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KEY WORDS Abstract  Mycobacterium tuberculosis (MTB) utilizes multiple mechanisms to obtain antibiotic resis-
tance during the treatment of infections. In addition, the biofilms, secreted by MTB, can further protect
the latter from the contact with drug molecules and immune cells. These self-defending mechanisms lay a
Small molecule inhibitor: formidable challenge to develop effective therapeutic agents against chronic and recurring antibiotic-
Cell wall synthesis; tolerant MTB infections. Although several inexpensive and effective drugs (isoniazid, rifampicin, pyra-
Aniiietic ressEmae zinamide and ethambutol) have been discovered for the treatment regimen, MTB continues to cause
considerable morbidity and mortality worldwide. Antibiotic resistance and tolerance remain major global
issues, and innovative therapeutic strategies are urgently needed to address the challenges associated with
pathogenic bacteria. Gratifyingly, the cell wall synthesis of tubercle bacilli requires the participation of
many enzymes which exclusively exist in prokaryotic organisms. These enzymes, absent in human hepa-
tocytes, are recognized as promising targets to develop anti-tuberculosis drug. In this paper, we discussed
the critical roles of potential drug targets in regulating cell wall synthesis of MTB. And also, we system-
atically reviewed the advanced development of novel bioactive compounds or drug leads for inhibition of
cell wall synthesis, including their discovery, chemical modification, in vitro and in vivo evaluation.
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1. Introduction

Tuberculosis (TB) is a chronic but fatal infectious disease and is
one of the top 10 causes of death worldwide. Based on the latest
“Global Tuberculosis Report 2020” from World Health Organi-
zation (WHO), 10 million people fell ill with TB and 1.2 million
died in 2019. In particular, TB is a leading cause of death in HIV-
positive patients. Multiple MTB complex members can cause TB,
including MTB itself, Mycobacterium pinnipedii, Mycobacterium
microti, Mycobacterium canettii, Mycobacterium bovis, Myco-
bacterium africanum and Mycobacterium caprae'. They may
invade many organs in humans, but most often affect the lungs,
which is called phthisical disease. TB can spread from person to
person through the air and the main source of infection is patients
with active pulmonary TB, but many patients acquire MTB as
asymptomatic latent TB infection”. Although there is an effective
and cheap drug regimen that is four times as effective as it was 40
years ago, the continuous increase in TB worldwide, most of
whom are at risk of secondary injury”.

TB occurs in every country of the world and affects all age
groups. According to the 2020 “Global Tuberculosis Report”,
among the 1.2 million people worldwide who died of TB, 20,800
were HIV-positive. In addition, the best estimate from WHO is
that 10.0 million (range, 8.9—11.1 million) people developed TB
disease in 2019, including 5.6 million men, 3.2 million women
and 1.2 million children. The most affected countries in Asia
include India with 26% of cases, China with 8.4%, Indonesia with
8.5% and the Philippines with 6%. Multidrug-resistant (MDR)-TB
began to significantly increase in the 1990s. About 620,000 people
had MDR-TB, and the development of bacterial resistance needs
more attention. It is the emergence of first-line drug resistance to
TB that has caused panic in the healthcare field, and researchers
are making more effort to develop innovative lead molecules that
are effective against drug-resistant mycobacteria.

There are several challenges for the current treatment,
including drug resistance and toxicity. Once these occur, the
treatment needs to be interrupted and changed as soon as possible.
Another challenge is pharmacokinetic drug—drug interactions, in
particular with antiretroviral therapy in patients with TB and HIV
co-infection. One of the necessary conditions for achieving
nonrecurrent therapy is that patients remain on treatment for a
longer period of time. The current regimen has various drugs and
fixed-dose combinations, which are divided into the following
types: (1) two drugs (isoniazid and rifampicin); (2) three drugs
(rifampicin, isoniazid and pyrazinamide); and (3) four drugs
(ethambutol, pyrazinamide, rifampicin and isoniazid)*. Because
most of the world’s TB burden is caused by drug-resistance strains
of MTB, use of the above three types of drug combinations are
intended to reduce the emergence of drug resistance. Although
researchers have invested a lot of time and effort in developing
sensitive drugs for TB treatment, the existing standard of care is
still a challenge and a hindrance to global TB treatment”.

When experts encounter MDR-TB, the available drugs are
limited, including only combination of clofazimine, amoxicillin
and clavulanic acid, thioacetazone and linezolid. During the last
50 years, only three drugs were discovered and approved for
treatment of MDR-TB. Bedaquiline was approved by the US Food
and Drug Administration (FDA) in 2012, delamanid was
accredited by the European Medicines Agency in 2014 and pre-
tomanid was developed by the Global Alliance in 2019%”. Many
new drugs are in the stage of clinical trials, lead compounds with
many targets are in a lead-optimization state, such as InhA

inhibitors®, PKS13 inhibitors’, MmpL3 inhibitors'’, DprEl in-
hibitors'', DNA gyrase inhibitors'?, RNA polymerase inhibitors'?,
and LeuRS inhibitors'*. Three compounds are in preclinical
development, such as CPZEN-45", DC-1592'°, and SQ609'7.
Three drugs in phase T clinical trials include MVAS5A'®, etor-
icoxib'®, and OTB-658”°. Eight drugs in phase II clinical trials
include SQ109%', GamTBvac®?, LCB01-0371%°, TBI-166>*, vac-
cine 692342, Interferon Gammazs, thalidomide®®, and metroni-
dazole”’. Drugs in phase III clinical trials include sutezolid”®,
tedizolid>’, FS-1°°, rifabutin®', and clarithromycinjz. And 12
drugs have been approved in the market including isoniazid™,
rifampicin®, pyrazinamide®, ethambutol®, kanamycin®’, ami-
kacin’®, capreomycin®, levofloxacin®, ethylthiamine*', cyclo-
serine*, bedaquiline™, and delamanid™ (Fig. 1).

2. M. tuberculosis cell wall: Drug targets and therapeutic
agents

More effective TB drugs with novel scaffolds are being developed
by scientists around the world. In drug discovery, the first step is to
identify the drug targets. Advances in molecular biology tech-
nology, genetic tools and availability of the whole genome
sequence of MTB in the post-genome era have created a new way
to find chemotherapeutic biological targets’. Around 20 targets
now have been identified for the new drug discovery process map
in MTB (Fig. 2)°. Isocitrate lyase (Lcl) is essential role in the fatty
acid metabolism, virulence, and growth regulation in active and
dormant phases™, cytochrome bcl complex (QcrB) regulates
mycobacterial energy metabolism®, DNA gyrase regulates bac-
terial replication and transcription’®, DosR (DevR) acts as
dormancy regulator and is necessary for physiological mainte-
nance’’. Ribosome is involved in protein synthesis*®, while pro-
teasome is important for preventing reactive nitrogen forms and
regulating proteins49. Then, InhA, FadD32, MmpL3, Ddl, and
PKS13 are involved in mycolic acid synthesis and several other
enzymes responsible for bacterial cell wall biosynthesis could be
drug targets’” . Because most of the previous studies focused on
known targets, these efforts have not accelerated the pace of
discovery of novel drugs. Therefore, finding novel targets and
developing its inhibitors have become a major challenge in the
treatment of TB.

