nearly 2 logs in the lungs and more than 3
logs in the spleen in the acute model. In the chronic infection
model, TCA1 showed efficacy in both the lungs and the
spleen, with a CFU reduction of 1 log and 1.4 logs,
respectively. After identifying TCA1 (23), Liu et al.,*" discov-
ered several new derivatives of TCA1 with improved in vitro
potency, in vivo efficacy, and better pharmacokinetic proper-
ties. The incorporation of the nitrogen group into the
benzothiazole ring led to the formation of TCA481 (24) and
TCA007 (55) (Figure9). Due to their better activity and
pharmacokinetic properties, TCA007 (55) was selected for
further biological evaluation in an aerosol-infected BALB/c
mouse model. After three weeks of administration of TCA007
(50 mg/kg and 100 mg/kg), a dose-dependent reduction in
the CFU was observed, with 1.7 and 2.3 logs, respectively.
However, benzothiazoles were found to irreversibly interact
with CYP4502C9, a major cytochrome P450 enzyme, which
may cause drug-drug interactions and present serious issues
in combinatorial drug regimens.”?"

Discovery of azaindole and benzimidazole (Bl) based non-
covalent DprE1 inhibitors

Following the discovery of TCA1 and its analogues, Shirude
et al.” used scaffold morphing to discover different 1,4-
azaindole and benzimidazole (Bl) derivatives. They took the
imidazopyridine nucleus as a reference scaffold. The authors
started with the imidazopyridine (56) scaffold (Figure 9) and
identified the azaindole ring as the best core to fit into the
active site of DprE1. The reported ligand had low bactericidal
potency, so they used scaffold morphing to improve its
activity. They replaced the imidazopyridine scaffold with the
1,4-azaindole core, resulting in better bactericidal activity.
Incorporating a 6-methyl group in the 1,4-azaindole (57, also
known as TBA-7371) core improved cellular potency (MIC
0.78 uM/0.277 pg/mL) compared to the unsubstituted ring.
SAR analysis showed that the amide group is essential for
activity, and amide side chains containing small hydrophobic
groups (e.g., cyclopropyl-methyl, fluoro-ethyl, and hydrox-
yethyl) are well tolerated in the active site. These substitu-
tions also influenced the physicochemical properties and
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Figure 9. Development and optimization of benzthiazole, azaindole, benzimidazole, and pyrazolopyridone-based non-covalent DprE1 inhibitors (55-60).

in vitro safety parameters. The authors reported that the N-H
of the amide group might be involved in intramolecular
hydrogen bonding with the nitrogen (N4) of the azaindole
ring or with DprE1.5? The amide side chain also influenced
physicochemical properties such as solubility and in vitro
safety parameters. The hydroxyethyl amide side-chain sub-
stitution increased mouse liver microsome (MLM) stability
compared to the hydrophobic amide side chain.*?

In another study, the same core substituted with benzyl
group can tolerate various di-substituted benzyl and di-
substituted heteroaryl-methyl groups, which weakly inhibit
the host enzyme PDE6 and result in poor visual activity. In
vitro PDE6 SAR studies found that 6-methoxy-5-meth-
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ylpyrimidine-4-yl still retained hydrophobic interactions, and
the amide side chain continued to maintain meaningful
hydrogen bond donor-acceptor interactions with DprE1.
However, replacement of this group with 6-(dimethylamino)-
5-methylpyrimidine-4-yl  resulted in reduced PDE6
inhibition.®® Both benzimidazole (58) and 1,4-azaindole (57)
were found to be active against Mtb, and based on
comprehensive pharmacokinetic studies, azaindoles (57)
have good bioavailability and a moderate clearance rate,
making them suitable for further clinical evaluation.”>** The
Bill and Melinda Gates Medical Research Institute is currently
conducting a phase 2a dose escalation, controlled, random-
ized study to evaluate the safety, early bactericidal activity,
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and pharmacokinetics of TBA-7371 in adult patients with
rifampicin-sensitive pulmonary tuberculosis.®

Pyrazolopyridones based non-covalent DprE1 inhibitors

Through a whole-cell screening method, Panda and
colleagues®™ discovered a new class of pyrazolopyridones.
The lead compound (59) (Figure 9) consists of an N-aryl
pyrazolopyridone ring with a basic amino linker attached to a
phenyl ring, with a modest MIC of 25uM (8.610 pg/mL)
against Mtb. SAR studies revealed mainly three diversification
points, R1, R2, and R3. Initially, the R3 position was optimized
to a methyl substitution as phenyl or larger groups were
detrimental for biological activity. Then, it was observed that
the substitution of methyl with a cyclopropyl group resulted
in MIC improvement. The phenyl group at R1 was then
optimized, and it was found that the meta-CF, group, instead
of an unsubstituted phenyl ring, led to an 8-fold increase in
MIC. Replacement of meta-CF; group with a nitrile group
leads to decreased activity. This suggests the importance of
CF; in binding to the active site. Finally, the R3 was fixed as
an unsubstituted phenyl group, as the substituted rings were
unfavorable for activity. Further SAR studies revealed that
substitution of the —NH linker with an amide group resulted
in diminished potency. After the optimization of this series,
Compound (60) (Figure 9) was found to be the most potent,
with an IC;, of 0.01 pM (0.004 pg/mL) and MIC of 0.1 pM
(0.045 pg/mL). The DMPK properties studies found that the
most potent compound had a log D value of 3.5, while the
solubility, free plasma protein binding, and clearance were
optimum. The rat liver hepatocytes clearance was found to
be high, and human microsomal clearance was decent. The
safety margin of the pyrazolopyridone series was accessed by
testing the compounds against the human A549 cell line, and
it was found that the selectivity index (Sl) for compound 63
was >250.5¢

