®

Check for
updates

Exploring Decaprenylphosphoryl-f-p- 2 4
Ribose 2'-Epimerase 1 (DprE1):
A Target for Anti-tubercular Drugs
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The biggest disease today is not leprosy or tuberculosis, but
rather the feeling of being unwanted.

Mother Teresa

Summary

Decaprenylphosphoryl-B-p-ribose 2'-epimerase 1(DprEl) is a new and compe-
tent target that could be exploited for drug discovery to tackle the problem of
drug-resistant tuberculosis (TB). It is a flavoprotein that essentially contributes to
mycobacterial cell wall biosynthesis. The enzyme is involved in the synthesis of
Araf molecules, which are the building blocks in the synthesis of lipoarabino-
mannans and arabinogalactans. Benzothiazinones were the first molecules to be
reported as DprEl inhibitors. Since then, a number of new and novel compounds
have been reported as DprE1 inhibitors. These inhibitors exhibit either covalent
or non-covalent binding to the enzyme. Four DprEl inhibitors, namely
BTZ-043, Macozinone, OPC-167832, and TBA-7371, are currently in clinical
trials. This chapter attempts to discuss DprEl as a potential druggable target and
its inhibitors for the discovery of anti-TB agents.
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DprE1 inhibitors in clinical trials
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1 Introduction

Target identification serves as the commencing step of any drug discovery program.
Medicinal chemists worldwide have been actively involved in unraveling novel
tuberculosis (TB) targets and their promising inhibitors. Such a target should
possess three essential characteristics:

(i) significance for the growth and persistence of bacteria;
(i) selectivity for the bacteria over the host; and
(iii)) drug approachability, i.e., the absence of structural barriers in the bacteria
which would block the approach of the drug to the target.

Numerous first-line and second-line anti-TB drugs (Fig. 1) have been used
clinically to treat TB for a long time, but the real fact is that the exact targets for
many of them have not yet been recognized [1]. There are several targets identified
to date for the inhibition of the active, replicating, and dormant forms of TB.
Figure 2 depicts various targets and some promising TB inhibitors [2]. To date, a
number of novel techniques, strategies, and programs have been undertaken as part
of the TB drug discovery process. The overall picture is such that new drug dis-
covery for the management of TB has become a daunting task for the researchers as
the biggest culprit is Mycobacterium tuberculosis (M. tb) bacterium itself which
exists in replicating as well as in dormant forms [3-5].

It is needed that novel anti-TB agents, either individually or in combination,
have a shorter duration of treatment and manage drug resistance (DR) cases
effectively with minimum or no toxicity. Recently, the decaprenylphosphoryl--p-
ribose 2'-epimerase 1 (DprEl) enzyme possessing all the desirable requirements has
emerged as a prospective novel target for the discovery of new anti-TB drugs [6].
DprEl, a flavoprotein present in the periplasm of the M. tb cell wall, is indis-
pensable for cell wall synthesis. The significance of DprEl as a potential druggable
target for the discovery of anti-TB agents has been thoroughly discussed in the
following sections of this chapter.

2 Special Features of the Enzyme Decaprenylphosphoryl-f-
p-Ribose 2’-Epimerase 1 Which Make It a Target

To combat DR in mycobacterial strains, it is an urgent need to develop a drug that
would be able to decrease the duration of treatment and kill the mycobacteria both
in replicating and dormant forms completely. This is possible only when a valid
target, which is essential for the growth of bacteria and its survival, is identified for
the drug. Though many targets have been recognized and validated and a number of
new anti-TB agents with potential anti-TB activity, the biggest threat of DR-TB still
keeps on challenging the medicinal chemists’ fraternity [2].
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Fig. 1 Chemical structures of first (1-4) and second (5-19)-line anti-TB drugs
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Fig. 2 Diagrammatic representation of M. tb cell demonstrating various possible targets within
the cell structure [2]. Reprinted with permission from [2] Copyright© 2018 American Chemical
Society

DprE1 has evolved as a new competent target that could be exploited for anti-TB
drug discovery to tackle the problem of DR. It was postulated a few decades ago
that blocking the biosynthetic process of mycobacterial cell wall would be the best
way to win the battle against TB. DprEl is a vital enzyme in the M. b cell wall
synthesis. In fact, inhibition of DprEl causes cessation of generation of DPA
required for the formation of Araf residues. Reduced levels of Araf residues hamper
the supply of these essential building blocks of the mycobacterial cell wall, i.e., AG
and LAM, which subsequently affect the biosynthesis of the M. b cell wall. Thus, it
clearly demonstrates that inhibiting DprE1 could hamper the growth as well as the
survival of M. tb. Moreover, DprEl is an ideal target as it is present only in
mycobacteria and not in humans, which certainly underlines its importance as an
anti-TB drug target for designing, developing, and discovering novel anti-TB
agents. These special features of the DprEl enzyme significantly make it a valuable
drug target that could be utilized effectively for the discovery of novel anti-TB
agents with enhanced biological potential and minimum toxicity [1, 7, 8].

2.1 Location and Role

Considering its function to provide overall strength to the cell and protect it from
virulence and pathogenicity, the cell wall is the most important component of a
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bacterial cell [9]. Therefore, cell wall biosynthesis has been considered the most
promising target for most drugs, including antibiotics. Biosynthesis of the cell wall
in M. tb consists of a number of processes that are ideal drug targets for discovering
anti-TB drugs [10]. Several anti-TB agents, such as isoniazid (1) and ethambutol (3)
of the first-line category, along with other second-line agents, actually interfere in
the cell wall biosynthesis during different stages (Fig. 1) [11, 12]. With this strategy
in mind to block the biosynthesis of the cell wall, various novel anti-TB targets, as
shown in Fig. 2, have been recognized, which could be exploited further to develop
novel anti-TB drugs.

The composition of the M. tb cell wall is quite complex as it is built of two
unique complexes known as peptidoglycan-arabinogalactan-mycolic acid
(PAM) complex or mAGP complex (mycolyl-arabinogalactan—peptidoglycan) and
lipoarabinomannan (LAM) [13]. PAM complex is mainly composed of three layers:

(i) a highly impermeable lining of mycolic acid;
(i) arabinogalactan polysaccharide (AG); and
(iii))  peptidoglycan (PG), posing from outer side to inner side of the cell.

PG is covalently bound to AG through a phosphodiester linkage that gets
attached to the mycolic acid, forming the PAM complex [14]. The second element,
LAM, is a non-covalently bound lipopolysaccharide comprising p-arabinofuranose
(Araf) and mannopyranosyl residues. Both the components (PAM and LAM) are a
prerequisite to maintaining cell wall integrity and impart a crucial role in the M. tb
virulence and pathogenesis [12, 15, 16].

Synthesis of Araf residues, essential building blocks of AG and LAM, is a
crucial biosynthetic step. Biosynthesis of AG and LAM involves the addition of
Araf residues to the galactan and mannan domains, respectively, catalyzed by a
specific enzyme known as arabinosyltransferase. The arabinosyltransferase enzyme
uses the sugar decaprenylphosphoryl-p-p-arabinose (DPA) generated by the
epimerization of decaprenylphosphoryl-B-p-ribose (DPR). DPA is the only source
for the Araf residues in M. tb. Without DPA, it is difficult for the bacteria to survive
in latent as well as virulent forms as the cell wall synthesis would be ceased
completely [12, 15, 17].