The cell wall is the interface between the internal and external
environments, and it performs many important basic processes,
including structural definition, protection, and transmission .
Unlike animal cells, many enzymes responsible for bacterial cell
wall biosynthesis are becoming attractive targets for development
of novel drugs with unique mechanisms. Among the known drugs,
ethambutol and isoniazid interfere with cell wall biosynthesis
through interacting with enzymes on the cell wall. Therefore, we
review the potential targets with critical roles in regulating four
pathways in cell wall synthesis: mycolic acid biosynthesis
pathway, peptidoglycan biosynthetic pathway, arabinogalactan
(AG) biosynthesis pathway and other drug targets. We also sys-
tematically summarize the advanced development of novel drugs
for inhibition of cell wall synthesis, including their discovery,
chemical modification, and in vitro and in vivo evaluation.

2.1.  Mycolic acid biosynthesis pathway
MTB consists of a variety of lipid components that both survive

and cause disease, and has a special back-wall complex. It is
worth mentioning that mycoplasma acid is a characteristic fatty
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Figure 1

acid that constitutes the integrity of the branched membrane,
namely a large 3-hydroxyl, 2-alkyl long-chain fatty acid that can
affect cell wall permeability and overall integrity of the cell. It is
also a type of trehalose dimycolate, which is the main component
of the outer membrane.

Mycolic acid is a long-chain (C;9_gp) a-alkyl-G-hydroxy fatty
acid and the outermost component of the cell wall of MTB.
Mycolic acid can be free or esterified to the underlying AG of the
AG-PG complex and responsible for maintaining the fluidity and
permeability of the mycobacterial envelope. Mycolic acid is
composed of highly saturated fatty acids that can be classified into
three subsets: a-mycolic acids containing cyclopropane rings,
which are only seen in the cis-configuration, while methoxy-and
keto-mycolic acids contain cyclopropane rings in cis or trans
configuration. The biosynthesis of mycolic acid consists of five
distinct stages and requires synergistic action of more than 20
enzymes, which are essential for MTB reproduction and sur-
vival®*. The enzymes involved in biosynthesis of mycolic acid
may be ideal targets for development of new drugs.

The early steps in the biosynthesis of mycolic acid are extension
of acetyl-CoA to produce malonyl-ACP and carbon chain elonga-
tion mediated by the type I fatty acid synthetase (FAS-I) system.
Extension of acetyl-CoA: the acetyl moiety of acetyl-CoA is
transformed by acetyl-CoA carboxylase (AccA3/AccD6) to pro-
duce malonyl-CoA, and then malonyl CoA/ACP transacylase
(FabD) catalyzes the malonyl moiety of malonyl-CoA transfer to
holo-ACP, resulting in malonyl-ACP. The FAS-I system is a single
multienzyme complex that is responsible for utilizes malonyl-ACP
and acetyl-CoA synthesis the Acyl-CoA>. The first step in the

Current global pipeline of new anti-TB drugs. Representative agents at different research stages are listed for the treatment of TB.

FAS-I system is transfer of acetyl-CoA and malonyl-CoA to the
FAS-I complex to form acetyl-S-Enz and malonyl-S-Enz in-
termediates. Then, a condensation reaction catalyzed by the enzyme
complex utilizing both types of the above intermediate yields a -
ketoacyl-C4-S-Enz intermediate. Subsequently, the intermediate is
successively subjected to (-ketoacyl reduction, dehydration and
enoyl reduction, resulting in butyryl-S-Enz, and a cyclical reaction
is continued until the acyl chain reaches C16—18. This acyl-S-Enz
is transformed into acyl-CoA and subsequently to generate the a-
alkyl moiety (C24) or enter the type II fatty acid synthetase (FAS-
IT) system, resulting in production of the mero-chain’.

The FAS-II is an enzyme complex that consists of at least four
enzymes: (3-ketoacyl-ACP reductase (MabA), ($-hydroxyacyl-ACP
dehydrase (HadAB/BC), 2-trans-enoyl-ACP reductase (InhA), and
B-ketoacyl-ACP synthases (KasA/B)**. 8-Ketoacyl-ACP synthase-
III (FabH) catalyzes condensation of malonyl-ACP and palmitoyl-
CoA to form a (-ketoacyl-Acp intermediate. Subsequently, MabA
utilizes NADPH as a reductant to reduce (-ketoacyl-Acp, resulting
in B-hydroxyacyl-ACP, which is dehydrated by HadAB/BC to yield
trans-2-enoyl-Acp. InhA utilizes NADPH to reduce trans-2-enoyl-
Acp to form acyl-Acp. Compared with the above palmitoyl-CoA,
Acyl-Acp is elongated by two carbons. The newly formed Acyl-
Acp is catalyzed by KasA/B to form (-ketoacyl-ACP and con-
tinues involvement in the FAS-II circulating system for elongation
of its carbon chain, or continues with further modification
depending on whether the acyl chain reaches Cyp—¢p.

After the acyl chain reaches Cy,_gp, the carbon chain is further
modified to form three types of meroacid: a-meroacid, methoxy-
meroacid and keto-meroacid, which undergo further processing to
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Figure 2  Diagrammatic representation of MTB targets within the
cell structure.

form three types of mycolic acid. In the primary modification
stages, MmaA?2 is responsible for introduction of the distal
cyclopropane ring, cis-cyclopropane ring and proximal cis-
cyclopropane ring to a-meroacid, methoxy-meroacid and keto-
meroacid, respectively. MmaAl and MmaA4 methylate the
keto-meroacids. MmaA3 is responsible for introduction of the O-
methyl group to the methoxy-meroacids. In addition, PcaA/
UmaA2 are responsible for introduction of the proximal cyclo-
propane ring to «-meroacid, and CmaA?2 is responsible for
introduction of the cis- and trans-cyclopropane rings to methoxy-
meroacid and keto-meroacid, respectively. These modifications of
the meromycolate chain can adjust the fluidity and permeability of
the mycobacterial envelope and improve its ability to resist the
host immune system during infection.

Progression of Claisen-type condensation is catalyzed by
AccD4/5 and an AccA3-AccD4-FadD32-PKS13 enzyme com-
plex. Acyl-CoA, a product of the FAS-I system, is catalyzed by
acyl-CoA carboxylase (AccA3/AccD4) to produce carboxyacyl-
CoA. Fatty acyl-AMP ligase (FadD32) catalyzes the meromycolic
acid chain (C4—g) to generate meromycolyl-AMP. Polyketide
synthase 13 (PKS13) catalyzes the Claisen type condensation re-
action of carboxyacyl-CoA and meromycolyl-CoA to yield an a-
alkyl-B-keto-mycolic acid intermediate, which is then converted
into a mature mycolic acid through a reduction reaction catalyzed
by mycolyl reductase.