Development of aminoquinolone (AQs)-linked piperidi-
neamides as non-covalent DprE1 inhibitors: Naik et al.,”
identified a novel 4-aminoquinoline piperidine amide scaf-
fold compound (56) via whole-cell-based screens as a non-
covalent reversible DprE1 inhibitor. They confirmed that AQs
bind to DprE1 in a non-covalent reversible manner using
mass spectrometry and enzyme kinetics analysis. SAR of AQs
was divided into three parts, as given below (Figure 10).5”

Site 1

The aminoquinolone ring at site-1 is crucial for the activity as
its replacement with other bicyclic rings resulted in weakly
active compounds. Introducing a fluorine atom at C-6, C-7,
and C-8 improved potency as seen with Compound (62),
which had a MIC of 0.8 pM (0.337 pg/mL) against Mtb. Alkyl
substitution on N-1 is detrimental to activity due to the loss
of H-bonding with the Asn385 in the active site (Figure 10).
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The linker

When N—H at C-4 was replaced with O or NCH,;, very weak
activity was observed. The substitution of the piperidine ring
with an alicyclic ring at the linker position resulted in a more
ineffective compound. In contrast, improved MIC was shown
in substituted pyridines and bicyclic systems having a
piperidine core (Figure 10).

Site-2, the aryl ring

Di-substituted five-membered heterocyclic rings such as
pyrazole, isoxazole, and triazoles were well tolerated. The
substitution at C-5 of the pyrazole ring was found to be
crucial for potent DprE1 inhibitor activity. A chloro or methyl
substitution at this position improved the activity, which may
be due to favorable hydrophobic interactions in this site.
However, substitution with any group larger than ethyl on N-
1 of the pyrazole ring was found to be detrimental for
inhibitory activity.

Although attempts to co-crystallize AQs with DprE1 have
been unsuccessful, the information gained from structure-
guided design has led to the development of very potent
compounds, such as Compound (63), which possesses a MIC
of 0.06 uM (0.025pg/mL) and an ICs, of 0.007 uM (0.002pg/
mL).5 In vitro bactericidal activity of aminoquinolones
showed a maximum kill of 4 log by day 14. Compounds
containing di-fluoro substitution at the 6 and 7 positions of
the quinolone ring exhibited a kill of 3 log by day 3 and 4 log
by day 7. These compounds were also found to be effective
against non-replicating phase Mtb and drug-resistant strains
of Mtb, but were found to be inactive against all non-
mycobacterial strains. The hypoxia model of NRP Mtb was
used for the non-replicating phase and found that all the
compounds were inactive, suggesting that DprE1 is respon-
sible for cell wall synthesis. When the compounds were
tested against all single-drug resistant strains, results indi-
cated that the compounds could potentially treat drug-
resistant tuberculosis. All amino-quinolones were tested for
pharmacokinetics and invitro DMPK properties, such as
solubility, logD, human plasma protein binding, and human
microsomal clearance. The solubility of all the compounds
was low, ranging from 6 to 100 pM, but it was improved from
3 to 5-fold in FeSSIF media (fed-state simulated intestinal
fluid). In vitro plasma protein binding of NH quinolone
analogues showed a greater unbound fraction in human
plasma, and free NH-quinolones possessed poor Caco-2
permeability and a high efflux ratio. The cytochrome P450
isoforms were not inhibited by any of the quinolone
compounds tested. In general, unsubstituted piperidine ring
compounds exhibited hERG 1Cs,>33 M, although some
compounds with the bicyclo[3,2,1]octanyl ring, like 63, had
hERG IC5,<33 M. This may be due to the higher logD of
these compounds (see Figure 10).
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Figure 10. Development and SAR of AQ-piperidineamides and aminoquinolonepiperidine-amides and 2-carboxyquinoxalines as non-covalent DprE1 inhibitors

(61-64).

Discovery and development of 2-carboxyquinoxalines-based
non-covalent DprE1 inhibitors

In their study, Neres etal,® discovered a new class of
quinoxaline-based non-covalent DprE1 inhibitors with anti-TB
activity. The lead compound Ty38C (5) (Figure 10) was found
to be active against both intracellular and extracellular Mtb,
with an 1G5, of 2.5 uM (0.953 pg/mL). Further SAR studies
aimed to improve the potency of this compound and address
its inactivation by the Rv3406 gene, which encodes an a-
ketoglutarate-dependent sulfate ester dioxygenase that con-
verts Ty38C (5) to an inactive compound QN113 (64) (Fig-
ure 10) via oxidative decarboxylation.

SAR analysis showed that substituting the 2-carboxylate
group with methyl, carboxamide groups keto analogues or
resulted in inactive compounds. While the 2-carboxy ethyl
esters exhibited reasonable MIC values. At position 3 of the
quinoxaline ring, the benzyl group was found to be preferred
over phenyl groups, enhancing interaction with the active
site. A para-substitution on the benzyl group generated
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potent compounds, such as Ty38C (5), QN114 (21), QN124
(22), and QN127 (7), all of which had MIC,, values of 3.1 uM
and ICs, values of 0.041, 0.088, 0.050, and 0.12 uM, respec-
tively. However, a meta-substitution on the benzyl group led
to a loss of potency. Finally, the researchers co-crystallized
Ty38C (5) and several other analogues with DprE1 TB (e.g.,
4P8C, 4P8K, 4P8L, 4P8N, 4P8P, 4P8T, and 4P8Y)."® However,
no further studies on these molecules have been published.