A heterodimeric enzyme, i.e., DprE, consists of two enzymes-DprEl and
DprE2—-the key proteins involved in the biosynthesis of DPA. DprEl is a
FAD-dependent enzyme that converts DPR to decaprenylphosphoryl-2-keto-f3-p-
erythro-pentofuranose (DPX) by oxidation, and DPX is then further reduced to
DPA in the presence of decaprenylphosphoryl-D-2-keto-erythro-pentose reductase
(DprE2). DprEl is required for the growth and survival of M. tb. Hence, blockade
of DPA synthesis by inhibition of the DprEl enzyme would be a key strategy to
stop the biosynthesis of the M. b cell wall [6, 18].
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2.2 Mechanism of Action

Biosynthesis of DPA involves oxidation of DPR to DPX in the first step and
reduction of DPX to DPA in the second step (Fig. 3). Oxidation of DPR is cat-
alyzed by a flavoenzyme, DprEl, using flavin adenine dinucleotide (FAD) as an
oxidant which gets reduced to FADH,. Now, to start a new cycle of oxidation of
DPR, FADH, has to be re-oxidized to its oxidizing form, i.e., FAD. Despite being
an oxidase enzyme, DprEl showed comparatively low reactivity with oxygen.
Actually, DprEl uses a natural membrane-embedded electron acceptor, menaqui-
none, present in M. tb to re-oxidize FADH, to FAD. In the second step, the
reduction of intermediate DPX to DPA is catalyzed by DprE2 in the presence of
cofactor NADH. Considering the above fact, DprEl could be considered an oxi-
doreductase enzyme rather than a true oxidase. Therefore, the DprEl, DprE2, or
DprE1-DprE2 complex could be exploited as potential TB targets to design and
develop small molecule therapeutics [10, 19, 20].

2.3 Crystal Structure

The discovery of the crystal structure of DprEl shed more light on the identification
of the active sites of the enzyme and the possible mechanism of action of its
inhibitors which proved beneficial for the medicinal chemists to design and develop
novel anti-TB drugs with improved clinical potential. There have been several
reports wherein crystal structures of DprEl from M. smegmatis and M. tb
co-crystallized with or without covalent/non-covalent inhibitors [7]. Neres et al.
[19] and Batt et al. [20] were the first groups to report the crystal structure of the
DprEl enzyme in the year 2012. Thereafter, approximately 35 crystal structures of
DprEl have been reported to date, which are available in the protein data bank
(PDB).l Piton et al. [7] and Chikhale et al. [2] have enlisted 23 of the available
structures of DprEl systematically according to their date of release, PDB IDs,
resolution, and source of Mycobacterium species [2, 7]. A summary of the re-
maining structures of DprEl from 2018 onwards has been presented in Table 1.
The crystal structure of DprE1 contains several active sites for binding inhibi-
tors. The enzyme DprE1 (PDB code 4P8L; Fig. 4) consists of two active binding
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https://www.rcsb.org/search?request=%7B%22query%22%3A%7B%22type%22%3A%22group%22%2C%22nodes%22%3A%5B%7B%22type%22%3A%22group%22%2C%22nodes%22%3A%5B%7B%22type%22%3A%22group%22%2C%22nodes%22%3A%5B%7B%22type%22%3A%22terminal%22%2C%22service%22%3A%22full_text%22%2C%22parameters%22%3A%7B%22value%22%3A%22dpre1%22%7D%7D%5D%2C%22logical_operator%22%3A%22and%22%7D%5D%2C%22logical_operator%22%3A%22and%22%2C%22label%22%3A%22full_text%22%7D%5D%2C%22logical_operator%22%3A%22and%22%7D%2C%22return_type%22%3A%22entry%22%2C%22request_options%22%3A%7B%22pager%22%3A%7B%22start%22%3A0%2C%22rows%22%3A25%7D%2C%22scoring_strategy%22%3A%22combined%22%2C%22sort%22%3A%5B%7B%22sort_by%22%3A%22score%22%2C%22direction%22%3A%22desc%22%7D%5D%7D%2C%22request_info%22%3A%7B%22query_id%22%3A%22cdfdc2c113a57e3c8e2b8beba4d0b327%22%7D%7D
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Fig. 3 Epimerization of 2'-OH group (highlighted in red color) of DPR by DprEl and DprE2 to
generate DPA [2]. Reprinted with permission from Ref. [2] Copyright© 2018 American Chemical
Society

domains, similar to the other oxidoreductases such as vanillyl alcohol oxidase.
These two active binding domains include:

(i) a FAD-binding domain with residues 7-196, 413-461; and
(ii) a substrate-binding domain with residues 197412 (Fig. 4).

The cofactor FAD is located deep inside the FAD-binding domain of the
enzyme, with the isoalloxazine ring of FAD lying at the interface of the
substrate-binding domain. Two disordered loops are present above the
substrate-binding domain, confirmed by the electron density map obtained in all of
the crystal structures of DprE1 [7]. Interestingly, these two loops, disordered loop I
with amino acid residues 269-303 and disordered loop II with amino acid residues
316-330, might be interacting with the cell membrane, with certain proteins
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Table 1 Crystal structures of DprE1 in PDB along with their year of release, resolution, inhibitor,
and mechanism of inhibition

S.  Year PDB  Co-crystal ligand Resolution Mycobacterium
No (release ID A) species
date)
1 2018 SOEL H o 2.20 Mpycobacterium
o N\« \\Me tuberculosis
S CDC1551

(20)
2 2018 50OEP H o 2.35 Mycobacterium
o N\« \\Me tuberculosis H37Rv
(0}
O
p S
N (0] F
(21)
3 2018 6G83 2.40 Mpycobacterium
0 X tuberculosis
HNT Ny CDC1551
S\rN
\
F3C N
o]
(22)
4 2018 6HFO0 OJN -0 Me,, 2.38 Mycobacterium
: 5 I‘O tuberculosis
| :
FaC Me
o
(23)
5 2018 6HF3 HO. o ﬁ N 2.20 Mycobacterium
SYNQ /\O tuberculosis
|
FiC N
O
(24)
6 2018 6HEZ Me 2.30 Mpycobacterium
0 tuberculosis
un-OH o
S \( N
\
FsC N
(@)
(25)

(continued)
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Table 1 (continued)

S.  Year PDB  Co-crystal ligand Resolution Mycobacterium
No (release 1D A) species
date)
7 2018 6HFW ,OH 2.47 Mpycobacterium
L0 O tuberculosis H37Rv
S\(N
|
o
(26)
8 2018 6HFV JOH 2.05 Mycobacterium
HN tuberculosis H37Rv
S\(N
|
F4C N
o
(27)
9 2018 50EQ WA 0 % 2.25 Mpycobacterium
_/ S H\g SN tuberculosis H3TRv
ey
N = N
(6] S /
(28)

Prepared with data from Refs. [6, 21-23]

Substrate Disordered loop
binding pocket 11:316 to 330

FAD binding |
domain

(o
c Disordered looj
b

' | 269 to 303

Substrate
binding
domain

Fig. 4 Structure of DprE1 (PDB code 4P8L). A deep blue color represents the FAD-binding
domain, whereas light blue color depicts the substrate-binding domain. Substrate-binding pocket is
highlighted on the lime green surface. Orange and hot pink depict the two disordered loops [7].

