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ABSTRACT 
 

Mycobacterium tuberculosis (MTB), an acid-fast aerobic bacterium that may grow on gram stain as 
either a gram-positive or gram-negative bacterium, is the disease-causing agent of tuberculosis 
(TB). Rifampin, isoniazid, pyrazinamide and ethambutol, the first-line anti-tubercular drugs, can all 
have hepatotoxic side effects. The new medicine needs to work through a novel mode of action or 
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to a novel target, be more active than presently available treatments, and shorten the course of 
treatment for the MDR-TB and XDR-TB, also active against both active and latent bacteria, and 
does not interact with antiretroviral medications because many TB patients also have HIV. 
Additionally, it must work well with other anti-TB medications to form at least an effective three-drug 
regimen. This article discusses the analysis of a few FDA-approved anti-tubercular medications and 
their binding locations with respective targeted proteins. This mainly focuses on the amino acids of 
the proteins that are responsible for the formation of interactions with a drug molecule. So, 
researchers can modify the existing drugs or their derivatives or can construct a new molecule 
according to the binding sites of enzymes corresponding to mycobacterium tuberculosis. 

 

 
Keywords: Anti-tubercular drugs; Mycobacterium tuberculosis; MDR-TB; XDR-TB. 
 

1. INTRODUCTION 
 
TB is still among the deadliest infectious 
diseases in the world. Nearly 30,000 people 
become ill with this preventable and treatable 
disease every day, and close to 4400 people 
lose their lives to TB. Access to TB diagnosis 
and treatment as well as the burden of TB 
disease continue to be negatively impacted by 
the COVID-19 epidemic. Global TB objectives 
are off track and advancement made in the years 
leading up to 2019 has slowed, stopped, or 
reversed. The number of people who were 
infected with TB was expected to be 10.6 million 
(95% UI: 9.9-11 million) in 2021, an increase of 
4.5% from 10.1 million (95% UI: 9.5-10.7 million) 
in 2020. The number of new cases of 
tuberculosis (TB) per 100,000 people increased 
by 3.6% between 2020 and 2021, reversing 
annual decreases of roughly 2% for most of the 
preceding two decades. The net decrease from 
2015 to 2021 was 10%, which is barely halfway 
to the first End TB Strategy milestone [1]. 
Reductions in the number of new TB cases in 
2020 and 2021 indicate more people with the 
disease are undiagnosed and untreated, which 
first leads to more TB deaths and community 
transmission of the infection before, after a lag, 
increasing the number of new cases of TB. We 
anticipate that the impact of COVID-19 will vary 
depending on the context. For instance, nations 
with high rates of tuberculosis (TB), like India and 
Vietnam, have seen substantially disparate 
COVID-19 occurrences [2, 3].The 
Mycobacterium tuberculosis infection 
medications approved by the FDA include 
Rifampin, Isoniazid, Pyrazinamide, and 
Ethambutol [4]. Approximately 13 new 
compounds have been recently discovered, 
including Bedaquiline, Delamanid, Pretomanid, 
Contezolid, Delpazolid, Sutezolid, GSK-3036656, 
Macozinone, OPC-167832, Q203, SQ109, TBA-
7371, and TBI-166. This occurs after almost 40 
years of active research and development work 

without any novel approved TB drugs. Based on 
their phase II clinical trials, two of these drugs 
bedaquiline and delamanid have been given 
accelerated or conditional regulatory approval [5-
7]. Linezolid, Levofloxacin, Moxifloxacin, and 
Nitrazoxanide are the additional substances. For 
better TB illness therapy, more research is 
required. Although TB typically assaults the 
lungs, it can also affect the kidneys, spine, and 
brain [8]. Droplets from speaking, coughing, and 
sneezing propagate the illness. Micro-bacterial 
cultures, chest X-rays, and tuberculin skin tests 
are used to make the diagnosis [9]. The 
appearance of tuberculosis varies, and based on 
clinical manifestation, it is categorized into 
pulmonary TB (PTB) and extrapulmonary TB 
(EPTB) [10]. Because extrapulmonary TB 
(EPTB) accounts for more than 50% of all TB 
diagnoses in HIV-positive individuals, the 
situation is made more difficult by the HIV 
pandemic [11]. EPTB frequently presents a 
significant challenge for early diagnosis due to its 
heterogeneity of presentation. Constitutional 
symptoms including fever, anorexia, weight loss, 
malaise, and exhaustion may be present [12]. 
Drug resistance is a recurring issue in the 
treatment of TB. For instance, in 2016, it was 
reported that 490000 instances of multidrug-
resistant tuberculosis (MDR-TB) and an 
additional 110000 cases of TB that were 
susceptible to isoniazid but resistant to rifampicin 
(RR-TB), the best first-line anti-TB medication 
[13]. MDR-TB is resistant to two most potent anti-
TB medications, rifampicin and isoniazid. 
Extensively drug-resistant tuberculosis (XDR-
TB), also known as MDR-TB and is resistant to 
at least one fluoroquinolone plus a second-line 
injectable medication (kanamycin, capreomycin, 
or amikacin), is a different form of resistant TB. In 
the intensive phase, which lasts for 6 to 12 
months, all XDR-TB cases are treated with 
injections of Capreomycin, Moxifloxacin (MIFX), 
PAS high-dose Isoniazid, clofazimine, Linezolid, 
and Co-amoxiclav. The rest of the drugs, except 
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for the injections, are continued for 18 months in 
the continuation phase. The following obstacles 
must be overcome by researchers working in the 
field of TB treatment, among others: the newer 
drug must be more effective than currently 
available to shorten the length of treatment; it 
must also be active against both active and latent 
bacteria; it must act by a novel mechanism of 
action or to a novel target, particularly for the 
treatment of MDR-TB and XDR-TB; and it must 
not interact with antiretroviral drugs because 
many TB patients also take these drugs [14,15]. 
In this review, 14-FDA-approved Anti-tubercular 
drugs obtained from different literature and their 
protein-ligand interactions are discussed. 
 