Numerous key enzymes, such as those involved in fatty acid
synthesis, fatty-acid-modifying enzymes, fatty-acid-activating,
condensing enzymes, as well as transporter and transferase are
potential drug targets in the mycolic acid biosynthesis pathways
(Fig. 3). In the background of MDR-TB, extremely drug resistant
(XDR)-TB and fully drug resistant TB, mycolic acid biosynthesis
pathways provide a valuable source for the development of po-
tential targets for new anti-TB drugs.

2.1.1. FadD32 inhibitors
One of the most important enzymes is FadD32, plays a sig-
nificant role in the biosynthesis of mycolic acid. There is a long

meromycolate chain (C55-C63) and a shorter a-alkyl chain
(C22-C24), which consists of branched-chain fatty acids, that
are the main components of the specific mycobacterial cell
wall. FadD32 produces g-keto-alkyl mycolic acid, which is
required to activate meromycolic acid, to facilitate condensation
with shorter-chain fatty acids. FadD32 is an ideal target for the
development of novel antimicrobial agents against MTB
because there are two enzyme functions in FadD32: the ACP
domain in the middle of the transfer activity polyketide syn-
thase 13 (Pks13) is formed in the FadD32 fat acyl-amp ligase
(FAAL) activity of the first adenosine meromycolic acid to
produce fatty acid synthase (FAS) second biological synthesis
pathway and its fatty acylate ACP synthase (FAAS) activity
results.

The 4,6-diaryl-5,7-dimethyl has shown that FadD32 is a target
for antibiotic development because it effectively blocked bacterial
replication in vitro and in animal models of TB. It acts in the same
way as isoniazid, an established antibiotic, and Stanley et al.””
reported in 2013 that a family of 4,6-diaryl-5,7-dimethyl killed
MTB by inhibiting FadD32. In their report, compound 1 was the
most powerful series of compounds showing antibacterial activity
against MTB (H37Rv) with an MIC of 0.24 pmol/L (Supporting
Information Fig. S1). Not long after this, Kawate et al.”® delved
into the structure—activity relationships (SARs) of coumarin de-
rivatives and found that the two methyl and aryl groups are
essential for the activity. In their effort, 43 derivatives have been
synthesized and the most powerful compound 2 exhibits strong
inhibition ability for H37Rv with an ICyq of 0.5 pmol/L (Fig. S1).
Unfortunately, the chemical instability of coumarin derivatives has
greatly limited the development of this series of FadD32 in-
hibitors. To overcome this fatal defect, Fang et al.”” investigated
other heterocyclic replacement of the coumarin ring, such as
benzofuran, quinoline and 2-quinolone derivatives. Among these
heterocyclic, only quinoline derivatives, such compound 3
(MIC = 0.8 umol/L), have exhibits similar activity with com-
pounds 1 and 2. Except the anti-H37Rv activity, compound 3 had
minimal cytotoxicity (ICso = 60 pmol/L HepG2) and high cross-
species microsomal stability (19.4% R at 60 min in hLM and
19.1% R at 60 min in mLM) (Fig. S1). For structural optimization
of lead compound, the case of coumarin scaffold development to
quinoline scaffold has high reference significance.

In 2016, Kuhn et al.’® found some of the best ligands of
FadD32, such as 5'-0-[N-(11-phenoxyundecanoyl)-sulfamoyl]-
adenosine (compound 4), which has an ICsy of 6.8 pmol/L, and
compound 4 is safe (Fig. S1). A crystallization experiment was
conducted to understand the mechanism by which complex in-
hibits this protein, in which compound 4 was co-crystallized with
FadD32 protein (Fig. 4). There were 18 hydrophobic interactions
between the compound 4 and the protein. The key residues include
Thr244, Tyr350, Leu318 and Glu322. There are five H-bonds
between compound 4 and the protein FadD32, which form the
strong interactions.

2.1.2.  InhA inhibitors

InhA (enoyl-ACP reductase) is a key enzyme (FAS II) that cata-
lyzes NADH-dependent reduction of 2-trans-enoyl-ACP (acyl-
carrier protein), giving up NAD™" and reducing enoyl thioester-
ACP substrate, and promoting synthesis of mycophenolic acid,
and the synthesis of type II fatty acids (FAS II). In addition, InhA
is an effective target of the most developed anti-TB drug”. Many
compounds (compound A) tested had potent submicromolar ICs
values against purified MTB InhA (Supporting Information Table
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S1). For a comprehensive review of InhA inhibitors, please see the
recent review from the Tonge Laboratory®.

Compounds 5 and 6 were reported by Sriram et al.®" in 2020.
The synthesized compounds carry all structural moieties required
to interact with InhA enzyme; formation of hydrogen bonds to
NAD and Tyr and two hydrophobic rings. Compounds 5 and 6 had
ICs¢ values of 17.7 + 1.3 and 15.6 + 1.6 pumol/L and MICs of
242 and 4.26 pmol/L, respectively (Supporting Information
Fig. S2). It can be concluded that InhA is an important target for
these compounds that exhibit antimycobacterial activities.

In 2020, Saripmar et al.°® synthesized new thiadiazolylhi-
drazones and increased the lipophilicity of these compounds by
introducing two (substituted) phenyl rings to obtain better anti-
mycobacterial activity. Compound 7 had an MIC of 2.52 umol/L,
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and 75% inhibition of InhA at 50 pmol/L (Fig. S2). Introduction
of a halogen to the N-phenyl ring led to an increase in the
mentioned activity. However, the most active compound had a
methyl group at the same locus, suggesting that the interaction
with the binding site of the enzyme played a more important role
than the electronic features of the substituents.

Compounds with the methyl thiazole scaffold have been re-
ported as direct InhA inhibitors, and the most active of these
compounds is 8%°. Compound 8 had an ICsy of 0.003 pmol/L
against InhA and an MIC of 0.19 pmol/L against MTB (Fig. S2).
It has been shown that compound 8 is selective for bacteria.
Mammalian cytotoxicity of 78 pmol/L also indicated that com-
pound 8 was inactive in eukaryotes when targeting the A549 cell
line. The crystal structure of InhA in complex with compound 8 is
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shown in Supporting Information Fig. S3. When intermolecular
interaction of compound 8 was observed with the Y158, M103,
and M98 residues, activity of InhA was also inhibited.

2.1.3.  PKSI13 inhibitors

Polyketide synthase (PKS), is one of the important enzymes that
has not been used as a drug target for any microbial pathogen.
There are about 24 PKS coding genes in the MTB H37Rv
genome. A number of mycobacterial PKSs and complex lipid
structures in MTB have been linked to genetic and biochemical
studies of synthetic pathways. The special components of MTB,
which has a lipid-rich and complex cell wall, are lipid metabolites
from PKS.