Reprinted with permission from Ref. [7] Copyright © 2017 Elsevier
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involved in the biosynthesis of DPA, a substrate for DprE1 or with DPR [20]. These
two disordered loops actually keep the substrate-binding domain wide open,
facilitating the accommodation of the substrate in the domain. Thus, these loops
could be considered as the entrance gate for the substrate approaching the
substrate-binding domain [7]. Recent developments of various DprEl inhibitors
have been discussed in the following sections of this chapter.

3 Insight into DprE1 Inhibitors

Previously in the year 2018, we have published from our lab an extensive review on
DprEl and its inhibitors as an anti-TB target [2]. Some important developments in
discovering DprEl inhibitors as potential anti-TB drugs have been discussed here.

The discovery of the co-crystal structure of DprEl bound to benzothiazinone
(BTZ) offered an important insight into the mechanistic view of DprEl inhibitors
that helped develop newer anti-TB agents. DprE1 inhibitors can be categorized or
differentiated based on their binding interactions, viz. covalent or non-covalent
binding to the enzyme. Here, DprEl inhibitors are classified as covalent and
non-covalent binding and miscellaneous inhibitors.

3.1 Covalent Binding Inhibitors

3.1.1 Benzothiazinones as the Leading Inhibitors of DprE1
Benzothiazinones (BTZs) evolved as a new class of anti-TB agents in 2009. They
offered hope for the design and development of newer and effective drug candidates
for the treatment of DR-TB [24]. BTZ scaffold demonstrated sub-micro molar MIC
value against M. tb. BTZs have been proved to inhibit the DprEl enzyme cova-
lently. In a successful attempt to improvise the pharmacological properties of BTZs,
their piperazine-containing analogs (PBTZ) were synthesized.

In the biological systems, the nitro functional group gets reduced primarily to the
corresponding nitroso group, then to the hydroxylamine, and finally to the amine
[25]. It is hypothesized that benzothiazinone-nitrosoarene derivatives bind with
Cys387 residue of the enzyme via interaction with the thiol group of the residue,
thereby forming a covalent adduct and, thus, behaving suicide inhibitors [26]. Later
in 2013, Tiwari et al. [27] proposed another plausible mechanism behind the for-
mation of the nitroso derivative. They proposed that the redox reaction responsible
for converting the nitro into the nitroso derivative is facilitated by the thiol group of
cysteine residue present in the enzyme. It was also hypothesized that this conver-
sion does not require FADH, as the catalyst. Further, the cine addition of thiolate
would initiate the redox reaction that generates the nitroso derivative.

For the first time, BTZs were reported as nitro benzothiazinones, the active
molecules that could inhibit DprE1 from Mollmann lab, Germany; Makarov lab,
Moscow; and Cole lab at the Global Health Institute, Ecole Polytechnique,
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Switzerland [16, 28]. BTZ043 (29) was found to be the most potent compound,
exhibiting antimycobacterial activity with a minimum inhibitory concentration
MIC) value of 1 ng/mL, whereas MIC values for Isoniazid and ethambutol
(EMB) were found in the range of 0.02-0.2 mg/mL and 1-5 mg/mL respectively.
In order to determine the site of action of BTZ, radiolabeled studies were per-
formed. These results demonstrated that BTZ targeted the biosynthesis of ara-
binogalactan, which in turn is an important component in the covalent linking of
mycolic acid and peptidoglycan layer, thus inhibiting the biosynthesis of the M. tb
cell wall.

BTZ043 (29)

Gao et al. [29] attempted to establish the structure-activity relationship (SAR) of
BTZs. In order to do so, they prepared a series of N-alkyl and heterocycle sub-
stituted BTZ compounds. These derivatives showed potent inhibition against the M.
tb strains. It was noted that increasing the bulk or substituting bulky groups in the
BTZ motif amplified the inhibitory activity. Also, the trifluoro substituent played a
pivotal role in deciding the activity of the piperazine or piperidine analogs. Some
compounds with spiro-piperidine moiety exhibited activity comparable to that of
BTZ043. This indicated that the presence of sulfur in the azaspiro ring increased the
activity. These compounds also demonstrated good bioavailability. Further, an
attempt was made to substitute the oxygen of the BTZ043 carbonyl group with a
sulfur atom, generating SKLB-TB1001 (30). Compound (30) showed promising
in vitro activity and good ADMET properties, and it was found to be efficient in
treating acute infection in a mouse model. Its MIC value was found to be
0.02 pg/ml. Subsequent work resulted in the design and synthesis of substituted
2-piperazine-benzothiazinone (PBTZ) (31) derivatives with enhanced lipophilicity
[30]. SAR studies for this series indicated that the presence of hydrophilic groups
such as secondary or tertiary amines, alcohols, etc., on the N-4 piperazine ring led
to compounds with diminished or complete loss of activity.

NO, O} NO, (\N
C@Q C&;ﬁf@

SKLB-TB1001 (30) PBTZ0169 (31)
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Benzothiazinones BTZ043 (29) and PBTZ0169 (31) were explored substantially
due to their imposing DprEl inhibition. To enhance the activity and pharmacoki-
netic parameters, Peng et al. [31] synthesized 1,3-benzothiazin-4-one derivatives
with 4-carbonylpiperazine (32). MIC value of this most active compound was
found to be 0.0131 pM.

F,C

BTZ-SO (33) and BTZ-SO, (34) were prepared to study the effect of oxidation
of sulfur on the biological activity of BTZ [32]. BTZ-SO was found to produce
impressive antimycobacterial activity, whereas BTZ-SO, failed to exhibit anti-TB
activity.

CH, CH;
— O O
NO, O o NO; 9, OLO

St_N SYN

T {

F5C F;C
o]
BTZ-SO (33) BTZ-SO, (34)

3.1.2 Benzothiazole Containing DprE1 Inhibitors

Langde el at. [33] discovered some new molecules containing benzothiazole,
possessing antimycobacterial activity by high throughput screening of database
from AstraZeneca Pharmaceuticals drug library, containing more than 100,000
compounds. Initial searching gave benzothiazole N-oxide as the lead molecule
(8-BTO) (35). The most potent compound was found to possess a MIC value of
1 pg/mL. It was further taken up to optimize and develop a new series of deriva-
tives. Benzothiazole oxide and benzothiazole were found to show good potency,
but this potency came along with the side effect of mutagenicity. It was noted that
substitution of the nitro group rendered the compound inactive. Furthermore, the
authors tried to sterically hinder the nitro group so as to prevent the generation of
reactive intermediate derivatives responsible for mutagenic properties. The 1Csq
value for 8-BTO (35) was found to be 0.026 pM.
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3.1.3 Triazole Scaffold Containing DprE1 Inhibitors

Stanley et al. [34] performed a cell-based HTS assay and reported various novel
inhibitors. In this study, screening of the literature reported 20,000 antibacterial
agents against M. tb. Additionally, a dataset of 341,808 compounds was also
screened against M. tb using a 7H12 medium. 1-(4-(tert.Butyl)benzyl)-3-nitro-1H-
1,2,4-triazole (36) came out as an initial hit showing an ICy, value of 0.5 pM. It
was observed that compounds having nitro groups showed good activity, whereas
compounds devoid of the nitro group exhibited reduced activity. Also, compounds
with nitro substitution were bound covalently with the enzyme. These observations
suggest the importance of the nitro group, which in turn gets reduced to some
reactive species to provide interaction to the target.