2. FDA-APPROVED DRUGS USED IN TB 
 

2.1 Bedaquiline 
 

For the treatment of tuberculosis, bedaquiline, a 
diarylquinoline, is offered under the trade name 
Sirturo. Both the FDA and the EMA authorized 
bedaquiline for the treatment of MDR-TB in 
December 2012 and March 2014, respectively 
[16-20]. 
 

Mechanism of Action: Bedaquiline is extremely 
effective and works through a novel mechanism 
that involves inhibition of the proton pump of 
mycobacterial ATP synthase [21]. 
 

Binding Pockets: In their Nucleic Acid Research 
publication, Kailu Yang and Junjie Zhang 

reported that Bedaquiline has hydrophobic 
connections with PHE-691, LEU-721, PRO-172, 
VAL-176, GLU-654, ILE-705, ALA-669, and TYR-
681 [22]. 
 

2.2 Delamanid 
 
Delamanid, also marketed as Deltyba, is a 
derivative of nitrodihydroimidazooxazole (OPC-
67683). On April 28, 2014, the EMA granted 
Delamanid marketing authorization for use. 
 
Mechanism of Action: Delamanid works by 
preventing mycolic acid synthesis. A Keto-
mycolic and methoxy-mycolic acid, two crucial 
elements of the M. tuberculosis cell wall, are 
inhibited, which results in bacterial cell death 
[23]. 
 
Binding pockets: Cellitti S.E. came to the 
conclusion in their study that the Delamanid 
exhibits hydrophobic and other interactions with 
LYS-55A, ARG-60A, PRO-63A, LEU-64A, and 
MET-87A,VAL-46A, LYS-55A, THR-56A, ASN-
62A, PRO-63A, TYR-65A, ALA-76A, LYS-79A, 
SER-78A, MET-87A, TRP-88A, and A5N-91A 
are other molecules with which the delamanid 
formed H-bonds. Delamanid also creates the 
TYR-65A that stacks. Delamanid joins forces 
with GLY-53A, TYR-133A, LYS-104A, ARG-54A, 
and PRO-86A to form hydrophobic and other 
connections [24]. Liglot and 2D complexes of 
bedaquiline and delamanid are shown in Fig. 1. 
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Fig. 1. A) Ligplot and B) 2D Complex of Bedaquiline with 7JGC. C) Ligplot and D) 2D Complex 

of Delamanid with 3R5R. 
 

2.3 Pretomanid 
 
Pretomanid, also known as PA-824, is a 
nitroimidazole medication that is presently 
undergoing clinical studies to see whether it has 
any effect on both drug-susceptible and drug-
resistant TB. Pretomanid, which shortens the 
duration of TB treatment, surpassed rifampicin, 
and pyrazinamide in terms of its ability to kill non-
replicating Mycobacterium tuberculosis [25,26]. 

 
Mechanism of Action: The suppression of lipid 
and protein synthesis is its mode of action. It 
prevents the formation of the mycolates found in 
mycobacterial cell walls [27]. A recent 
investigation on M. smegmatis, a species that is 
genetically related to MTB, however, revealed 
that pretomanid may operate instead by 
interfering with bacterial sugar phosphate 
metabolism and causing the bacteria to produce 
the deadly substance methylglyoxal [28]. 

 
Binding pockets: Barry C. Finzel and Courtney 
C. Aldrich in the Journal of Medicinal concluded 
that pretomanid exhibits hydrophobic interactions 
with PRO-24A and TYR-25A.Pretomanid stack 
with TRP-64A at various distances and TYR-
157A. Additionally, GLY-156A forms halogen 
bonds with it. Together with ILE-256A, ALA-
226A, GLY-227A, PRO-24A, MET-91A, THR-

318B, and PH-92B, it also forms other bonds 
[29]. 
 