In a study, some thiophenes killed MTB by targeting the N-
terminal N-ACP domain of PKS13. The compounds function by
obstructing the interaction between N-ACP and the FadD32 pro-
tein that transmits the meromycolyl chain. These results confirmed
that PKS13 could be used as a drug target for MTB and highlight
its potential to develop novel anti-TB drugs that interfere with the
key pathway of MTB acid synthesis.

Some experts believe that PKS13 inhibitors are also useful
compounds. Compounds 9 and 10, as examples of the Alland
group, have been used to demonstrate that PKS13 inhibitors of
thiophene have bactericidal effects in cells, and that they acquire
bactericidal activity when used with isoniazid. Whole-genome
sequencing of thiophene-resistant mutants has shown that the
functional domain of PKS13 complex N-ACP was inhibited by
compounds 9 and 10 with MICs of 1.0 and 0.5 pmol/L, respec-
tively (Supporting Information Fig. $4)**. According to Thanna
et al.%>, one of the most active compounds, compound 11, in the
42 2-aminothiophenes Sucheck group library has an MIC ranging
from 0.2 to 0.4 pmol/L, and MTB is resistant to isoniazid and
rifampin (Fig. S4). However, this series of PKS13 inhibitors
contain a high lipophilicity pentafluoroaryl group and a thiophene
group, which may encounter difficult to enter the clinical stage
due to the fact that most anti-TB drugs used clinically are
hydrophilic.

Compounds 12 (TAM1) and 13 (TAM16), with ICs,y of 0.29
and 0.19 pmol/L, and MIC of 2.3 and 0.09 umol/L, respectively,
have been identified (Fig. S4)°°. The crystal structure of PKS13 in
complex with compound 12 (TAMI) is shown in Supporting In-
formation Fig. S5. The catalytic triad was identified as Ser1533,
Alal561, and His1699, and the oxygen anion holes were formed
by amide N-atoms of Leul534 and Alal477. The benzofuran core
of compound 12 wedges between Phel670 and Asnl1640.
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Figure 4

Compound 12 has strong in vitro bactericidal activity, is active
against drug resistance and clinical isolates of MTB, and is a
benzofuran inhibitor of PKS13. Compound 13 (TAMI16) was
effective against all MDR and XDR MTB clinical isolates with an
MIC range of 0.05—0.42 pmol/L. In multiple mouse models of TB
infection, compound 13 (TAM16), either alone or in combination
with rifampicin, was as effective as isoniazid, the previous first-
line anti-TB drug. Compound 13 (TAM16) could be developed
as a new drug against acute TB. The toxicity of compound 13
(TAM16) is 100 times lower than that of isoniazid, with a good
pharmacological and safety profile. Compound 13 shows low
protein binding in mouse and human plasma and showing very
low clearance in MLM and high grade (artificial liver microsomes,
clint <0.5 mL/min/g liver).

Yu et al.°” discovered novel tetracyclic analogs that were syn-
thesized and evaluated for their anti-TB activity against MTB H37Rv
in 2020. Compound 14 demonstrated potent activity against MTB
H37Rv with an MIC between 0.0313 and 0.0625 pg/mL (Fig. S4), and
inhibited the PKS13-TE activity with an ICso of 0.58 pmol/L, with
high selectivity in Vero cells (64—128 fold). Compound 14 also
showed excellent selectivity against actinobacteria; therefore, it is
unlikely that nonpathogenic bacteria will develop drug resistance.
However, whether it is benzofuran or coumarin scaffold, all com-
pounds among these series have a basic lipophilic amine, which might
contribute to the off-target of hERG signal and induce cardiotoxicity.
Therefore, there is still a long way to develop PKS13 inhibitors for the
treatment of MTB.

2.1.4.  MmplL3 inhibitors

There are 13 genes encoding RND protein MmpL (MTB mem-
brane protein) in the MTB genome, and MmpL mediates trans-
location or extrusion of various physiological compounds. There
are 12 membrane proteins in the MTB genome sequence, and the
membrane proteins are thought to play a role in lipid transport.
However, only one of these genes, MmpL, is important for sur-
vival, and insertion and inactivation of the other 11 genes have
also indicated this phenomenon. Twelve transmembrane structures
constitute MmpL3 and it contains 994 amino acids. MmpL3 is a
membrane transporter that is responsible for the transport of
branched fatty acids to the external side. In in vitro and in vivo
infection models, inhibition of MmpL3 weakens the cell wall of
mycobacteria and ultimately leads to cell death'®. According to Li
et al.%®, the analog of the new TB drug compound 15 (SQ109)
works by inhibiting MmpL and cell wall biosynthesis. In their
opinion, compound 15 (SQ109) has a strong inhibitory effect on
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Co-crystal structure (PDB ID 5SHM3) of compound 4 bound to FadD32 of MTB (compound 4 showed as blue color).
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MTB with an MIC of 0.1—0.2 pg/mL (Supporting Information
Fig. S6). N-Geranyl ethanolamines, compounds 16 and 17, are
more effective (MIC = 0.02—0.05 pg/mL), and compound 16 is
4-5 times more active than SQ109 (Fig. S6). Among these eth-
ylenediamine derivatives, the center nitrogen is essential for ac-
tivity, replacing the nitrogen with oxygen will result decreased
activity. In addition, Lun et al.*” has reported some indoleamides
with high activity against MDR and XDR MTB H37Rv strain.

The MICs for compounds 18, 19 and 20 are 0.125—0.25,
0.0156—0.0313, and 0.0039 pg/mL, respectively (Fig. S6). They
assessed the MIC value of each of indoleamide compounds
against IAR2 (indoleamide-resistant, compound 2) mutants, and it
was found that the activity was much higher than the parental
H37Rv strain. The MICs of compounds 19 and 20 were increased
32—64 times, which indicated that the target of indoleamide
compounds was MmpL3. The SAR study of these series of
indoleamide derivatives showed that the cycloalkane unit has
extremely contribution to activity and replaced by phenyl ring or
nitrogen-containing heterocyclic ring will significantly reduce the
anti-TB activity. In addition, the size of the cycloalkane unit also
plays a crucial role in the activity, small ring leads to the complete
disappearance of activity while bulkier substituents yield potent
activity.

Other researchers have also reported new anti-TB drugs that
target MmpL3 protein. Grzegorzewicz et al.’”’ have reported that
compound 21, 1-(2-adamantyl)-3-(2,3,4-trifluorophenyl) urea, is
an effective bactericidal anti-TB agent with an MIC of 0.1 pg/mL
(Fig. S6). It retains high activity against strains resistant to front-
line anti-TB agents and lacks MIC potency against other bacteria,
suggesting a novel and specific mechanism of action. The actual
target of compound 21 was determined by genetic analysis of
spontaneous drug-resistant mutants, and a single nucleotide
polymorphism (G758A) was found in the gene encoding MmpL3.