CH;3
CH;
NA CH;
N
oN~ N
(36)

Karabanovich et al. [35] prepared various 3,5-dinitrophenyl-1,2,4-triazole con-
taining compounds exhibiting magnificent and selective antimycobacterial activity.
Among the 23 compounds, it was found that S-substituted 4-alkyl-5-
(3,5-dinitrophenyl)-4H-1,2 4-triazole-3-thiols  (37) and their = 3-nitro-5-(tri-
fluoromethyl)phenyl (38) analogs exhibited the highest in vitro activity against M.
tb H37Rv.

N\
O:N ) TI)\ R,£  37,X=-NO,
O s et
R =N
J o« U
(37,38) (39)

Ali et al. [36] synthesized seventeen novel 1,2,3-triazole derivatives (39) using
‘click chemistry’ methodology and evaluated them in vitro for their inhibitory
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activity against M. tb H37Rv strain. Among the synthesized derivatives, six com-
pounds were found to have significant activity with MIC values ranging from 3.12
to 0.78 uM with nil or negligible cytotoxicity against mouse bone marrow-derived
macrophages. These six compounds possessed MIC values lesser than 6.25 pg/ mL
along with a high affinity for the active site of DprEl.

3.1.4 AQuinoxalines as DprE1 Inhibitors

Magnet et al. [37], while performing an experiment of screening a collection of
kinase inhibitors containing 12,000 compounds against M. tb, reported the
quinoxaline scaffold active against M. tb. Three compounds were obtained as initial
hits having activity lesser than 10 pM. During the studies, it was observed that
these compounds were non-mutagenic and non-toxic. All three hits contained
quinoxaline as a basic scaffold (40) and were reported as specific inhibitors of
DprEl. The mechanism of action or binding mode of these molecules is essentially
the same as BTZs.

NO,
N\IRz Comp. R; R: R; | MIC (uM)
RS NG R, 40a -CHs | Phenyl | Br | 3.1
(40) 40b CH3 Phenyl | CF3 | 0.75
40c Phenyl | CH3 CF3 | 6.25

3.1.5 Nitrobenzamide-Based DprE1 Inhibitors

Nitrobenzamide derivatives depict another example of the application of high
throughput screening (HTS) in drug discovery. Christophe et al. [38] performed
screening of a collection of 56,984 molecules for checking drug-likeness by
applying Lipinski’s rule of five, and then the short-listed molecules were screened
for their anti-TB activity at a single dose concentration. Four hundred eighty-six
molecules from the selected molecules were checked using the serial dilution
method. About 8% of these molecules showed MIC value comparable to isoniazid.
Cluster analysis indicated that 69 compounds had a similar structure as isoniazid,
and out of these, 24 compounds had benzamide as the common structural feature
(41). These derivatives were further exploited to produce a series of compounds
with improved activity [39]. SAR study was also undertaken to optimize the
benzamide derivatives. It was noted that nitro groups at positions 3 and 5 were
essential for the potency of the compounds as reduction of nitro to the corre-
sponding hydroxylamine derivatives with no activity. An enhancement in the
activity profile was observed when the amide nitrogen was substituted with ben-
zyloxy or phenoxymethyl moieties. Cyclic benzamides demonstrated MIC values
as low as 80 nM, but they lacked potency during the intracellular assay. Compound
(42) was screened for antimycobacterial activity on replicating as well as
non-replicating strains. Unfortunately, the results demonstrated that it was effective
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only in the replicating cultures and was inactive against the non-replicating strains.
These results concluded that compound (42) demonstrated activity by interacting
with the Cys387 residue of the DprEl.

o 0
O,N ~_0
O,N o) N
) N/\/ ‘ \7 . N \©\
i OCH,
R, NO,

(41) 42)

Furthermore, two more benzamide derivatives, CT325 (43) and CT319 (44),
were synthesized by taking BTZ structure into consideration, which was found to
bind to the active site of the DprEl enzyme [18]. Both of them showed good
inhibitory activity with specificity towards DprEl. It was seen that compound (43)
interacted covalently with the enzyme acting as an irreversible inhibitor, whereas
compound (44) formed a non-covalent bond with the enzyme.

O CH, O CH,
F5C
F;C N 3 N
B H
NO NO,

CT325 (43) CT319 (44)

3.2 Non-covalent Inhibitors

3.2.1 Benzothiazinone Containing DprE1 Inhibitors

Earlier, benzothiazinones were known to interact only covalently with the enzyme.
But the scenario changed when Makarov et al. [40] tried to replace the nitro group
of the BTZ with a pyrrole ring. These efforts resulted in the discovery of active
pyrrole-BTZ compounds (45 and 46) having a MIC value of 0.16 pg/mL. The ICsq
values were as low as < 8 pM with appreciable ADMET and in vivopharmacoki-
netic parameters. Unfortunately, they failed to impress the animal models.
Molecular docking studies revealed that pyrrole-BTZs bind to the same cavity of
DprEl as BTZ, with pyrrole rings located close to Cys387 residue. Surprisingly,
any covalent interaction with the enzyme was absent, indicating that Pyr-BTZ
compounds act as non-covalent inhibitors.
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CH,

PyrBTZ01 (45) PyrBTZ02 (46)

3.2.2 Benzothiazole Based DprE1 Inhibitors

Benzothiazoles have been considered a boon for designing and developing DprE1
inhibitors. Wang et al. [41] performed cell-based phenotype screening and reported
a small molecule TCA1 (47) as a DprEl inhibitor. The Discovery of TCA1 (47)
was serendipitous, as it was obtained during the screening of a collection of 70,000
molecules for their inhibitory activity against replicating and non-replicating M. tb
strains. Compound (47) showed promising activity both in vitro and in vivo. Ini-
tially, it was observed that the compound (47) exhibited antimycobacterial action by
downregulation of persistent genes and cell wall inhibition via interfering with
mycolic acid synthesis. The discovery of TCA1 (47) offered a pathway for further
developing DprEl inhibitors by serving as a template molecule. Liu et al. [21]
performed synthesis, molecular docking, and pharmacological evaluation along
with SAR studies to optimize the benzothiazoles as DprEl inhibitors. Three posi-
tions were modified, i.e., thiophene moiety, benzothiazole core, and carbamate
group. It was observed that these structural changes were indeed beneficial for
inhibitory activity, but they also caused CYP2C9 inhibition. Subsequently, to
develop DprEl inhibitors with no CYC2C9 inhibition, the authors carried out
further studies using compound TCA007 (48) as a template molecule.
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TCA1 (47) TCA007 (48)