2.4 Contezolid 
 

The first oxazolidinone antibiotic to show 
potential for use in the management of infections 
driven on by Gram-positive pathogens was 
contezolid or MRX-I [30]. 
 
Mechanism of Action: In general, 
oxyazolidinones work by preventing the 
production of new proteins. It was believed that 
they accomplished this by obstructing 
translational integrity [31,32]. Fig. 2 depicts the 
Liglot and 2D complexes of pretomanid and 
contezolid. 
 

2.5 Sutezolid 
 

An oxazolidinone derivative of linezolid called 
sutezolid (PNU-100480 or U-100480) is now 
being tested in clinical studies to treat 
tuberculosis. In a murine model, sutezolid was 
found to be more effective than linezolid, and its 
combination with I and II-line anti-TB medications 
demonstrated excellent bactericidal action with 
the ability to accelerate therapy.  
 

Mechanism of Action: Sutezolid inhibits protein 
synthesis [33-35]. 
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Fig. 2. A) Ligplot and B) 2D Complex of Pretomanid with 4XJO. C) Ligplot and D) 2D Complex 
of Contezolid with 6WQN. 

 

Binding Pockets: According to the research 
paper by Mendes, V. Sutezolid formed 
hydrophobic and other interactions with ASN-
179A, TRP-103, PHE-110-GLU-180, LEU-183, 
PHE-114, and MET-142, TRP-145, TRY-148, 
THR-149, TRP-138, ILE107, GLY-106, and LEU-
87 [36]. 
 

2.6 Macozinone 
 
Macozinone did not interact negatively or 
favorably with I-line or II-line drugs in a trial 
conducted by Lupine and colleagues. 
Macozinone had improved bactericidal action in 
the lungs and spleen that was comparable to 
isoniazid when tested in a chronic TB murine 
model. 

Mechanism of Action: By binding covalently to 
a cysteine residue in the active site of 
decaprenylphosphoryl-b-D-ribose 2'-epimerase 
(DprE1) inhibits the formation of cell walls [37]. 
 
Binding pockets: According to the research 
paper by Vadim Makaro and Stewart T. Cole, 
Macozinone exhibits hydrophobic interactions 
with VAL-365A. Macozinone joins LYS-134A and 
LYS-418A to produce H-bonds. It also displays 
ASN-385A halogen bonding. Additionally, it 
displays interactions with SER-228A, GLY-133A, 
HIS-132A, PHE-369A, GLY-117A, and CYS-
387A as well as additional interactions [38]. Fig. 
3 depicts the Liglot and 2D complexes of 
sutezolid and macozinone. 
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Fig. 3. A) Ligplot and B) 2D Complex of Sutezolid with 5ZN1. C) Ligplot and D) 2D Complex of 

Macozinone with 4NCR. 
 

2.7 Linezolid 
 
Linezolid exhibits significant action against M. 
tuberculosis that is rapidly developing, slowly 
growing, and incapable of reproducing itself, 
demonstrating its potential to be used in TB 
therapy regimens that are shorter in duration 
[39]. 
 
Mechanism of Action: An oxazolidinone 
antibiotic called linezolid works to suppress 
translation by attaching to the ribosome's 50S 
subunit and competing with the cell's natural 
substrates [40-41]. 
 
Binding pockets: According to the research 
paper by Mendis V., Linezolid exhibits 
hydrophobic and other interactions with ASN-
179, ASN-176, VAL-152, THR-149, TYR-148, 

TRP-145, MET-142, LEU-183, MET-102, TRP-
103, TRP-207, ILE-107 and PHE-110 [38]. 
 

2.8 Levofloxacin 
 

The L-isomer of the D, L-racemate ofloxacin, 
levofloxacin is an oral fluoroquinolone antibiotic 
that was created in Japan. Levofloxacin has a 
tolerability profile that is comparable to other oral 
fluoroquinolones, with gastrointestinal and 
central nervous system side effects being the 
most frequent. The pharmacokinetics of 
levofloxacin is not influenced by food, age, or 
gender. 
 

Mechanism of Action: Modifications to the cell 
membrane porin channels or the DNA gyrase A 
or B subunits are two examples of chromosomal 
abnormalities that might cause bacterial 
resistance to levofloxacin [42-46]. 
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Fig. 4. A) Ligplot and B) 2D Complex of Linezolid with 5NZ0. C) Ligplot and D) 2D Complex of 

Levofloxacin with 3RAE. 
 
Binding pockets: Levofloxacin is used in the 
research work by L. Mark Fisher and Mark R. 
Sanderson, and they discovered that it exhibits 
hydrophobic interactions with ILE-170A. Along 
with ARG-117A, GLY-173A, ALA-175A, ASN-
326A, SER-436D, LYS-458C, ASN-461C, and 
ASN-473, it also forms H-bonds with them [47]. 
Fig. 4 displays the linezolid and levofloxacin liglot 
and 2D complexes. 
 