Hydantoin-based DprE1 inhibitors

Target-based high-throughput screening efforts discovered
unique hydantoin derivatives that are unrelated to other
DprE1 inhibitors. Compound (65) (Figure 11) was the best
amongst the series with a plCs, of 7.0 and an MIC of 8.3 uM
(3.065 pg/mL). It also possessed admissible lipophilicity and
good solubility with no cytotoxicity. Upon careful analysis, it
was found that the hit compound contains four different
pharmacophoric features: ring A, ring B, linker, and the core
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Figure 11. Discovery and development and SAR of hydantoin, pyrrolothiadiazole, and thiophenearylamide based non-covalent DprE1 inhibitors (65-72).

ring of the hydantoin moiety. The hydantoin core ring and
acetyl moiety are essential for biological activity. Polar

ChemMedChem 2023, e202300099 (21 of 31)

substitution on ring A, e.g., a cyano group, leads to a
molecule with a similar inhibitory response with no cytotox-
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icity. Substitution of polar groups on ring A improves activity,
of which primary sulfonamides gave excellent MIC improve-
ment. Initially, the racemate of compound (65) was prepared
and tested for activity. Subsequently, isolation and testing of
both isomers were done, and it was found that the (R)-
enantiomer was more potent than the (S)-enantiomer in an
enzymatic assay (plCs, 7.2 and 4.2, respectively) as well as in
whole-cell assays (MIC 6.7 pM and > 125 puM, respectively).
Substitution with methyl sulfonamide on ring A retained
activity, whereas nitrogen sulfonamide did not. The introduc-
tion of the methyl group on the hydantoin ring did not affect
the activity of the compound. However, linker modulation,
keto group removal, or methylation resulted in decreased
potency. Further modifications made to the hydantoin ring
did not produce any significant changes, indicating that the
hydantoin core is crucial for interacting with DprE1. It was
also recommended that N1-nitrogen was important for
enzyme binding. In terms of ring B, various modifications
were prepared. The lead compound, 2,4-difluorophenyl ring,
was found to be the most potent of all the derivatives.
Substituting the groups like cyclohexyl, thiophene, and
naphthalene on ring B preserved potency. Concluding
optimization led to the development of compound (66)
(Figure 11), which possesses an excellent MIC of 0.7 uM
(0.296 pg/mL) and a good plCy, of 7.2. In vitro metabolic
stability was examined for the compound (66), and it was
found to possess excellent metabolic strength with 0.4 ml/
min/g in the human microsome and ADMET profile. In vivo
therapeutic efficacy of compound 66 was determined in a
C57BL/6 J mouse model. After oral administration, the results
showed a 0.5 log reduction in CFU units. This demonstrates
that the compound (66) has a limited invivo efficacy
compared to the reference compound moxifloxacin. The
compound also showed a C,,,, value of 6380 ng/mL and AUC
of 31400 h-ng/mL. It was also revealed that these series work
via a reversible inhibition mechanism®%%%

Pyrrolothiadiazole-based DprE1 inhibitors

Through phenotypic screening, Borthwick et al.,®"*" identi-
fied a new class of pyrrolothiadiazole DprE1 inhibitors with
reduced activity in a DprE1 overexpressor strain of Mtb. The
lead optimization of the initial hit (GSK710, 67) was done
through sub-structure and similarity search to develop a
novel series of potent analogues. This search resulted in the
development of a potent compound (68) with an MIC,, of
0.6 uM (0.269 pug/mL) against Mtb H37Rv and a DprE1 plCs, of
7.6. SAR studies on compound (68) (Figure 11) revealed that
small branched and alicyclic amines substituted on ring A
resulted in less active compounds than the parent piperidine.
Specifically, a benzyl group was highly potent and achieved a
sub-micromolar MIC against Mtb. Initial removal of either
ring A and B or AB and E resulted in no activity, while other
analogues showed weak activity. Similar activity to the
pyrimidine with good ligand efficiency was demonstrated
with the oxidized core. The substitution of the piperidine
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linker (Ring C) and Ring D showed no further improvement
in activity. The pyrrolidine analogue showed similar potency.
Substituting the benzylic group in Ring E with a heteroatom
led to improved intrinsic clearance. Substituting the phenyl
ring with a pyridine retained activity, but alkyl group resulted
in the loss of activity. Compound 69, which was discovered
by replacing the benzylic group of compound 68 with
substituted phenoxy groups, exhibited excellent potency and
low MIC values (MICyy=1.7 uM or 0.797 ug/mL). Overall, the
compounds obtained through property-focused optimization
showed good potency, low MIC, and improved DMPK proper-
ties. The invivo efficacy study was conducted in an acute
model of TB infection, and the results demonstrated that
compounds 68 and 69 were highly effective with an EDg,
value of 30 mg/kg.®"