In another study conducted by Chikhale et al. [42], a series of benzothiazolyl
pyrimidine carboxamides was reported. This series provided information that
compounds having para-substituents on the phenyl ring of the compound demon-
strate favorable activity though the unsubstituted compound (49) offered the best
results in terms of MIC value of 0.08 and MBC of 7.7 uM.
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Fauzia et al. [43] reported anti-TB activity of benzothiazole and 1,2,3-triazole
based bis-heterocycles against M. th. Three compounds (50-52) showed good
activity among the series. Furthermore, a molecular docking study was conducted
to investigate the binding interactions between the compounds and DprEl. It was
found that compound (51) possessed potent inhibitory properties owing to hydro-
gen bonding and hydrophobic interactions. It was seen that compound (51) inter-
acted with Tyr60, Gly117, Ala375, Ser378, Asn385, Lys418, and Trp437 residues
via H-bond.

R,

/@ R, 50,R=H,R,=Cl
S /—(/\ITI 51,R;=NO,, R,=H
@[ —s NN 52, R,=H, R,= NO,
N
(50-52)

3.2.3 Imidazopyridine Based DprE1 Inhibitors

Gawad et al. [44] reported 6-(4-nitrophenoxy)-2-substituted-1H-imidazo[4,5-b]
pyridine derivatives to explore the potential of 1H-imidazo[4,5-b]pyridine nucleus.
In this study, the nitro group was intentionally substituted at the sixth position
because of its proven binding with Cys387 residue of the DprEl enzyme. Some of
the derivatives have shown good anti-TB activity. The most potent compounds
were found to have MIC values ranging from 0.5 to 0.8 uM. Interestingly, docking
studies of these compounds yielded excellent docking scores. Binding interactions
shown by these compounds were similar to that of the lead molecule TCA1 (47).
Earlier it was reported that the nitro group got reduced and interacted with Cys387,
but no such interaction was seen here. Information obtained from the docking
studies and the in vitro studies indicated that further structural modifications could
help develop better compounds as DprEl inhibitors.
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3.2.4 Quinoxalines as DprE1 Inhibitors

Neres et al. [45] performed phenotype screening of a collection of 266 compounds
against M. tb. This resulted in the discovery of novel quinoxaline derivatives with
promising bactericidal activity. The lead compound (54) was highly effective
against M. tb, having an ICs, value of 6.1 uM. SAR studies disclosed that the
absence of the 6-trifluoromethyl group rendered the compounds inactive, and its
presence at the para-position of the C3 benzyl amine moiety affected the DprEl
inhibition significantly. Substituents like methoxyl and halogens on the phenyl ring
of the benzylamino group yielded compounds with moderate activity. All the
derivatives were active against both replicating and non-replicating strains of M. b.

OCHj,
H
F3C©N Nﬁ
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P H
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(54)

3.2.5 Thiadiazole Containing Inhibitors

Batt et al. [46] simultaneously utilized phenotype screening and target-based drug
design strategy to report a series of novel DprEl inhibitors. This study was per-
formed using a library of 177 compounds with known M. b inhibitory activity.
These compounds were then tested for their enzymatic assay for DprEl selectivity.
Compound (55) was found to be the most potent derivative with an ICsq value of
0.054 pM, and it demonstrated the greatest binding affinity (Kd of 0.25 uM) for the
enzyme.

3.2.6 Azaindoles as DprE1 Inhibitors

Earlier various imidazopyridine-based compounds were reported as antimycobac-
terials, but these possessed very mild activity [44, 47, 48]. The imidazopyridine
scaffold (56) was morphed into 1,4-azaindoles (57 and 58) to explore and enhance
the activity. Shirude et al. [49, 50] attempted to improve 1,4-azaindoles wherein
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they synthesized 23 compounds. The authors claimed that this novel class of
inhibitors exhibited cellular activity via non-covalent inhibition of DprEl. The most
potent derivatives exhibited MIC in the range of 0.39-0.78 uM. These derivatives
were found to be better than the already reported DprEl inhibitors. Yet they
exhibited a couple of pitfalls, like inhibiting the PDE6 protein complex, which
plays an essential role in the proper functioning of the human eyes and has shown
not-so-good pharmacokinetic properties. In continuation, to optimize the lead (58),
Shirude et al. [51] further reported other 27 compounds to overcome the pitfalls of
the earlier compounds. These newer derivatives offered an optimal pharmacokinetic
profile. Moreover, these were devoid of any inhibition of PDE6. Further, SAR was
developed for the azaindole series (Fig. 5). It was noted that three essential struc-
tural features were necessary for the activity. The core 1,4-azaindole with a sub-
stituent on the sixth position was the minimum requirement for the activity. The
amide chain was a requirement for optimal potency and binding affinity. It also
influenced the physicochemical parameters. Small substituents were necessary for
cellular potency. The hydrophobic pocket of the enzyme gets filled with an aro-
matic core at the N-1 position during its binding with the enzyme; thus, this
aromatic core was found to be one of the requirements. One of the most potent
compounds, TBA-7371 (60), from the azaindole series is under clinical trials.
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3.2.7 Benzimidazole as DprE1 Inhibitors

Manjunatha et al. [52] used a scaffold morphing approach to modify the already
known DprEl inhibitors. They undertook azaindole TBA7371 (60) core as the
template molecule and performed scaffold morphing to report benzimidazole
derivatives (61 and 62). They demonstrated potent DprE1 inhibition with improved
aqueous solubility and increased plasma function.

The benzimidazole derivative (61) and TBA7371 (60) were docked with the M.
tb DprEl enzyme (PDB ID 4KWS5 binding site). One of the plausible binding
modes for compound (61) from unconstrained docking is shown in Fig. 6a. It was
seen that carbonyl oxygen was involved in H-bonding with Ser228, whereas amidic
NH was bound with FAD carbonyl oxygen. The benzimidazole core generated CH
—n contacts with Trp230 and Tyr314 residues. The molecule was also found to
have hydrophobic interactions with various amino acid residues. The binding mode
of the overlaid azaindoles showed a similar binding mode for the amide group
(Fig. 6b).
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Fig. 6 a Binding mode of compound 61 in the DprEl active site. b Docked poses of 60 (magenta)
and 61 (green). Reprinted with permission from Ref. [52] Copyright© 2019 American Chemical
Society
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3.2.8 Pyrazolopyridine Based DprE1 Inhibitors

Panda et al. [53] performed a whole-cell screening assay against M. b strains and
reported a new series of pyrazolopyridones as the active scaffold against M. tb. In
order to determine the selectivity of the compounds over DprEl, an overexpression
assay was performed wherein gene Rv3790 was overexpressed for MIC study.
These compounds showed higher MIC values than the earlier reported compounds.
These derivatives were found to be interacting non-covalently with DprE1 and were
effective against both replicating and non-replicating strains. The ICs, value for
compound (63) was reported to be 0.04 pM.