In 2021, Tanya et al.”' found that compound 22 had potent
activity against MTB H37Rv (MIC = 0.66 pmol/L) and low
toxicity (Fig. S6). Compound 22 showed a 10-fold decrease in
activity against the MmpL3F255L strain of MTB, indicating that
it retained an MmpL3-related mechanism of action. An impact on
this pathway was also indicated using a hypomorphic strain
(P606-5C-mmpL.3) that underexpressed MmpL3 when grown in
the absence of anhydrotetracycline.

2.2.  Peptidoglycan biosynthetic pathway

Peptidoglycan (PG), a complex macromolecule, is a component of
bacteria cell walls and maintains cell wall rigidity and osmotic
stability. PG of MTB consists of two glycan backbones that are
crosslinked to each other by short tripeptide or tetrapeptide side
chains to form a mesh-like structure. The components of the
glycan backbone are conserved in all bacteria and formed by
N-acetylglucosamine (GIcNAc) as well as N-acetylmuramic acid
(MurNAc) crosslinked by «,8 (1 — 4) linkages. The biosynthesis
of PG requires many unique enzymes that are absent in human
metabolic pathways. So, those enzymes have potential for new
drug development.

The primary step in the biosynthesis of PG is catalysis of GlcN-
1-P acetylation and uridylation by bifunctional enzyme GlmU
(Rv1018c) to yield UDP-GIcNAc. UDP-GIcNAc is catalyzed by a
sequential series of Mur ligases (MurA-F) as well as NamH,
resulting in the Park’s nucleotide intermediate (UDP-MurNAc/
Glyc-L-Ala-p-isoGlu-m-DAP-p-Ala-p-Ala). MurA catalyzes enoyl

pyruvate addition of UDP-GIcNAc to yield UDP-enoylpyruvyl-
GlcNAc, and MurB utilizes NADPH to reduce the enoyl pyruvate
group of UDP-enoylpyruvyl-GIcNAc to a lactoyl ether moiety and
generate UDP-MurNAc. Subsequently, NamH (Rv3808) catalyzes
UDP-MurNAc hydroxylation, resulting in the UDP-MurNGlyc in-
termediate, which is a unique structure in MTB compared with
other bacteria. However, this enzyme may not be a suitable target
for drug discovery because NamH is not essential in MTB. Lack of
NamH results in hyper susceptibility of MTB to (-lactam antibi-
otics; therefore, inhibitors of NamH can be combined with §-lactam
antibiotics for treatment of TB. Then, four ATP-dependent Mur
ligases are responsible for addition of four types of amino acid
residues to UDP-MurNAc/Glyc. The first step is addition of
L-alanine to the MurNAc/Glyc residues, which is catalyzed
by MurC (Rv2151c). Subsequently, MurD (Rv2155c) catalyzes
p-isoglutamate binding of L-alanine residues; MurE (Rv2158c)
catalyzes m-DAP attachment of p-isoglutamate residues; and MurF
(Rv2157c¢) is responsible for addition of p-alanyl-p-alanine to the
m-DAP residues, resulting in Park’s nucleotide. MurX/MraY
(Rv2156¢) is a phospho-MurNAc-pentapeptide translocase that
catalyzes decaprenyl phosphate transfer to Park’s nucleotide at the
expense of cleavage between UDP and MurNAc/Glyc glycosidic
bond, to produce Lipid I. MurG (Rv2153), a glycosyltransferase,
catalyzes transfers of GIcNAc from UDP-GIcNAc to Lipid I to form
Lipid II. The formation of Lipid II marks the end of PG biosyn-
thesis within the cytoplasm. Lipid II crosses the plasma membrane,
which requires Lipid II flippase, and was recently recognized as
Mur] or FtsW. Lipid II monomers are the final monomeric units
involved in the polymerization of PG. Here, we describe the
biosynthetic progress of PG and discuss some enzymes in the PG
biosynthetic pathway, which have attracted the most attention for
anti-TB drug discovery.

2.2.1.  UDP-GlcNAc biosynthetic pathway

It has been predicted that the enzymes of UDP-GIcNAc biosynthesis
are important for the growth of MTB in vitro. The UDP-GIcNAc
biosynthetic pathway is located at the bifurcation point of two
important biosynthetic pathways of PG and disaccharide ligand p-
NGIcNAc-1-rhamnose, which is the key precursor molecule of the
MTB cell wall. The significance of the UDP-GlcNAc pathway in
bacteria is to make the enzymes of the pathway a substantial target
for drug development. Heijenoort’> demonstrated the ability of
bacteria, rather than human pathways, to identify drug targets that
might reduce the toxicity of antimicrobial compounds by comparing
human genomes with bacterial genomes. A new antibacterial drug
identification method with a new mechanism is the enzyme of UDP-
GlcNAc biosynthesis pathway.

The biosynthesis of UDP-GIcNAc involves three enzymes in
four steps (Fig. 5). In the first step, glutamine catalyzes the con-
version of fructose-6-phosphate into glucosamine-6-phosphate
(GIcN-6-P) by glucosamine-6-phosphate synthetase (GlmS). The
GImS on MTB is encoded by glms gene (rv3436c¢), which is ho-
mologous to E. coli glms. GIcN-6-P is then converted to glucos-
amine-1-phosphate (GIcN-1-P) by glucose phosphate mutase
(GImM). GImM, similar to E. coli GlmM, is encoded by the
GImM gene (Rv3441c, recorded as mrsA on the TB server). In the
process of converting GIcN-1-P into N-acetylglucosamine-1-
phosphate, the last two sequential steps are acetyl and uridyl
transfer reactions, and the final product is UDP-GIcNAc. These
two steps are catalyzed by the single and double functional
enzyme  N-acetylglucosamine-1-phosphouridine  transferase
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(GlmU) encoded by GImU gene (Rv1018c), which has acetyl-
transferase and uridine transferase activities.

2.2.1.1. GImU enzyme inhibitor. Some groups have confirmed
that four homologs existed in the UDP-GIcNAc pathway in the
MTB genome, and one of the potential and effective targets in TB
drug development may be the GImU enzyme. The inactivation of
GImU provides evidence for the necessity of the UDP-GIcNAc
pathway and is an important gene. However, there is a lack of a
bifunctional enzyme in eukaryotes, which corresponds to GImU,
acetyl transfer and uridyl transfer, which are sequentially related
to GImU and are accomplished by two different enzymes. In
addition, the absence of the substrate required for GImU acetyl-
transferase activity in humans means that a more important
strategy for the development of new anti-TB drugs may be tar-
geted at C-terminal enzyme activity of MTB GlmU.

There is a report that the chemical stents, as the specific in-
hibitors, play a significant role in the recognition of the GlmU
acetyltransferase domain of MTB. A total of 1607 compounds
were selected from among 20,000 in the ChemBridge Library, and
assessed as having the potential to inhibit GImU acetyltransferase
activity in bioassays of MTB. The accumulation of glucosamine-
1-P in the identified cells was tested experimentally and these cells
were treated with inhibitors. The experimental results showed that
the accumulation of glucosamine-1-P in the cell wall precursor
was shown on compound 23, and this demonstrates its inhibitory
effect on cell wall biosynthesis. The experiments suggest that
GImU may only be one of the possible targets of the compounds,
the reason is that the correlation between in vitro antibodies TB
data and in vitro enzymology data is weak, because of the prox-
imity of the purified ICsq value of GImU to the MIC value of its
molecule (2 pg/mL) on compound 23 (Supporting Information
Fig. S7).