Thiophene arylamide based non-covalent DprE1 inhibitors

Inspired from TCA1, Wang et al.,“® identified a series of
thiophene-arylamide compounds with increased activity and
druggability through scaffold hopping. The molecular model-
ing studies revealed that acyl piperidine might increase
binding affinity and thus boost antimycobacterial activity.
Through SAR analysis, it was found that benzamides, e.g.,
compound (70) (Figure 11) (MIC-0.046 pM/0.02 pug/mL),
showed better antimycobacterial activity. Next, the effect of
the aryl moiety was explored with the introduction of halo,
nitro, and methyl substituents on the phenyl moiety that can
form m-it interactions in the hydrophobic pocket of the active
site. Substitution with fluoro, chloro, and bromo groups
afforded compounds with good activity, among which the
compound bearing the electron-withdrawing fluoro group
(71) (MIC-0.035 pM/ < 0.016 ug/mL) at the phenyl ring was
best tolerated at the aryl site and showed a 10-fold
enhancement of potency. In the end, substitution at the
carbamate was explored. Compared to TCAI, compounds
with imide methyl ester, such as compound (72), showed
better antimycobacterial activity with the MIC of 0.19 ug/mL.
These potent compounds were next subjected to testing
against XDR-TB strains. Compounds (70) and (71) in compar-
ison to TCA1 (23) showed very potent efficacy against both
drug-susceptible and drug-resistant tuberculosis in vitro. An
additional experiment was also performed to determine the
MIC of the representative drugs against PBTZ169 (4) and
bedaquiline-resistant M. tuberculosis strains. The cross-resist-
ance study done for PBTZ169 (4) and bedaquiline indicated
that all the compounds tested are non-covalent DprE1
inhibitors. The compounds (70) and (71), had improved
intracellular activity with a reduction of 1 log,, CFU
(compared to TCA1=0.61 log,, CFU). These compounds were
subjected to invitro ADMET assay and none of them
exhibited cytotoxicity in HepG2 cells while showed low
inhibition of the hERG channels. Following a single oral and
intravenous dose, pharmacokinetic (PK) investigations for
compounds (71), (72), and TCA1 (23) were carried out in
Balb/c mice. After oral treatment, compound (72) had high

© 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH

85UB017 SUOWIWOD BAIER1D 3|deol|dde au Ag pauienoh 818 sajoie O 88N JO S3INJ 10} ARG BUIUO /8|1 UO (SUORIPUOD-PUR-SWUIRI LD A3 | 1M Alelq 1ol UO//SANY) SUORIPUOD pUe SWR L 84} 835 *[£202/80/TT] Uo ARIqIT8UIUO AB|IM MHYINL J0 ASIBAIUN Ad 660006202 0PWO/Z00T OT/I0p/Liod" A3 | 1M Al jputjuoadoine-Ansiweyo//sdny woiy pepeojumod‘o ‘L8T.098T



Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemMedChem doi.org/10.1002/cmdc.202300099

plasma exposure (AUC,-c0=657 ng-h/mL) and maximum
plasma concentration (C,,,,=486 ng/mL), compared to com-
pound (71), which had AUC;-00=57.9 ng-h/mL and C, .=
25.4 ng/mL. TCA1 (23) had 5-fold better oral bioavailability
than (72). In an acute TB infection model, the in vivo efficacy
of compound (72) was tested in Balb/c mice. Compound (72)
showed strong in vivo activity, reducing the bacterial burden
in the lungs by 2.02 log,, CFU after the oral administration of
a 100 mg/kg dose. Compared to TCA1 (23), these results
demonstrated that compound (72) had similar efficacy even
at reduced bioavailability.®?

Carbostyril-based DprE1 inhibitors
Hariguchi et al.,*® screened a library of carbostyril analogues
and optimized a 3,4-dihydrocarbostyril derivative and identi-
fied OPC-167832 (73)®¥ (Figure 12) as a very potent Mtb
bactericidal agent. It has a low MIC range of 0.00024-
0.002 ug/mL for Mtb H37Rv and is active against different
types of drug-susceptible strains, MDR, and XDR strains. This
compound has similar bactericidal activity to rifampicin (MIC-
0.30 uM/0.25 pg/mL), moxifloxacin (MIC-1.24 uM/0.5 pg/mL),
and levofloxacin (MIC-1.38 uM/0.5 pg/mL) against Mtb. As
OPC-167832 (73) does not contain any reactive warhead and
binds non-covalently with DprE1, the possibility of getting
resistance against Mtb is lower than with BTZ043, even with a
mutation at Cys387.5¢ The OPC-167832 (73) works on Mtb in
two different ways: one is through Rv0678 (non-targeted)
gene mutation, which is a repressor for the MmpS5-MmpL5
efflux pump, and the other is through Rv-3790 (targeted)
gene mutation as a DprE1 inhibitor. With any anti-TB agent,
OPC-167832 (73) does not show an antagonistic effect. After
single and combinational in vitro studies, it was found that it
showed higher efficacy with delamanid and bedaquiline and
showed no effect with linezolid. The PK profile of OPC167832
(73) was examined at different doses in normal ICR female
mice. After oral administration, the peak plasma concentra-
tion was found to be 0.5-1 h, and the elimination half-life
was 1.3-2.1 h. The distribution of OPC-167832 (73) in lungs
was two times higher than that in plasma. Overall, OPC-

167832 (73) has potential therapeutic activity with a good
pharmacokinetic and safety profile. Therefore, in combination
with other anti-TB agents, this drug can be used for in vivo
experiments.® The Otsuka Pharmaceutical is conducting
clinical studies (Phase 1/2) on OPC167832 (73).*” Looking at
the promising results of OPC-167832, in August 2021, the Bill
& Melinda Gates Foundation granted $17.8 million in
research funds to Otsuka Pharmaceutical for further clinical
trials in phase 11b.*® OPC-167832 (73) is the first candidate
among DprE1 inhibitors that has entered Phase llb.