2.9 Moxifloxacin 
 

A fluoroquinolone antibiotic that exhibits a broad 
spectrum of activity, moxifloxacin is used to treat 
endocarditis, sinusitis, pneumonia, and TB 
[48,49]. 
 

Mechanism of Action: Moxifloxacin inhibits the 
synthesis of bacterial DNA [50-52]. 

Binding pockets: In their article, Pan F. Chan, 
Velupillai Srikannathasan, and Jianzhong Huang 
concluded that moxifloxacin exhibits hydrophobic 
interactions as well as others with ARG-122A, 
GLY-459B, SER-84A, and GLY-473B [53]. 
 

2.10 Rifampicin 
 
Rifampicin, also known as rifampin, was 
developed in 1968 and is still one of the main 
medications used to treat tuberculosis (TB) 
because of its sterilizing properties and capacity 
to accelerate recovery times when used at high 
doses [54-58]. To treat patients with pulmonary 
TB who were chronically resistant to treatment, 
rifampicin was initially used in clinical settings in 
the late 1960s [59-61]. 
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Mechanism of Action: The enzyme responsible 
for DNA transcription in bacteria, RNA 
polymerase, is inhibited by rifampicin [62]. 
 
Binding pockets: Gerard D. Wright and his 
research team demonstrated in their study, 
"Rifamycin Resistance Enzyme with an 
Unprecedented Mechanism of Action," that 
rifampicin interacts hydrophobically with LEU-
176A, PHE-257A, and PRO-284A. The H-bonds 
with GLY-9A, THR-285A, ARG-213A, MET-205, 
ALA-204, VAL-215, ARG-201, MET-342, GLY-
286, GLY-287, PHE-74, VAL-93, GLY-44, GLN-
43, VAL-69 and ARG-196 are also shown [63]. 
 

2.11 Isoniazid 
 

This synthetic drug was first designated by Meller 
and Melley in the year 1912. The antibiotic 
isoniazid, also referred to as isonicotinic acid 
hydrazide, is used to treat tuberculosis. It is often 
combined with rifampicin, pyrazinamide, and 
either streptomycin or ethambutol to treat active 

tuberculosis. It is frequently used alone to treat 
latent tuberculosis.  
 
Mechanism of Action: Isoniazid inhibits mycolic 
acid biosynthesis [64]. 

 
Binding pockets: According to Gegia M.’s 
study, the isoniazid interacts hydrophobically with 
PHE-78, PRO-79, ALA-80, LEU-88, and TYR-
85A. Instead, it displays an H-bond with the 
amino acid THR-307A. It displays other 
interactions with THR307, HIS-269, and HIS-84 
[65]. Fig. 5 displays the moxifloxacin, rifampicin 
and isoniazid liglot and 2D complexes. 

 
2.12 Pyrazinamide 
 
Because of its unique method of action 
(interference with ATP synthesis), pyrazinamide 
will probably continue to play a significant role in 
the treatment of drug-susceptible and multidrug-
resistant TB (MDR-TB). 

 

 
A 

 
B 

 
                               C                                               D                                                  E 

 
Fig. 5. A) Ligplot and B) 2D Complex of Moxifloxacin with 5CDQ. C) Ligplot of Isoniazid 

complexed with 4PAE. D & E) 2D Complex of Isoniazid with 4PAE & Rifampicin with 6BRD. 
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Mechanism of Action: Pyrazinamide inhibits the 
growth of bacteria [66-67]. 

 
Binding pockets: According to Petrella, S.  
study published in the PLoS One journal, 
pyrazinamide exhibits interactions with the 
following amino acids: ARG-255A, HIS-109, 
GLN-105A, ASP-108A, GLU-258, and PRA-598 
[68]. 

 
2.13 Ethambutol 
 
The main purpose of the drug ethambutol is to 
cure tuberculosis. It is typically administered 
along with other anti-tuberculosis drugs such as 
isoniazid, rifampicin, and pyrazinamide. 
Mycobacterium avium complex and 
Mycobacterium kansasii may also be treated with 
it.  

 
Mechanism of Action: The bacteriostatic 
medication ethambutol prevents bacilli from 
reproducing by interfering with the formation of 
arabinogalactan in the cell wall [69]. 

 
Binding pockets: In their article, Zhang, L. 
demonstrated that ethambutol has hydrophobic 
and other interactions with VAL-1004A, ASP-
279A, TRP-965, TRP-572, TYR-282, ILE-283, 
TYR-314 and ARG-383 [70]. 

 
2.14 Para-amino Salicylic Acid 
 
In the 1940s, it was discovered that para-amino-
salicylic acid (PAS), a second-line anti-TB 
medication (SLD), was useful for treating 
tuberculosis.  
 

Mechanism of Action: Para-amino salicylic acid 
inhibits folic acid synthesis [71]. 