(63)

3.2.9 Aminoquinolone Scaffold Containing DprE1 Inhibitors

Naik et al. [54] reported 4-aminoquinoline piperidine amides as novel DprEl
inhibitors based on the whole-cell assay. AstraZeneca corporate collections of
approximately 320,000 compounds were screened to yield a compound as the lead
molecule (64). It was found to be reasonably active against DprEl. Based on the
lead molecule (64), various other 4-aminoquinoline piperidine amides were pre-
pared and evaluated for pharmacological activity. Various studies, such as mass
spectrometry and enzyme kinetic studies, concluded that these derivatives exhibited
non-covalent and reversible inhibition of the enzyme. Analogs were found to
possess excellent cidal properties in vitro against both replicating and
non-replicating M. tb strains.
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3.2.10 Hydantoins as DprE1 Inhibitors

A target-based HTS study conducted by GlaxoSmithKline (GSK) led to the
emergence and identification of a novel hydantoin-based hit motif as a DprEl
inhibitor. This report offered a totally different scaffold from the other known
DprEl inhibitors. In 2018, Rogacki et al. [55] explored the report results and
optimized the hits while developing a SAR for the series. Compound (65) was taken
as the starting point for hit-to-lead optimization as it had exhibited good DprEl
enzyme inhibitory activity (pICsy = 7.0). Additionally, it was characterized by
good solubility, lack of cytotoxicity, and acceptable lipophilicity.
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The authors carried out SAR studies to explore and optimize the hit (65) and
divided the structure into five sub-structures, i.e., acetyl linker, substituents at C-5
of the hydantoin ring, phenyl ring at C-5, hydantoin ring substituents on the
nitrogen (N-3) of the hydantoin ring, and the hydantoin moiety itself. The acetyl
linker was seen as a potential liability because aromatic ketones are reactive groups,
which may lead to enhanced metabolic instability of the compound. An attempt was
made to modulate the linker by altering its length, removal of carbonyl group, or its
substitution with known bioisosteric groups. It was observed that while most of the
modulations resulted in the loss of activity, consistent low toxicity for the com-
pounds throughout the series was worth noticing. Both methylations of the
methylene group and bioisosteric replacement of the carbonyl moiety resulted in
activity loss. These observations proved the importance of acetyl linker in the hit
molecule (65).

C-5 of hydantoin had two substituents. The carbonitrile moiety has been known
to react with cysteine and/or serine residues, leading to possible off-target covalent
binding. Exploring this position indicated that the nitrile group was unnecessary for
activity and could be exchanged for more active derivatives. Alteration of the
methyl substituent resulted in either reduced or loss of activity. These results
suggested that this part of the scaffold has a limited scope of modification. Modi-
fications around position one by placing substituents on the nitrogen or exchanging
it with carbon led to a decrease in enzymatic activity. Further, N-1 acyl substitution
was tried, but the resulting derivatives lacked biological activity. This data sug-
gested the importance of unsubstituted Nj-nitrogen atoms for binding to the
enzyme. All the changes made at N-3 resulted in activity loss, indicating a lack of
scope for modification at this position.
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The authors acknowledged the possibility of hydantoin scaffold giving some
undesired effects like inhibition of hERG potassium channels, the fatal hydantoin
syndrome, and cardiovascular risks. This served as the liability for further devel-
opment, so the authors planned to replace the hydantoin core. Structurally similar
rings such as succinimide, imidazolidin-2-one, imidazole, and pyrazole were con-
sidered as alternatives to the hydantoin core since they differ in aspect of one or
more hydrogen bond donors/acceptors while at the same time they have the same
geometry as the hydantoin motif. Unfortunately, none of the core replacements
served the purpose as these derivatives were found to be inactive. These results
indicated the importance of hydantoin core. The authors suggested that the
hydantoin core could also interact with the protein. It was also reported that the lead
compound (65) exhibited reversible binding to the enzyme.

Recently, in 2020, Balabon et al. [56] expanded the exploration of SAR for the
hydantoin family through 80 new compounds. Based on the results of their earlier
studies, they tried to optimize the phenyl ring wherein they replaced cyano with
different substituents. But the results were disappointing for most of the sub-
stituents. The only notable exceptions were the methyl ester and the fused bicyclic
analog. The most potent compounds were (66 and 67), having tetrazole and sul-
phonamide moieties as the substituents on the phenyl ring.
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In vivo studies for the two most potent compounds (66 and 67) were carried out,
and the efficacy of these derivatives was examined in a C57BL/6 J mouse model.
No sign of adverse reaction was observed in any of the animals. The bioavailability
of compound (67) was lower, and it exhibited significant blood exposure with a
Chax value of 6380 ng/mL and an AUC value of 31,400 h * ng/mL. Also, it
depicted the greatest reduction of Log;qo CFUs (0.5). Although the value is lesser
than that of moxifloxacin, it still indicates the capability of hydantoin derivatives to
reach the lungs of the animals after oral administration. These results indicated that
this chemical family displays no appreciable cytotoxicity or cardiotoxicity (hERG),
an appropriate physiological profile, and satisfactory metabolic stability. Although
the results are encouraging, these compounds need further research to improve
in vivo efficacy.



24 Exploring Decaprenylphosphoryl-p-o-Ribose ... 523

3.3 Miscellaneous Inhibitors

Wisely et al. [57] conducted virtual screening of a dataset consisting of 4.1 million
compounds against the enzyme DrpEl. For the screening purpose, the co-crystal
structure of DprE1 CT319 (PDB ID:4FDO) was taken. Initially, 500 hits were
identified, out of which 41 compounds were isolated based on the structural
diversity, binding affinity, and binding conformation. Compounds (68 and 69) were
obtained as the most potent compounds. Molecular docking studies depicted that —
NH of the amide group formed H-bond with adjacent Tyr 60 via the hydroxyl group
and with the phenylalanine 320 residue through the carbonyl group. Leu317 formed
a hydrogen bond with the amide of the carbonyl group. The planar orientation of
the inhibitor allowed it to fit well into the active cavity.

OH OH O O O

A series consisting of some novel 1la-substituted bile acid derivatives along
with N-alkyl and N-acyl derivatives of C-11 amino bile acid esters were reported as
anti-TB agents by Vandana et al. [58]. Among the reported series, four compounds
(70-73) showed significant activity against the M. tb H37Ra strain. Docking studies
revealed that the docking scores for these compounds varied from —9.951 to
—4.995, while the reference compound showed a docking score of —7.953. It was
found that compound (71) was stabilized via various interactions such as van der
Waals and electrostatic interactions with amino acids. Interestingly a prominent pi—
pi interaction was seen between the triazole ring of compound (71) and the imi-
dazole ring in His132 residue. Additionally, some H-bonding is also observed
within the active site. The authors also predicted ADME properties of these active
compounds (Table 2) using in silicotechniques. These compounds demonstrated
acceptable oral bioavailability along with low susceptibility towards acid
hydrolysis.