Other Noncovalent DprE1 Inhibitors

N-Alkyl-5-hydroxypyrimidinone carboxamide-based DprE1
inhibitors

Oh et al.,”” screened a library of 6207 compounds containing
pyrimidinedione for inhibitory properties. Only compound
(74) (Figure 13) was found to be active in replicating
conditions (Mtb MIC=4.7 uM (1.961ug/mL). Compound (74)
is an N-methyl-5-hydroxypyrimidinedione with substituted
benzyl and benzyl-substituted carboxamides on each side.
The SAR studies showed that the presence of a benzene ring
on the left-hand side of the compound’s structure was crucial
for Mtb activity. Furthermore, the potency of the compound
was improved when the benzene ring had an -ortho-CF,
substituent. On the other hand, when the benzene ring was
absent, the compound lost all activity. The modification on
the right-hand side of the scaffold revealed the significance
of the benzyl amide group for the compound’s activity. The
activity decreased when the benzyl group was substituted
with phenyl. Compound (74) possesses acceptable cytotox-
icity and pharmacokinetic properties, including toxicity.
Pharmacokinetic properties of compound (74) performed on
C57BL/6 mice administered a single 10 mg/kg were found to
be pretty low: C,., 0.25 pg/mL, a half-life of 4 h, and a volume
of distribution of 33.7 L/kg. In vitro bactericidal activity of
compound (74) was observed to reduce 1-2 logs in CFU after
seven days with a weak dose-dependent effect.”!
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Figure 12. Structure and development of OPC167832 (73).
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Figure 13. Structures of some other potent non-covalent DprE1 inhibitors (75-81).

8-Pyrrole-benzothiazinones based DprE1 inhibitors

8-Pyrrole-benzothiazinone-based DprE1 inhibitors were syn-
thesized by Makarov etal. namely PyrBTZ01 (75) (Fig-
ure 13) and PyrBTZ02 (76), which are pyrrole-based ana-
logues of BTZ043 (9) and PBTZ169 (4), respectively. The only
difference between the existing and new derivatives is the
replacement of the 8-NO, group with an 8-pyrrole ring, and
both compounds showed moderate anti-mycobacterial prop-
erties (MIC Mtb H37Rv=0.35 uM (0.162 pg/mL) and 0.34 pM
(0.162 pg/mL), respectively). PyrBTZ01 (75) and PyrBTZ02
(76), the two most potent analogues, were characterized to
determine their mode of action. Both compounds showed
activities against BTZ-resistant strains with a 600-fold in-
crease in MIC and were confirmed to target DprEl. The
docking studies of PyrBTZ analogues with PDB 4NCR!
revealed that the active site of DprE1 can accommodate both
compounds by placing the pyrrole ring in the vicinity of
Cys387 and maintaining the overall binding mode of the BTZ
ring system. The pyrrole ring is placed below Cys387 and
leads to the minor embedding of PyrBTZ analogues. The
induced-fit docking results revealed that a conformational
change in either Lys418 or Trp230 stabilizes the pyrrole
compound in the pocket. Cytotoxicity studies were also
performed against four human cell lines, and the results
showed that both compounds were less toxic, with PyrBTZ02
(76) found to be least harmful than BTZ043 (9). Both
compounds were not found to be mutagenic when tested in
SOS Chromotest. Intrinsic clearance, i.e., in-vitro metabolic
stability, was evaluated using mouse and human liver micro-
somes, and both compounds showed intermediate clearance
values similar to BTZ043 (9) and PBTZ169 (4). Next, an in vivo
pharmacokinetic study of PyrBTZ01 (75) in BALB/c mice was
performed in comparison with BTZ043 (9). The results
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showed that the dose of 25 mg/kg of both compounds had
similar half-lives of 100 minutes. However, when an in vivo
efficacy study was performed using a mouse model of acute
TB for PyrBTZ01 (75), the result showed that PyrBTZ01 (75)
was not effective against the mouse model of acute TB."*®

1,3-Benzothiazinone azide (BTS-N;)-based DprE1 inhibitors

Tiwari et al,® discovered a very different analogue of
benzothiazinone after the discovery of 8-pyrrole benzothiazi-
nones by replacing the nitro group with the electron-with-
drawing azide group. Although the BTZ-N; (77) showed
excellent activity (MIC 7H12=0.47 pM (0.2 pg/mL)) it was
poorer than BTZ043 (9) (Figure 13). Computational docking
studies suggested that it binds in the same pocket as that of
BTZ043 (9). Biochemical studies with the cell envelope
fraction of Msm in combination with biochemical studies
indicated that the azide analogue has a different activation
mode than BTZ043 (9). BTZ043 (9)is a covalent inhibitor of
DprE1 while, BTZ-N; is a reversible and non-covalent DprE1
inhibitor."*”

Pyrimidinetrione based DprE1 inhibitor

Gao et al.,"” used virtual screening to sort approximately 6.2
million compounds from the ZINC and natural product
databases against DprE1 (PDB 4FDO0).”*7" After screening,
total 63 compounds were selected. In vitro inhibition tests
using Mtb and Msm indicated that one compound among the
63 compounds was bactericidal. The compound (78) (shown
in Figure 13) was active against acute TB infection with a Kd
value of 2542 nM, which is comparable to isoniazid. To test
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the in vivo bactericidal activity of compound (78), the authors
used an acute infection mouse model. After administering
the compound at 10 and 30 mg/kg and the reference drug
INH at 10 mg/kg, the CFU count reduced to 1.0 log in the
lungs and 0.6 log in the spleen for compound (78) (10 mg/
kg), which was similar to INH. Moreover, the CFU count
reduced to 2.1 log in the lungs and 1.3 log in the spleen for
compound (78) (50 mg/kg)."® A cytotoxicity study was
performed for compound (78) to assess its safety in vitro and
in vivo, and no cytotoxicity was observed.