Glucose

The potential of MTB gene has not been fully exploited. Then,
after its whole genome sequencing, genome-derived targeted
therapy has attracted much attention. This method uses small
molecules in the large chemical library to inhibit the growth of
MTB in culture. This study suggests that action patterns and drug
resistance are easy to identify, the reason is that the target, which
based on chemical libraries, screening is superior to whole-cell
screening. A total of 533 small molecules were found to be active
in the acetyltransferase domain of MTB GImU in PubChem
Bioassay AID 1376. The ICs, values of 125 molecules ranged
from 1 to 9999 pumol/L. It can be indicated that the activity under
30 umol/L of the structure of the inhibitor is shown. In Chitra
et al.”’, the most efficient structures with multiple chemical
structures with the best ICs, values were compounds 24, 25 and 26
(Fig. S7). They further cited the results of PubChem, and these
compounds have undergone other tests besides GlmU activity
assays. A variety of high throughput screening (HTS) assays, for
example, histone lysine methyltransferase activity bioassays,
T-RNA-2' phosphotransferase (TPT1) assays, and RecQ-like DNA
Helicase 1 assays have been reported.

2.2.1.2.  GImS enzyme inhibitor. The first decisive step in cata-
lyzing hexose amine metabolism is glucosamine-6-P synthetase
(GImU), a dimer enzyme that belongs to the glutamine-dependent
amide transferase family. L-Glutamine as a nitrogen source is used
in this way, and this enzyme converts pD-fructose-6-P into p-glu-
somine-6-P irreversibly. UDP-N-acetylglucosamine-6-P is the
final product of this pathway and it also is a major component of
bacterial and fungal cell walls. For this reason, various in-depth
studies have been conducted in the past decade, and glucos-
amine-6-P synthase (GImS) is also considered to be a pharma-
cological target. The latest X-ray structure of the bacterial GlmU
has been reported by Floquet et al.”®, and 50,000 possible
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compounds in the database are found around the active site. Re-
searchers eventually tested 14 molecules as putative GImS in-
hibitors, and three of them had significant inhibitory properties
with a probability of 23%. In addition, compounds 27—29
inhibited GImS significantly, with an ICsy of 70 pmol/L, and it
was predicted that these three molecules would bind at the
interface between these two GlmS monomers (Supporting Infor-
mation Fig. S8).

2.2.2.  Mur pathway

Mur enzymes have no counterparts in eukaryotes, and they are
necessary to maintain cellular integrity and resistance to osmotic
changes, and are highly conserved in bacteria. MurC and MurF
(ATP-dependent ligases) are closely related to each other among
Mur pathway enzymes, but MurA transferase and MurB reductase
are obviously different from Mur ligase. MurA catalysis is the first
step of the Mur pathway, in which polypyruvate of phospho-
enolpyruvate (PEP) is partially transferred to UDP-N-acetylglu-
cosamine (UDP-GIcNAc). Second, the alkyl pyruvate portion of
MurB was reduced to the lactyl group by using NADPH as the
cofactor, forming UDP-NAc-Mur cholic acid. Mur ligases (MurC-
MurF) UDP-MurNAc pentapeptide was formed after the catalytic
addition of L-alanine, D-glutamic acid, middle diamino-opiate and
p-alanine-p-alanine successively into UDP-MurNAc, which is the
following four steps (Fig. 6). These Mur enzymes have been found
in several microorganisms, and knowledge of their structure,
function, and regulation in MTB is largely incomplete.

Tetrahydroisoquinoline drugs that inhibit the growth of MTB
H37Rv have been experimentally studied and synthesized, and the
whole cell phenotype is affected by such drugs, as well as the
activity of ATP-dependent MurE ligase. Compound 30, which has
an inhibitory effect on the growth of MTB H37Rv has low cyto-
toxicity, and its 50% growth inhibitory concentration is 28 pg/mL
and its MIC is 30 pg/mL (Supporting Information Fig. S9). HPLC
has been used to detect the compounds that inhibit MTB MurE
synthetase75 . The negative control, meanwhile, was isoniazid, a
drug that has no inhibitory effect at any detectable concentration.
The most effective inhibitor of MurE was compound 30, with ICs
less than 111 pmol/L.

Konduri et al.”® synthesized many new purine-linked pipera-
zine derivatives. The synthesized compounds were screened for
antibacterial activity, and it was found that six compounds had
good antibacterial activity. They used computational molecular
docking analysis to predict the correlation between these results
and MurB. Among the six compounds, compound 31
(MIC = 5.08 umol/L) had a strong hydrogen bond with the amino
acid residues of MTB MurB (Fig. S9). The interaction between the
binding energy and hydrogen bonds observed in the docking study
is closely related to the anti-TB test.

2.3.  Arabinogalactan (AG) biosynthesis pathway

AG is a heteropolysaccharide located between the MA and PG
layers in the mycobacterial cell wall, and is a highly branched
macromolecule composed mainly of arabinose (Ara) and galac-
tose (Gal) sugar residues. Specifically, both Ara and Gal sugar
residues are present in furanose (f) ring form’”.

The process of AG biosynthesis can be divided into three
components: linker unit biosynthesis, linear galactan biosynthesis
and arabinan biosynthesis.

Linker unit biosynthesis is as follows: first, the GIcNAc
transferase WecA catalyzes transfer of GlcNAc-1-P from UDP-

GlcNAc to the lipid carrier and then the rhamnosyltransferase
WbbL attaches the rhamnosyl (Rha) residue to the C50-P-P-
GlcNAc, forming C50-P-P-GlcNAc-Rha, which is the linker unit
between AG and PG. WecA serves as a promising drug target and
has attracted much attention. Recently, Xu et al.”® have found that
downregulation of WecA can enhance the sensitivity of MTB to
first-line rifampin. Thus, with the development of inhibitors of
WecA, a new combination treatment for TB may be established.
Like MraY, WecA is a member of the polyprenyl-phosphate N-
acetylhexosamine-1-phosphate transferase superfamily, which is
essential for mycobacterial cell wall biosynthesis. In 2019,
Yoshimasa et al.”’ have found that caprazamycin (CPZ), an in-
hibitor of MarY, and its derivative CPZEN-45 have strong inhib-
itory activity against WecA. Subsequently, a new series of CPZ
derivatives have been discovered through fluorescence-based as-
says for WecA activity®’. Among these derivatives, UT-01320 has
shown 100% inhibition at a concentration of 2 nmol/L (Supporting
Information Fig. S10).