Binding pockets: In their article, Schreuder, H. 
A. demonstrated that the para-amino salicylic 
acid exhibits interactions with TRP-185, TYR-
222, PRO293, ALA-296, LEU-210, TYR-201, 
LEU-199, VAL-47, ARG-214, SER-212, THR-296 
and ARG-44 that are hydrophobic and others 
[72].Fig. 6 displays the pyrazinamide, ethambutol 
and para-amino salicylic acid liglot and 2D 
complexes. 
 

3. RESULTS AND DISCUSSION 
 

The 3D crystal structures of all the enzymes 
were retrieved from the protein data bank-RCSB 
(http://www.rcsb.org). For interpretation and 
visualization of interactions of protein-ligand 
complex, Mastero and Biovia discovery studio 
visualizer and freely accessible server PDBsum 
(http://www.ebi.ac.uk/pdbsum) for Ligplot were 
used [73]. 
 

Bedaquiline forms non-bonded contacts with 
amino acids of 7JGC protein. The oxygen and 
carbons of amino acid proline-172A form non-
bonded contacts with carbon and oxygen atoms 
of bedaquiline with varying distances (3.05-
3.65Å). Isoleucine-173A forms two non-bonded 
contacts with O and C atoms of bedaquiline with 
a distance of 3.05-3.24Å. Valine-176A formed 
two interactions with carbons having distances 
3.51 and 3.35A. Five different number carbons of 
Glutamic acid-65 interacts with C and N atoms of 
bedaquiline and oxygen atoms of seven different 
positions of Glutamic acid-65 form interactions 
with C and O atoms of the molecule BQ with 
varying distances. The Tyrosine-68 residue 
forms non-bonded contacts with different C and 
N atoms of bedaquiline. Also, C and O atoms of 
Alanine-66 and 67, Leucine-63 and 72, and 
Phenylalanine-69 residue create interactions with 
C atoms of BQ (distances ranging from 3.10 to 
3.90 Å). 
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Fig. 6. A) Ligplot and B) 2D Complex of Pyrazinamide with 3PL1. C) Ligplot and D) 2D Complex 

of Ethambutol with 7BVE. E) Ligplot and F) 2D Complex of PAS with 1PBC. 
 
The drug delamanid formed 18 (hydrogen bonds) 
bonded and 140 non-bonded interactions with 
3R5R. O and N atoms of amino acids from A 
chain Arginine-54 and 60, Lysine-55 and 79, 
Thyronine-56, Proline-63, Tyrosine-65 and 133, 
Alanine-76, Methionine-87, Treptophan-88, 
Asparagine-91 and Valine-46 formed hydrogen 
bonds (having distance ranges from 2.56 to 
3.26Å) with different number of O and N atoms of 
delamanid molecule. Pretomanid forms one 
hydrogen bond and 62 non-bonded interactions 
with protein 4XJO. Nitrogen atom of Glycine-93B 
formed hydrogen bond with oxygen-34 atom of 
pretomanid molecule with a distance of 2.92Å. In 
non-bonded interactions of Proline-24A and 
317B, Tyrosine-25A, Tryptopan-64A, Tyrosine-
157A, Glycine-172A, 316B and 93, Methionine-
91, Threonine-318B amino acids were involved. 
Sutezolid forms one hydrogen bond and 67 non-
bonded interactions with protein 5NZ1. Nitrogen 

atom of Asparagine-179A formed hydrogen bond 
with oxygen-10 of sutezolid molecule with a 
distance of 2.19Å. Macozinone molecule forms 
3-(hydrogen bonds) bonded and 33 non-bonded 
contacts with protein 4NCR. Nitrogen atom of 
Lysine-134A and 418A interacts with the oxygen 
of the molecule with a distance of 3.16Å and 3.03 
respectively. The S atom of Cystine-187A formed 
a hydrogen bond with N atom with a distance of 
1.66 Å. 
 
Linezolid forms a single hydrogen bond and             
53 non-bonded interactions with protein             
5NZ0. Nitrogen atom of Asparagine-179A  
formed hydrogen bond with the C-18 atom of a 
linezolid molecule with a distance of 3.13Å. MET-
102A, TRP-103A, GLY-106A, ILE-107A, PHE-
110A, TRP-145A, TYR-148A, THR-149A, ASN-
176A, ASN179A and TRP-207A residues 
contributes to non-bonded contacts. Levofloxacin 
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Table 1. FDA Approved Antitubercular drugs MOA and their PDB details 
 

S.N. Drug  PDB Code Classification Organism Mutation Resolution Mechanism of Action 

1 Bedaquiline 7JGC Hydrolase M. Smegmatis No 3.40A° Inhibits the Proton pump ATP Synthase  
2 Delamanid 3R5R Oxidoreductase M. tuberculosis No 2-10A° Inhibits mycolic acid biosynthesis.  
3 Pretomanid 4XJO Transferase inhibitor M. tuberculosis No 1.50 A° Inhibition of mycolic acid synthesis 
4 Contezolid 6WQN Ribosome S. aureus Yes 2.90A° Inhibits protein synthesis.  
5 Sutezolid 5NZ1 Transcription M. Tuberculosis No 2.33 Å Inhibits protein synthesis.  
6 Macozinone 4NCR Oxidoreductase M. Tuberculosis  No 1.88 A° By forming a covalent bond with a cysteine 

residue, it prevents the synthesis of the 
cell wall.  