Phenylpropanamide based DprE1 inhibitors

Whitehurst et al,"? discovered a new scaffold, 2-((2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)amino)-N-phenylpropana-
mides, as a potent non-covalent DprE1 inhibitor. The initial
hit (79) (shown in Figure 13) was found to have potent DprE1
inhibitory activity with an 1Cs, of 0.063 uM (0.023 pg/mL) or a
plCs, of 7.2. This compound was reported to have good Mtb
activity in a whole-cell assay (Mtb MIC of 7.8 uM/2.94 pg/mL).
Further SAR studies led to the development of multiple
analogues that possessed potent DprE1 inhibitory properties.
From the study of physicochemical properties, compound
(79) was found to possess a high lipophilic value (Chrom
LogD,,=5.5). A pharmacophore analysis revealed that the
structure contains three main features: an amino-benzodiox-
ane, an alanine linker, and a C-terminal aniline. The issue of
lipophilicity was addressed by removing the substitution at
the a-position of the alanine linker. The addition of a lactam
resulted in a compound with no activity, while nitrogen
analogues and tetrahydronaphthalene were found to be less
potent than dioxane. Para-substitution in the aniline with a
lipophilic character, such as para-Cl and para-CF;, showed
more potency with greater DprE1 inhibitory activity. How-
ever, para-substitution with a polar character, such as para-
nitrile, showed moderate potency and moderate MIC values.
A fused bicyclic ring compound retained DprE1 inhibitory
activity, but less than the original hit.”?

Nitroquinolone-based DprE1 inhibitors

In a recent study, Dube etal,”” discovered a series of 6-
nitroquinolone-3-carboxamide derivatives as DprE1 inhibi-
tors. Quinolones and nitro-containing compounds were
found to exhibit good pharmacokinetic properties. Different
combinations were prepared by substituting the N-1 and R-3
positions of the quinolone ring. Among the 23 compounds
evaluated for Mtb activity, 12 compounds showed activity
ranging between <0.244 uM and 31.865 uM, with the most
potent agent being compound (80) (Figure 13) with a MIC of
<0.244 uM (0.097 png/mL). SAR studies indicate that substi-
tuting aliphatic side chains at the C-3 position is well-
tolerated, rather than cyclic chains. The N-1 part of quinolone
accepts 4-substituted benzyl groups rather than 3-substi-
tuted benzyl groups. Molecular docking studies of compound
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(80) revealed that it binds in the same pocket as TCA1 (23)
and forms three hydrogen bonds with Lys134, Ser228, and
Trp230.7*

Tetracycline, an unusual non-covalent DprE1 inhibitor

Wilsey et al.”¥ searched for potent non-covalent inhibitors
and performed a virtual screen of 4.1 million compounds
against DprE1 (PDB 4FDO). Amongst them, only a tetracy-
cline-based compound (81) (Figure 13) showed the highest
zone of inhibition. This compound showed structural sim-
ilarity to tetracycline and had an in-silico binding affinity of
—12.3 kcal/mol. The docking pose analysis revealed that
tetracycline binds in the substrate-binding region of the
active site of DprE1. The planar shape of tetracycline is
accommodated and aligns parallel to the isoalloxazine ring of
FAD. Based on the structural similarity search on the
compound, it was found that four fused rings and amide
functional groups are essential for the high binding affinity.
The NH, of the free amide group forms a hydrogen bond
with Tyr60 and Phe320, while the nitrogen of FAD interacts
with adjacent alcohol via hydrogen bonding. A compound
similar to tetracycline, so work here suggests that tetracycline
(81) also binds to DprE1 and prevents cell wall formation”

Ligand Interaction Analysis of Important DprE1 Inhibitors
Deposited in the PDB Server