Among the enzymes involved in the biosynthesis of arabinan
chains, DprEl1 is the most popular target for research in the field of
anti-TB drug development. From the discovery of the first DprE1l
inhibitors in 2009 to the present time, more than 10 classes of
different scaffolds have been found that can ultimately destroy
MTB by inhibition of this enzyme. Chikhale et al.° group pub-
lished a review that has systematically summarized compounds
involved in this field from 2009 to 2018, such as BTZ043%,
PBTZ169** and TCA1*®. Based on this work, our focus is to re-
view new breakthrough of compounds in this field from 2018 to
date.

Benzothiazinone (BTZ) is one of the first class of compounds
that selectivity inhibits DprEl. Nitro-BTZ derivative BTZ043
and its analog 2-piperazinobenzothiazinone (PBTZ) PBTZ169
show a high potential for development of new anti-TB drugs®.
Stimulated by this positive result, many BTZ derivatives have
been synthesized their anti-TB activity has been determined
either in vivo or in vitro in the past decade. Among these de-
rivatives, the structural modifications are concentrated in the
oxidation valence state of S atoms, linking units between the
BTZ scaffold and amino groups and substituents, and trans-
formation of the nitro group and modification of the
scaffold®*®7. Based on the structure of the preclinical drug
PBTZ169, Li et al.*’, through a ring-opening strategy, designed
and synthesized a series of benzamide derivatives. Among these
derivatives, N-benzyl 3,5-dintrobenzamide analogs showed
in vitro activity against H37Rv strain and two MDR strains with
MICs of 0.0625 and 0.016—0.125 pg/mL, respectively (Sup-
porting Information Fig. S11). Compared with positive com-
pound PBTZ169, with similar activity, was found to have safer
and better pharmacokinetic profiles.

Piton et al.*® have shown that logP and BTZ activity had a
strong correlation and sulfonyl groups could increase the solubi-
lity and metabolic stability of many drugs. They also used the
structure of PBTZ169 for structure-based rational design of a new
series of sulfone—PBTZ derivatives. Most of these compounds
exhibited high activity against MTB H37Rv strain with an MICyg
of 0.06—0.001 ng/mL, while that of PBTZ169 was 0.0001 pg/mL
(Fig. S11). To determine whether addition of a sulfonyl group
influenced the binding of compounds and protein pocket, they
analyzed the crystal structure of complexes of sPBTZ169 and
DprEl. However, compared with PBTZ169, the sulfonyl moiety
of SPBTZ was not influenced by the binding mode. Although these
derivatives exhibit decreased anti-TB activity compared with
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PBTZ169, they have better solubility profile and among these
derivatives, 11626091 shows better stability in microsomal assays
as originally hypothesized.

Regarding the structure of BTZ043, Li et al.”” used a scaffold-
morphing strategy to design and synthesize three series of benzo-
pyranone, benzoxazinone, and benzothiopyranone analogs. Howev-
er, only the benzothiopyranone series exhibited good activity against
MTB and had low cytotoxicity. Among these derivatives, compound
32 inhibited (MIC less than 0.016 pg/mL) drug-susceptible and MDR
MTB in an in vitro anti-TB assay (Fig. S11). In an in vivo assay,
compound 32 also demonstrated anti-TB activity in an acute mouse
model. Since the BTZ scaffold was found in 2009, great efforts were
devoted to discover the more druggable BTZ small compounds.
Among these derivatives, nitro group was an essential group for ac-
tivity and responsible for the formation of covalent bond to DprEl.
The introduction of CF3 can significantly improve the anti-TB ac-
tivity, while the alkyl chain was responsible for regulating the phys-
ical and chemical properties of compounds.

Besides the BTZ scaffold, Rogacki et al.” have found a novel
series of hydantoin-based scaffolds using a target-based, high-
throughput screening strategy against DprE1. Based on compound
33 [pICso(DprEl) = 7.0, MIC = 8.3 umol/L], they synthesized
>100 analogs to explore crude structure—activity relationships
and development potential of this series of compounds. Combi-
nations of these analogs had an inhibitory effect on DprEl.
Modification of compound 33 at the A or B ring still resulted in
significant inhibitory activity, with pICsy>6, while change in the
length of the linker between the A and C rings, as well as carbonyl
removal reduced the activity. In addition, replacement of the
methyl side chain of the C ring by ethyl or another long aliphatic
chain had no significant influence on the inhibitory activity.
Among these analogs, some promising compounds are stable in
both mouse and human microsomes, with intrinsic clearance
values below 3 mL/(min-g) and 0.4 mL/(min-g), respectively.
Although some compounds, including compound 33, exhibit
measurable inhibitory activity for the hERG potassium channel,
substitution of the A ring of compound 33 to a pyridine ring,
forming compound 34, eliminated hERG inhibition, suggesting
that suitable modification of this series results in no cardiotoxicity.
To further understand DprE1 protein and this series, the authors
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L

tested the relationship between the concentration of compounds
and their inhibitory effect vs. time. The linearity between con-
centration of product (catalyzed by DprEl) and time was not
affected by compound concentration, suggesting that this series
are reversible DprE1 inhibitors (Supporting Information Fig. S12).

In a further effort for optimization of hydantoins as selective
DprEl inhibitors, Rogacki et al.”' synthesized more than 80 an-
alogs, with modification mainly around the A and B rings. The B
ring was modified with a polar group, such as carboxylic acid,
ester or a urea moiety. As expected, most of analogs showed
significant in vitro enzymatic potency and whole-cell inhibitory
activity with ICs in the range 7—7.4 pmol/L and MIC from 0.6 to
0.9 pmol/L. In contrast, modification of the A ring showed no
significant potency development. Compound 35 and similar
compounds show excellent anti-TB activity with no cytotoxicity
or cardiotoxicity (hERG), a reasonable physicochemical profile,
and satisfactory metabolic stability. Nevertheless, this series still
needs further preclinical development to explore their drug po-
tential (Fig. S12).

PG and AG components are associated with L-thamnose in
MTB, and the essential genes in this bacterium are related to
L-thamnose biosynthesis. Glucose-1-phosphate and deoxidization
thymidylic triphosphate (DTTP) are synthesized by DTDP-L-
rhamnose, through the b-1-phosphate glucose-thymidine acyl
transferase (RmlA), an enzyme encoded by gene RmlA-D, which
was previously called rfbA-D62, dTDP-p-glucose-4,6-dehydratase
(RmIB), DTDP-4-ketone-6-deoxidization glucose-3,5-epimerase
(RmIC) and DTDP-6-deoxy-L-xylo-4-hexanone sugar reductase
(RmID). The synthesis of DTDP-p-glucose and pyrophosphate,
using D-glucose-1-phosphate (G1P) in a reaction with DTTP, as
catalyzed by RmlA, is independent of any other rhamnose-forming
enzyme. DTDP-p-glucose is then oxidized by RmIB to form
DTDP-6-deoxy-D-xylo-4-hexose. RmIC catalyzes DTDP-6-deoxy-
L-xylo-4-hexose to DTDP-6-deoxy-pD-xylo-4-hexose. It is worth
mentioning that the RmiB (Rv3464) and RmlIC (Rv3465) genes
coexist in an operon. DTDP-rhamnose and NADP are produced by
RmlD-catalyzed reactions of DTDP-6-deoxy-L-xylo-4-hexose with
NADPH. p-n-Acetylglucosamine-1-phosphate is converted from
DTDP-rhamnose residues by rhamnose transferase encoded by the
wbbL gene, and then p-n-acetylglucosamine L-rhamnose disaccha-
ride ligands are formed. However, the MTB Rmla-d gene was not
located at a locus, but RmlD (Rv3266¢) gene was present in the
operon of wbbL (Rv3265c) and manB (Rv3264c)’ (Fig. 7). This
could explain why RmlA, RmIB, RmlC, and RmID are important
targets for the development of new anti-TB drugs.