7 Linezolid 5NZ0 Transcription M. tuberculosis  No 1.82 Å Inhibits translocation by binding to the 50s 
subunits of ribosomes. 

8 Levofloxacin 3RAE Isomerase/ 
DNA/Antibiotic 

S. pneumonae No 2.90A° Inhibits DNA gyrase subunit (Gyrase A & 
Gyrase B) topoisomerase iv subunit (Par C 
& Part E).  

9 Moxifloxacin 5CDQ Hydrolase S.aureussubaureus No 2.95A° Inhibits DNA gyrase subunit (Gyrase A & 
Gyrase B) topoisomerase iv subunit (Par C 
&Pat r E).  

10 Rifampicin 6BRD Oxidoreductase S.venezuelige No 3.32 A° Inhibits RNA polymerase. 
11 Isoniazid 4PAE Oxidoreductase Synechococcus 

elongatus 
Yes 3.21 Å Inhibit synthesis of mycolic acid. 

12 Pyrazinamide 3PL1 Oxidoreductase A. flavus Yes 1.68 A° Inhibits the growth of bacteria. 
13 Ethambutol 7BVE Transferase M. Smegmatis  No 2.81 Å  Inhibition of arabinosyl transferase. 
14 PAS 1PBC Oxidoreductase Pseudomonas 

fluorescens 
No 2.80 Å Inhibition of folic acid synthesis. 
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forms a hydrogen bond and 87 non-bonded 
interactions with protein 3RAE. The oxygen atom 
of Serine-79A formed a hydrogen bond with O-18 
atom of the levofloxacin molecule with a distance 
of 2.81Å. Moxifloxacin molecule forms 3-(H-
bond) bonded and 87 non-bonded contacts with 
protein 5CDQ. Nitrogen atom of Lysine-134A and 
418A interacts with the oxygen of the molecule 
with a distance of 3.16 and 3.03Å respectively. 
Rifampicin formed 2 hydrogen bonds and 52 
non-bonded interactions with protein 6BRD. 
Nitrogen from Arginine-196 and 216A binds with 
oxygen atoms no.8 and 2 of the rifampicin 
molecule with distances 2.67 and 3.18Å 
respectively. Isoniazid formed one hydrogen 
bond and 53 non-bonded contacts with protein 
4PAE. Amino acid Thyronine-307A binds with N-
3 of the Isoniazid molecule with a distance of 
2.61Å.Pyrazinamide formed 1 hydrogen bond 
and 5 non-bonded contacts with protein 3PL1. 
Amino acid Glanine-105A formed a hydrogen 
bond with N of pyrazinamide molecule with a 
distance of 2.59Å.Ethambutol formed 1 hydrogen 
bond and 20 non-bonded interactions with the 
protein 7BVE. Aspartic acid-279A formed a 
hydrogen bond with the nitrogen of ethambutol 
with a distance of 5.14Å. Para-amino salicylic 
acid formed 10 hydrogens and 42 non-bonded 
contacts with the protein 1PBC. The residues 
involved in the hydrogen bonds are Tyrosine-201 
and 222A, Serine-212A, Arginine-214 and 
Proline-293A.The information about crystal 
structures of the entire protein-ligand complexes 
was summarized in Table 1. 
 

4. CONCLUSION 
 

Collectively, our research offers a structural basis 
for understanding the significance of binding 
sites of amino acids of a particular protein. It 
serves as a useful tool for understanding the 
relationship between structure and function. 
Based on significant binding pockets, including 
donors and acceptors of amino acid residues, the 
researchers can investigate the newer molecular 
architectures for treating M. tuberculosis. The 
main finding is that future research using 
combined ligands and receptor-based design will 
generate a new class of anti-tubercular drugs 
that will benefit millions of patients. 
 

ACKNOWLEDGEMENTS 
 
Authors are thankful to the Management of Dr. 
Vishwanath Karad MIT-World Peace University, 
Pune, India for the support. (Formerly MAEER’s 
Maharashtra Institute of Pharmacy, Pune-
411038). 

COMPETING INTERESTS 
 

Authors have declared that no competing 
interests exist. 
 

REFERENCES 
 

1. Available:https://www.who.int/teams/global
-tuberculosis-programme/tb-reports/global-
tuberculosis-report-2022. 

2. Dong E, Du H, Gardner L. An interactive 
web-based dashboard to track COVID-19 
in real time. Lancet Infect Dis. 2020; 
20(5):533–534. 
DOI:https://doi.org/10.1016/S14733099 
(20)30120-1. 