DprE1 inhibitors with NO,-aromatic heterocycles6HEZ

The co-crystalized structure of BTZ043 (9) with DprE1was
deposited in PDB server with a resolution of 2.30 A. The
ligand is situated in a substrate/inhibitor-binding pocket in
front of the isoalloxazine ring of FAD. The nitro-group
interacts covalently with Cys387. The hydrophobic pocket
(head region, see active site analysis of DprE1) formed
around the trifluoromethyl (CF;) group of BTZ043 (9) is
covered by various side chains of amino acids, including
His132, Gly133, Lys134, Lys376, Phe369, and Asp385. The
benzothiazinone ring of BTZ043 (9) is accommodated in the
trunk region, aligned almost parallel to the isoalloxazine ring
of FAD on one side and Val365 and Cys387 (with a covalent
bond to the nitro group) on the other side. Gly117 and
Trp230 surround the piperazine ring. The spiro-cyclic moiety
aligns in the tail region but lacks electron density, accounting
for the molecule and protein side-chain flexibility. The spiro-
cyclic ring forms Van der Waals interactions with Leu317 and
Leu363. Overall, BTZ043 (9) is an excellent fit in the active
site of DprE1, resulting in nanomolar potency. The PDB 4F4Q
(DprE1SM) also co-crystallized with BTZ043 (9) (Figure 14A)
and had the same pose and interaction within the active site.
Other reported PDBs, such as 4PFA, 4P8H, 6G83,%% 4FDN,
4FDO, 4NCR;" 6HF0,” 6HF3,”¥ 6HFV,** and 6HFW™* have
similar interaction patterns, but different co-crystal ligands
are bound, which are given in (Table 1).”®
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Figure 14. This figure shows the 2D and 3D binding patterns of (A) BTZ043 (9) in complex with DprE1 (PDB 6HEZ"*®) and (B) cBT18 in complex with DprE1
(PDB 4PFD not published). All the ligand-protein interaction diagrams were generated using the MAESTRO-12.5. The carbon atoms of FAD are displayed in
orange, while the carbon atoms of the ligand and the amino acid side chains are in green and gray, respectively. Nitrogen, oxygen, and sulfur atoms are
colored blue, red, and yellow, respectively. Fluorine atoms are in light green, and amino acid labels are blue.

4PFD

The co-crystallized structure of DprE1TB with cBT18 (19) was
deposited in the PDB server with a resolution of 2.30 A. The
ligand binds the substrate/inhibitor-binding pocket located
in front of the isoalloxazine ring of FAD. The methyl group
lies in a hydrophobic pocket in the head region. Although
cBT18 contains the same covalent warhead (aromatic NO,-
CF;) as BTZ043 (9), the nitro group does not form a covalent
bond with Cys387 due to the presence of a methyl group
between the NO, and CF;. Instead, it is stabilized by forming
a hydrogen bond with the polar residue Asp385 in the trunk
region. The benzthiazole ring is accommodated in the trunk
region, but due to an additional methyl group, the nitro
group cannot form a covalent bond with Cys387. The
carbonyl group of benzthiazole carboxamide creates addi-
tional hydrogen bonding with Lys418, thus stabilizing the
complex. The piperidine ring is surrounded by Tyr60, Leu317,
GIn334, and Trp230, while the aliphatic chain on the
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piperidine ring is fully exposed to solvent in the tail region.
(Figure 14B) shows the details of the interaction between
cBT18 and DprEl. Note that this structure has not been
published.”

Compounds without aromatic NO,-CF, warhead4 KW5®

The X-ray crystal structure of DprEl.; in complex with TCA1
(23), solved at a resolution of 2.61 A, has been deposited in the
Protein Data Bank under accession code 4KW5. The analysis of
this structure provides detailed insights into the binding mode
of TCA1 (23), revealing a boomerang-like conformation of the
ligand. The thiophene moiety is located in a hydrophobic
pocket in the head region. On one side, TCA1's benzothiazole
ring is surrounded by an isoalloxazine ring of FAD, and by
Val365 and Trp230 on the other side. Hydrogen bonds are
formed between the carboxamido group and His132, and
between the thiazole-nitrogen of TCA1 (23) and Lys418. The
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carbamate and phenyl ring of Tyr314 interact via van der Waals
forces to stabilize the ligand and develop a positive interaction
with Lys134. Both carbonyl groups of the thiophene-3-carbonyl-
carbamate form strong hydrogen-bonding interactions with
Ser220. While the ligand fits into the active site, the carbamate’s
benzothiazole and ethyl side chain are exposed to the solvent
and lie in the tail region. (Figure 15A) shows that TCA1 (23) has
several interactions in the active site, and therefore, an
increased potency was observed."®

4P8C>

The crystal structure of the DprE1-QN127(7) complex (PDB
4P8 C) has been determined at a resolution of 1.95 A, revealing
the binding mode of QN127(7) to the substrate/inhibitor-
binding domain of DprEl;; The carboxyquinoxaline ring is

situated in front of the isoalloxazine ring of FAD, with the CF;
group lying in a hydrophobic pocket in the head region. The
carboxylate group of QN127 (7) and N1 of the quinoxaline
forms a hydrogen bond with Lys418 and Tyr60. The substituted
benzyl ring aligns with the tail region but is not fully exposed
to the solvent, as it is surrounded by Leu363, Trp230, and
Leu317. An additional ligand, polypropylene glycol, colored in
magenta, is bound in the lower side of QN127 (7), as shown in
(Figure 15B). Similar interactions are observed in other PDBs,
such as 4P8K,"® 4P8L® 4P8N,*® 4P8N,>® 4P8P ¥ 4P8T™ and
4pgy.>®
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Figure 15. A) 2D and 3D binding pattern of TCA1 in complex DprE1 (PDB 4KW5""®). B) 2D and 3D binding pattern of QN127 (7) in complex DprE1 (PDB
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Resistance Mechanisms
Resistance mechanisms reported against known anti-TB drugs