Table 2 ADME (in silico) prediction data

Comp Mol % Human oral Caco-2 cell MDCK cell
Wt absorption permeability permeability

70 655.87  75.74 110.36 45.68

71 621.77  72.10 150.47 63.86

72 706.87  51.46 60.23 29.82

73 71493  64.83 151.99 64.56

Adapted with permission from Ref. [58] Copyright© 2015 Elsevier
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Jebiti et al. [59] performed molecular docking studies for some acyl thiourea
derivatives against the DprE1 enzyme (PDB id: 4FDO). The results revealed that
these thiourea derivatives interacted with the enzyme in a similar fashion as the
co-crystallized ligand. The docking score for the most active compound (74) was
—8.13, while the score was —6.77 for the co-crystallized ligand.

£
g

(74)

Shaikh et al. [60] reported novel triazole-based benzothiazinone derivatives as
anti-TB agents. They carried out docking of the most potent compounds (75 and
76) to examine the binding interactions with the enzyme. The results from docking
studies depicted that these derivatives interacted with the active site via van der
Waals and electrostatic interactions. The benzothiazinone moiety and m-chloro
group of the phenyl ring participated in van der Waals interactions, whereas the
triazole ring was involved in interaction with Lys 418, Cys 317, and Ile386 resi-
dues. Additionally, H-bonding interactions facilitated steric and electrostatic
interactions by anchoring the 3D-position of the compound within the active site.
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Moreover, the stability of the compound (76) in the active site is facilitated by pi-pi

stacking interactions.
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Chitre et al. [61] synthesized novel agents by hybridizing pyrazine and thiazo-
lidine derivatives (77). These derivatives exhibited MIC values in the micro molar
range. Molecular docking studies were reported for the novel hybrid molecule (77).
The result showed that N-(4-oxo-2 substituted thiazolidin-3yl)pyrazine-2-
carbohydrazide derivative fitted well in the active site and was located near the
native ligand having a similar orientation. Their docking scores were in the range of
—7.83 to —6.00 (native ligand: —7.953). These compounds fitted well in the active
site via bonded and non-bonded interactions. They were found to be involved in
electrostatic as well as van der Waals interactions with the amino acid residues.
Thiazolidinone ring was found to be interacting with Lys418, Gly117, and Prol16
residues, whereas 3-ethoxy-4-hydroxyphenyl ring was involved in binding with
Leu363 and Asp389 residues. The compound was further stabilized by pi-pi
stacking between pyrazine ring and His132 residue.
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Bhalerao et al. [62] performed the docking study of some thiazole-based com-
pounds (PDB code:4FDO). The docking study revealed that the compounds fitted
snugly into the active site by acquiring a similar orientation as the native ligand.
The docking score for the test compounds ranged between —7.31 and —6.00, and it
was —7.95 for the active compound. The highest docking score was —7.84 for the
compound (78).
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Yagao et al. [63] performed virtual screening of 6.2 million small molecules
against DprEl (PDB ID: 4FDO) using ICM 3.8.2 modeling software. Based on
whether the compounds are occupying the binding pocket, many compounds were
excluded. Further, the next filter used was Lipinski’s rule of five for drug-likeness.
Based on these two filters, 63 compounds came out of the whole database. Further,
molecular docking was carried out that resulted in the finding of the compound
(79). Docking studies illustrated that the ligand-binding pocket of the enzyme is in a
zig-zag shape, and the compounds also bind in a zig-zag manner in this cavity by
indulging in hydrophobic interactions with the amino acid residues.
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Kasa et al. [64] reported the interaction studies of M. tb protein DprEl (PDB ID:
4P8C) with various triazole-based pyrrole-pyrimidine analogs (80) by performing
molecular docking. The compound (80a) came out with the highest Mol Dock score
of —157.926 and was demonstrated to interact via hydrogen bonding and pi-lone
pair interactions with the enzyme. It was noted that the results from in silico studies
of the active compounds supported the activity data, indicating the importance of
the triazole ring for exhibiting anti-TB activity.
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Fig. 7 Molecular docking results for 82 g. a Analysis with Chimera. b Analysis with Autodock
Tools. Reprinted with permission from Ref. [65] Copyright© 2018 Elsevier

Yalcin et al. [65] performed molecular docking to evaluate the potential of
fluoro-substituted chalcone derivatives (81-83) as DprEl inhibitors. They synthe-
sized fluoro and non-fluoro chalcone derivatives and evaluated their anti-
proliferative and anti-TB activity. The crystal structure used for the study was
PDB ID: 4P8H. The synthesized chalcone derivatives had both cis and trans iso-
mers. Among the synthesized compounds, (82g) was found to have the best binding
affinity and inhibitory constant of —8.3 kcal/mol and 0.812 mM, respectively. The
binding features of the compound (82g) are shown in Fig. 7. It can be seen that
hydroxyl groups present in the structure form hydrogen bonds with the residues in
the active site. The other phenyl moiety is involved in n-G interaction with the Trp
230 residue.
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Docking results of these test compounds revealed that compound (82g) gener-
ated superior binding properties than the (81g) molecule. This may indicate that
trans-configuration could be crucial for enhancing the binding properties of the
molecules. However, no such relation was found on the other pair of isomers.

Recently in 2020, Kumar et al. [66] used a hybrid approach to synthesize some
novel pyrazole-quinoline chalcones and pyrazole-coumarin chalcones and evalu-
ated their anti-TB activity. Docking these compounds with the DprEl enzyme
demonstrated that the active compounds showed good binding to the target, having
docking scores from —7.047 to —9.353 kcal/mol. Based on the molecular docking
results, the authors proposed that the anti-TB activity of these could be due to
inhibition of the DprE1 enzyme. The MIC value for the most potent compound (84)
was observed to be 3.125 pg/ml.

GlaxoSmithKline (GSK) conducted an HTS campaign to identify potential
DprEl inhibitors. This campaign led to the emergence of a novel series of 2-
((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)amino)-N-phenylpropanamides. Surpris-
ingly, the structure of this series is unrelated to the already known inhibitors.
Compound (85) represents the initial HTS hit that demonstrated DprE1 inhibition
with a pICs, value of 7.2. Whitehurst et al. [67] extracted some compound analogs
(85) using similarity-based clusters of HTS hit. Further, these analogs and
sub-structures of GSK compound collection were analyzed to gain early SAR
information. For defining SAR, compound (85) was divided into three main
components: the central alanine linker, left-hand side aminobenzodioxane, and
right-side C-terminal alanine. SAR studies revealed that the compound (85) showed
the maximum activity. Some derivatives were indeed found with equal activity.
However, further research is required to assess the risk associated with the com-
pound (85) and develop this new structure into a viable lead.
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Hariguchi et al. [68] applied a phenotypic screening method to identify and
optimize compounds with anti-TB activity containing carbostyril as the core.
Carbostyril core has been chosen because it has been reported to have good
ADMET properties and has been used in numerous drugs as the core moiety. As a
result of these efforts, OPC-167832 (86) came into the lime light, which has potent
in vitro and in vivo activities. Subsequently, the authors mapped DprEl inhibition
as the mode of action. They also reported preclinical data, including in vivoefficacy
of the regimens composed of this compound.