3. Hale T, Angrist N, Goldszmidt R, et al. A 
global panel database of pandemic policies 
(Oxford COVID-19 Government Response 
Tracker). Nat Hum Behav. 2021;5:529–
538. 
Available: https://doi.org/10.1038/s41562-
021-01079-8 

4. Padda IS, Muralidhara Reddy K. 
Antitubercular Medications. In: StatPearls 
[Internet]. Treasure Island (FL): StatPearls 
Publishing; 2022. PMID: 32491598. 

5. World Health Organization. Global 
tuberculosis report. World Health 
Organization; 2018. 
Available:https://apps.who.int/iris/handle/1
0665/274453. 

6. Poce G, Cocozza M, Consalvi S, Biava M. 
SAR analysis of new anti-TB drugs 
currently in pre-clinical and clinical 
development. Eur J Med Chem. 2014;86: 
335-351. 
DOI:10.1016/j.ejmech.2014.08.066. 

7. Cohen J. Infectious disease. Approval of 
novel TB drug celebrated with restraint. 
Science. 2013;339(6116):130. 
DOI:10.1126/science.339.6116.130.  
PMID: 23307714. 

8. Iacobino A, Piccaro G, Giannoni F, 
Mustazzolu A, Fattorini L. Fighting 
tuberculosis by drugs targeting 
nonreplicating Mycobacterium tuberculosis 
bacilli. Int J Mycobacteriol. 2017;6(3):213-
221. DOI:10.4103/ijmy.ijmy_85_17.  

9. Alzayer Z, Al Nasser Y. Primary lung 
tuberculosis. In: StatPearls [Internet]. 
Treasure Island (FL): Stat Pearls 
Publishing; 2023. PMID: 33620814. 

10. Lee JY. Diagnosis and treatment of 
extrapulmonary tuberculosis. Tuberc 
Respir Dis (Seoul). 2015;78(2):47-55. 
DOI:10.4046/trd.2015.78.2.47. 

about:blank
about:blank
about:blank
about:blank
about:blank


 
 
 
 

Nanaware et al.; Asian J. Chem. Sci., vol. 13, no. 5, pp. 96-111, 2023; Article no.AJOCS.106631 
 
 

 
108 

 

11. Purohit M, Mustafa T. Laboratory diagnosis 
of extra-pulmonary tuberculosis (eptb) in 
resource-constrained setting: State of the 
art, challenges, and the need. J Clin Diagn 
Res. 2015; 9(4):EE01-6. 
DOI:10.7860/JCDR/2015/12422.5792. 

12. Lange C, Mori T. Advances in the 
diagnosis of tuberculosis. Respirology. 
2010;15(2):220-40. 
DOI:10.1111/j.1440-1843.2009.01692.x. 

13. World Health Organization. Global 
tuberculosis report 2017. World Health 
Organization; 2017. 
Available:https://apps.who.int/iris/handle/1
0665/259366. 

14. Zumla A. Nahid P. Cole ST. Advances in 
the development of new tuberculosis drugs 
andtreatment regimens. Nat Rev Drug 
Discov. 2013;12(5):388-404. 
Available:https://doi.org/10.1038/nrd4001. 

15. Marriner GA. Nayyar A, Uh E. et al. The 
medicinal chemistry of tuberculosis 
chemotherapy. In: Elliott R. ed. Third World 
Diseases. Top Med Chem. 2011;7:47–124. 
Available:https://doi.org/10.1007/7355 
2011 13. 

16. Matteelli A, Carvalho AC, Dooley KE, 
Kritski A. TMC207: The first compound of a 
new class of potent anti-tuberculosis 
drugs. Future Microbiol. 2010;5(6):849-
858. 
Available:https://doi.org/10.2217/fmb.10.50 

17. Diacon AH, Pym A, Grobusch M, et al. The 
diarylquinoline TMC207 for multidrug-
resistant tuberculosis. N Engl J Med. 2009; 
360:2397-2405. 
Available:https://doi.org/10.1056/NEJMoa0
808427. 

18. Cohen J. Infectious disease. Approval of 
novel TB drug celebrated with restraint. 
Science. 2013;339(6116):130. 
DOI:10.1126/science.339.6116.130.  

19. Guglielmetti L, Jaspard M, Le Dû D, et al. 
Long-term outcome, and safety of 
prolonged bedaquiline treatment for 
multidrug-resistant tuberculosis. Eur 
Respir J. 2017;49:1601-799. 
Available:https://doi.org/10.1183/13993003
.01799-2016.  

20. Andries K, Verhasselt P, Guillemont J, et 
al. A diarylquinoline drug active on the ATP 
synthase of Mycobacterium tuberculosis. 
Science. 2005;307(5707):223-227.  
Available:https://doi.org/10.1126/science.1
106753. 

21. Ryan NJ, Lo JH. Delamanid: First global 
approval. Drugs. 2014;74(9):1041-1045. 

Available:https://doi.org/10.1007/s40265-
014-0241-5. 