DTDP-p-glucose is obtained by condensation of GI1P with
DTTP catalyzed by RmlA (Supporting Information Fig. S13),
which is homologous to other bacterial sugar nucleotide
transferases such as G1P uridylyltransferase. The existence of a
feedback mechanism, that is, inhibition of RmlA by DTDP-L-
rhamnose as the final product of the pathway, occurs in compet-
itive and noncompetitive ways, indicating that RmlA is the control
point of the pathway. In addition, from the perspective of protein
engineering, the application of RmlA in the glucuronization has
attracted extensive attention.

A series of triazine-indole-benzimidazolone compounds have
been reported by Sivendran et al.”*, which inhibited the activity of
an essential cell wall biosynthetic enzyme of MTB. The most
preferred compound is 1-(3-(5-ethyl-5H[1,2,4]triazino[5,6-b]
indol-3-ylthio)propyl)-1H-benzo[d]imidazole-2(3H)-one  having
an ICs for inhibition of RmIC of 0.2 pmol/L (compound 36). This
compound is nontoxic and the ICsy remains unchanged when the
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RmlID concentration is increased by a factor of 80-fold (Sup-
porting Information Fig. S14). RmlIC is inhibited by compound 36
and the ICsy changes as the RmlC concentration changes.

For DTDP-6-deoxy-L-xylo-4-hexose sugar reductase (RmlD),
Wang et al.” reported virtual screenings. Studies have shown that the
RmID inhibitor is compound 37 with an ICs, of 0.9 umol/L, which
binds to RmID at the DTDP-L-rhamnose binding site in the presence of
NADPH (Fig. S14). The formation of a hydrogen bond between the
hydroxyl group and Asp105 and/or Thr104 is a structural feature of the
compound. It was found that the enzymatic activity of RmlD72 was
important, and Thr104 was part of the conserved catalytic triad”.
RmlID is an enzyme that inhibits compound 37.

2.4.  Other drug targets

Cell wall synthesis is inhibited by a cell wall inhibitor, compound
38 (teixobactin), which binds to highly conserved motifs of lipid II
(a precursor of peptidoglycan) and lipid III (a precursor of cell
wall phospho-teichoic acid). MTB mutants resistant to teixobactin
have not been reported. However, a cell wall inhibitor that was
developed from uncultured bacteria culled from in situ diffusion
chambers has been reported Ling”®. The development of antibiotic
resistance is characteristic of compound 38. MTB H37Rv with an
MIC of 0.125 pg/mL is inhibited by teixobactin. Teixobactin was
not toxic to NIH/3T3 and HepG2 cells in mammals at 100 pg/mL,
which was the highest dose tested. The compound does not bind to
DNA, has no hemolytic activity, and the target of the compound is

not a protein. Teixobactin inhibited the biosynthesis of PG in vitro,
with lipid I, lipid II or undecaenyl pyrophosphate as a substrate in
a dose-dependent manner. Teixobactin may bind conjugated lipid
intermediates with PG and AG, and thus, it is active against MTB.
The PD50 (a protective dose of 0.2 mg/kg for half the animals that
survive) was determined in vivo to be equivalent to 2.75 mg/kg
PD50 of vancomycin, a major antibiotic used to treat methicillin-
resistant ~ Staphylococcus — aureus  (Supporting Information
Fig. S15)°°.

MTB glutamine synthetase (GS) is a promising target for anti-
TB drugs. Several types of GS inhibitors targeting ATP binding
sites have been identified by Gising et al.”’, and a class of 2-tert-
butyl-4,5-diarylimidazoles has been identified, furthering the
study of anti-TB drugs. The design, synthesis and X-ray crystal-
lographic studies have demonstrated that GS inhibitors have sub-
micromolar ICsq values and promising MIC values. The best GS
inhibitor (compound 39) has an ICs, of 0.049 pmol/L and an MIC
of 2 pg/mL (Supporting Information Fig. S16). The crystal
structure of MTB GS is shown in Supporting Information
Fig. S17, which is complexed with compound 39. Two hydrogen
bonds are shown on the crystal structure; one is formed by the
nitrogen of the pyridyl ring and Ser280, and the other by the
amino group on the pyridyl ring and the Lys361 amino acid res-
idue. In addition, it has been found that the nitrogen of imidazole
interacts with one of the water molecules in the vicinity. The
compound is stabilized by hydrophobic interactions with Tyr129,
Phe232, and Trp282.

3. Conclusions and outlook

The discovery of high efficiency, low toxicity new anti-TB drugs
is urgently needed to shorten the treatment time, especially after
the increase in cases of MDR and XDR MTB infections. This
paper reviewed the enzymes and inhibitors that are currently
known; that is, those involved in cell wall biosynthesis of MTB.

Sequencing of the MTB genome’” has greatly assisted in the
prevention and treatment of TB, and many potential therapeutic
targets involving lipid biosynthesis and metabolism have been
discovered. Many large chemical libraries contain phenotypic and
targeted screening data, and there are many novel anti-TB agents
to be identified’®. Rapid whole-genome sequencing is included
among modern molecular biology techniques, and may help with
rapid and accurate identification of drugs. Therefore, in the past 10
years, techniques for the discovery of anti-TB drugs have greatly
improved and have been applied successfully to the unique ther-
apeutic targets of mycobacterial cell walls®'.

Cell wall biosynthesis has been investigated by researchers as a
target for novel antimicrobial agents and more-specific anti-TB
drugs. New antibacterial drugs have been used in recent years with
unsatisfactory results, so the methods have been questioned to
some extent. In the case of anti-TB drugs, no specific enzyme has
been targeted among the most promising candidates. However, the
effectiveness of this method has been proven in treating acquired
immunodeficiency virus (AIDS) proteases. Thus, only one or two
successful treatments for a single bacterial enzyme is needed. We
suggest that researchers may underestimate the value of screening
bacteria for drug targets; therefore, now is not the right time to
abandon this targeted approach. We hope that this review inspires
researchers to think about which bacterial cell wall enzymes are
the most effective drug targets, and to conduct studies to design
more effective small molecule inhibitors.
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