(86)

3.4 Covalent vs. Non-covalent Binding Inhibitors

In the above three subsections, it is observed that anti-TB activity can be achieved
by blocking DprEl both covalently and non-covalently. To date, researchers have
reported both covalent and non-covalent inhibitors with high potency and minimum
toxicity. So, an obvious question arises, which type of inhibition is better. To
answer this, we must understand the difference in their mechanism of action.
Covalent inhibitors work by binding to the Cys387 residue of the enzyme. The
binding is irreversible; thus, the inhibitors act as suicide substrates. Some reports
also revealed that mutation in the Cys387 residue might develop resistance towards
covalent inhibitors [69].

On the other hand, non-covalent inhibitors bind reversibly to the enzyme,
leading to inefficient inhibition or development of resistance by incrementing the
bacterial load [70]. However, compounds from both categories have found a place
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in clinical trials. So, we consider the future of both the types of inhibitors, covalent
and non-covalent, as bright in the direction of our search for new anti-TB drugs.

4 Patented DprE1 Inhibitors

During the last decade, many compounds have been patented as DprE1 inhibitors.
The very first patent on DprEl inhibitor was obtained on the benzothiazinone
derivative BTZ043 (29) [71]. Subsequently, many patent applications were filed for
various benzothiazinones such as PBTZ169 (31), BTZ-SO (33), and compounds
(87a and 87b) [72-74]. Recently patent applications for the two benzothiazinone
derivatives (88, 89) have been filed [75, 76], claiming almost equal potency to
PBTZ169 (31) but with a lower cLogP value. Compounds (88, 89) exhibited MIC
values of 0.005 uM and 0.022 uM respectively. Another benzothiazinone deriva-
tive (90) yielded a MIC value lower than 0.000063 pg/ml against resistant M. tb
strains [77].
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A carbostyril derivative, OPC-167832 (86), has also been patented as a DprE1
inhibitor. The claims mentioned in the application illustrate that the compound is
specifically active against mycobacteria and is orally active with no gastrointestinal
disturbances [78]. Benzothiazole derivative, TCAl (47), and the azaindole
derivative, TBA-7371 (60), have also been patented as DprEl inhibitors [79, 80].
TBA-7371 (60) has been mentioned as pathogen-specific for M. tb and M. smeg-
matis. Recently, another azaindole amide derivative (91) has been reported under
publication [81]. Compound (91) showed a MIC value of 0.1953 pg/ml against M.
tb. Another invention claimed arylamide-substituted thiophenimide (92) esters as
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DprEl inhibitors. The compound (92) exhibited excellent in vivo activity with
Log;oCFU = 4.42 [82]. Another invention reported nitrofuran derivatives (93) as
DprEl1 inhibitors with a MIC value of 1 puM [83]. Yet another patented compound
(94) has been claimed to have excellent activity against M. b with a MIC value less
than 0.0625 pM [84].
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5 DprE1 Inhibitors in Clinical Trials

The discovery of benzothiazinones has marked the onward journey of DprEl
inhibitors in our quest for discovering novel anti-TB agents [24]. Two benzoth-
iazinone derivatives, BTZ043 (29) and PBTZ-169 (31), are currently in phase 1
clinical trial. Macozinone (MCZ, PBTZ-169) (31), a piperazino benzothiazinone
derivative, is obtained as a result of optimization of benzothiazinone lead molecule
BTZ043 (29). PBTZ-169 (31) was found to have many merits over the lead
BTZ-043, amongst which better pharmacodynamics, easier method of synthesis,
and absence of chiral centers in its structure are some of them. The drug has
additive effects with other anti-TB agents, both marketed and underdeveloped,
while showing harmonious effects with bedaquiline (17) and clofazimine (95) in the
preclinical stage [85]. Currently, it is in the second phase in Russia, whereas in
Europe, it is in phase 1 [86, 87]. Another agent, TBA-7371 (60), is in phase 2
clinical trials [88]. TBA-7371, along with sutezolid (96), entered phase 1 clinical
trials. It is developed by AstraZeneca in collaboration with TB Alliance. It is
believed that TBA-7371 (60) does have the potential to be used for the treatment of
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resistant cases of TB because it is devoid of any pre-existing resistance or
cross-resistance with other drugs [89, 90]. OPC-167832 (86) is also reported to be
in phase 1 clinical trials [68].
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6 Microbial Resistance and DprE1 Inhibitors

The main issue with the already existing anti-TB drugs is the development of
microbial resistance. First-line agents like isoniazid, pyrazinamide, etc., are vul-
nerable to the development of resistance. A decade ago, when BTZs came into the
light, they attracted researchers worldwide due to the new target and the
sub-micromolar MIC values they exhibited. Since then, continuous research has
been going on DprEl inhibitors. But it is important to evaluate whether this target is
also vulnerable to resistance and, if yes, to what extent. To meet this particular
requirement, Foo et al. [69] reported DprEl-mediated BTZ’s resistance in M. .
Results of the study revealed that the C387 residue of the enzyme served as the site
of mutation, leading to the development of resistance towards BTZ. Additionally, it
was proved that five mutations on the C387 residue were responsible for developing
resistance. These mutations were caused by substituting different amino acids such
as glycine, alanine, arginine, serine, and threonine. It was also observed that
mutations with C387T, C387A, and C387S had a greater impact than C387N and
C387G. The authors also claimed that the decreased potency of covalent inhibitors
results from a mutation at C387 residue. While mutations at Ty38C residue resulted
in resistance towards non-covalent inhibitors.

Warrier et al. [91] also studied the development of microbial resistance by
overexpressing some genes, i.e., rv0560c, rv0558, and rv0559c. The authors
claimed that rv0560c is a gene responsible for S-adenosyl-L-methionine-dependent
methyltransferase, an enzyme that methylates the inhibitors and reduces their
activity.
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7 Conclusion

Since its discovery in 2009, DprE1 has been perceived as the best druggable target
to combat TB [2, 92].The discovery of BTZ043 served as the starting point for
researching novel covalent DprEl inhibitors. The revelation of the mechanism of
action of BTZ as covalent inhibitors was a breakthrough in the field of DprEl
inhibitors. Since then, continuous research has been carried out by researchers
worldwide. Both covalent and non-covalent inhibitors have been looked out as
potential anti-TB agents. Two such candidates, i.e., Macozinone and TBA-7371,
are already in clinical trials. We keep our fingers crossed and hope to emerge some
novel DprEl inhibitors as efficient anti-TB agents.

Mother Teresa once said, “The biggest disease today is not leprosy or tuber-
culosis, but rather the feeling of being unwanted.” At present, the world needs new
and effective drugs for eradicating an infectious disease like TB as it is the need of
the hour to prevent and address TB patients’ sufferings, a suffering due to inef-
fective treatment due to development of drug resistance, poor drug compliance by
the patients, the cost of treatment, and the feeling of unwanted by the society.

Core Messages

e DprEl has evolved as a new competent target that could be exploited for
anti-TB drug discovery.

e Covalent and non-covalent inhibitors have been looked out as potential
anti-TB agents.

e Four DprEl inhibitors, namely BTZ-043, Macozinone, OPC-167832, and
TBA-7371, are currently in clinical trials.
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