Various types of resistance mechanisms have been clinically
shown by different kinds of anti-TB drugs. The most common
resistance mechanisms against anti-TB drugs include the
following: 1) pro-drug activation, as observed for isoniazid,
where a mutation within katG encodes for a catalase-peroxidase
and prevents the formation of an isoniazid-NAD adduct; 2)
mutation within the target (or promoter sequence), for instance,
mutations within inhA (enoyl-ACP reductase) for isoniazid; 3)
rifampicin resistance develops with mutations in rpoB (codons
507-533, also called the hot spot region) that encode for the B-
subunit of the RNA polymerase, which leads to conformational
changes in the enzyme, thus decreasing the affinity towards
rifampicin. Rifampicin resistance is considered a surrogate
marker for MDR-TB because almost all rifampicin-resistant
strains are also resistant to other drugs, and mono-resistance to
rifampicin is very rare. Codons 516, 526, and 531 are the most
commonly responsible for mutations associated with rifampicin
resistance. 4) Ethambutol resistance has been observed with a
missense mutation in the embB gene at position 306. 5)
Fluoroquinolones develop resistance due to mutations in gyrA
or gyrB encoding for DNA gyrase enzyme. The most common
mutation was observed at 90 and 94 gyrA genes, but mutations
at 74, 88, and 91 have also been reported. 5) Streptomycin
resistance is associated with mutations in rpsL and rrs genes
that code for ribosomal protein S12 and 16S rRNA,
respectively.””

Resistance mechanism of covalent DprE1 inhibitors

Many DprE1 inhibitors have developed resistance mechanisms
in the laboratory, such as covalent inhibitors like benzothiazi-
none, MTX, and Dinitrobenzamides inhibiting DprE1 by muta-
tions at Cys387 by replacing it with Serine or Glycine."””

Resistance mechanism of non-covalent DprE1 inhibitors

Several non-covalent inhibitors, such as azaindole, benzimida-
zole, and 4-aminoquinolone piperidine amides, have shown
acquired resistance due to a nucleotide change at Tyr314 to
His314.53>45778 The complex of TCA1 (23) and DprE1; revealed
that TCA1 (23) was situated in the central cavity of DprE1 in a
boomerang-like framework, where the carbamate moiety forms
Van der Waals interactions with the phenyl ring of Tyr314,
which is essential for the binding of TCA1 (23). The importance
of this interaction was demonstrated when Tyr314 is mutated
to alanine, leading to a TCA1 (23) resistant mutant."® Similarly,
resistance against DprE1 has been observed for 1,4-azaindole
(57) due to a point mutation that causes an amino acid
substitution from Trp314 to His314.5% This single amino acid
change can lead to a loss of affinity for the inhibitor, reducing
its effectiveness in inhibiting DprE1. However, benzimidazole
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(58) showed resistance due to the shift from Tyr314 to Ser314
substitution.” In the case of quinoxalines (TY36¢ (20) and
QN129 (8)), the carboxylate group forms hydrogen bonds with
Lys418 and Tyr60 as well as with Arg325, while two quinoxa-
line-resistant mutants (G17C and L368P) do not directly interact
with quinoxaline inhibitors but lead to conformational changes
in the binding pocket.”®

Analysis of Physicochemical (PC) and ADMET Properties of
DprE1 inhibitors
Amado et al."* performed a comprehensive analysis of phys-
icochemical descriptors and ADMET properties for 1,519 DprE1
inhibitors reported in the literature between 2009 and April
2022. The analysis revealed that covalent inhibitors showed
higher potential as P-gp substrates but had limited CNS
penetration. The major predicted isoform involved in metaboliz-
ing DprE1 inhibitors was CYP3A4. The study also highlighted
the increased cardiovascular toxicity in covalent inhibitors and
the mutagenic warnings associated with nitro-aromatic com-
pounds. These findings underscore the importance of consider-
ing physicochemical descriptors and ADMET properties during
the development of DprE1 inhibitors to ensure their effective-
ness and safety.

Conclusions

The increasing number of MDR and XDR TB cases has created a
pressing need to discover new anti-TB drugs that are more
effective, less toxic, and have shorter treatment durations.
DprE1 inhibitors have the potential to provide future anti-TB
medications, as DprE1 is a highly druggable target and various
chemical scaffolds have shown activity against it, including
benzothiazinone, piperazine-benzothiazinone, benzothiazole,
benzimidazole, azaindole, pyrimidinetrione, phenylpropana-
mides, and hydantoin. Most potent compounds differ in
structure, but all bind into the substrate/inhibitor-binding
region and have diverse types of favorable interactions in the
active site’s head, trunk, and tail regions. Based on binding site
analysis, we observed that the active site of DprE1 is large
enough to accommodate larger molecules like polycyclic,
macrocyclic compounds, and other two- to four-ring hetero-
cycles with or without covalent warheads. The flexible nature of
DprE1’s binding site and its association with DprE2 limit its
potential for discovering new drugs with improved efficacy.
This provides an opportunity for medicinal chemists to examine
the DprE1-DprE2 interface closely and discover new molecules
that meet the receptor requirements. This requires strong
efforts to identify newer compounds that not only exhibit good
binding to the target but also have enhanced pharmacokinetic
properties to reach the target in sufficient amounts without
significant interactions with host proteins. Overall, the avail-
ability of diverse ligands and wealth of various crystal structures
makes this protein a gold standard target for discovering future
anti-TB drugs.
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REVIEW

DprE1 is a crucial enzyme involved
in the cell wall synthesis of Mycobac-
terium tuberculosis and a promising
target for antituberculosis drug de-
velopment. However, the unique
structural characteristics for ligand
binding and association with DprE2
make developing new clinical
compounds challenging. This review
provides an in-depth analysis of the
structural requirements for both
covalent and non-covalent inhibitors,
their 2D and 3D binding patterns, as
well as their biological activity data
in vitro and in vivo, including phar-
macokinetic information.
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