22. Kailu Yang, Jeng-Yih Chang, Zhicheng 
Cui, Xiaojun Li, Ran Meng, Lijun Duan, 
JirapatThongchol, Joanita Jakana, 
Christoph M. Huwe, James C, Sacchettini, 
Junjie Zhang. Structural insights into 
species-specific features of the ribosome 
from the human pathogen Mycobacterium 
tuberculosis. Nucleic Acids Res. 2017; 
45:18.  

DOI:10.1093/nar/gkx785. 

23. Tiberi S, Du Plessis N, Walzl G, et al. 
Tuberculosis: Progress and advances in 
development of new drugs, treatment 
regimens, and host-directed therapies. 
Lancet Infect Dis. 2018;18(7):183-198. 

Available:https://doi.org/10.1016/S1473-
3099(18)30110-5. 

24. Cellitti SE, Shaffer J, Jones DH, Mukherjee 
T, Gurumurthy M, Bursulaya B, Boshoff HI, 
Choi I, Nayyar A, Lee YS, Cherian J, 
Niyomrattanakit P, Dick T, Manjunatha UH, 
Barry CE, Spraggon G, Geierstanger BH. 
Structure of Ddn, the deazaflavin-
dependent nitroreductase from 
Mycobacterium tuberculosis involved in 
bioreductive activation of PA-824. 
Structure. 2012; 20:101-112. 

Available:https://doi.org/10.1016/j.str.2011.
11.001 

25. Occhineri S, Matucci T, Rindi L, et al. 
Pretomanid for tuberculosis treatment: An 
update for clinical purposes. Curr Res 
Pharmacol Drug Discov. 2022;3:100128. 
DOI:10.1016/j.crphar.2022.100128. 

26. Somasundaram S, Anand RS, Venkatesan 
P, Paramasivan CN. Bactericidal activity of 
PA-824 against mycobacterium 
tuberculosis under anaerobic conditions 
and computational analysis of its novel 
analogues againstmutantDdn receptor. 
BMC Microbiol.2013;13:218. 

Available:https://doi.org/10.1186/1471-
2180-13-218. 

27. Stover CK, Warrener P, Van Devanter DR, 
et al. A smallmoleculenitroimidazopyran 
drug candidate for the treatment of 
tuberculosis. Nature. 2000;405(6789): 
962e966. 
Available:https://doi.org/10.1038/35016103 

28. Baptista R, Fazakerley DM, Beckmann M, 
Baillie L, Mur LAJ. Untargeted 
metabolomics reveals a new mode of 
action of pretomanid (PA-824). Sci Rep. 
2018;8(1):5084. 

about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank


 
 
 
 

Nanaware et al.; Asian J. Chem. Sci., vol. 13, no. 5, pp. 96-111, 2023; Article no.AJOCS.106631 
 
 

 
109 

 

Available:https://doi.org/10.1038/s41598-
018-23110-1. 

29. Feng Liu, Surendra Dawadi, Kimberly M. 
Maize, Ran Dai, Sae Woong Park, Dirk 
Schnappinger, Barry C Finzel, Courtney C 
Aldrich. Structure-based optimization of 
pyridoxal 5-phosphate-dependent 
transaminase enzyme (bioa) inhibitors that 
target biotin biosynthesis in 
mycobacterium tuberculosis; J. Med. 
Chem. 2017;60: 5507−5520. 

DOI:10.1021/acs.jmedchem.7b00189. 

30. Li CR, Zhai QQ, Wang XK, et al. In Vivo 
antibacterial activity of MRX-I, a new 
oxazolidinone. Antimicrob Agents 
Chemother. 2014;58(4):2418-2421.  

Available:https://doi.org/10.1128/AAC.0152
6-13. 

31. Jadhavar PS, Vaja MD, Dhameliya TM, 
Chakraborti AK. Oxazolidinones as anti-
tubercular agents: Discovery, 
development, and future perspectives. 
Curr Med Chem. 2015;22(38):4379-4397. 

DOI:10.2174/09298673236661511061257
59. 

32. Thompson J, OConnor M, Mills JA, 
Dahlberg AE. The protein synthesis 
inhibitors, oxazolidinones and 
chloramphenicol, cause extensive 
translational inaccuracy in vivo. J Mol Biol. 
2002;322(2):273-279. 

DOI:10.1016/s0022-2836(02)00784-2. 

33. Wallis RS, Dawson R, Friedrich SO, et al. 
Mycobactericidal activity of sutezolid 
(PNU-100480) in sputum (EBA) and blood 
(WBA) of patients with pulmonary 
tuberculosis. PloS One. 2014; 9(4): 94462. 
Available:https://doi.org/10.1371/journal.po
ne.0094462. 

34. Williams KN, Stover CK, Zhu T, et al. 
Promising antituberculosis activity of the 
oxazolidinone PNU-100480 relative to that 
of linezolid in a murine model. Antimicrob 
Agents Chemother. 2009;53(4):1314-1319.  

Available:https://doi.org/10.1128/AAC.0118
2-08. 

35. Williams KN, Brickner SJ, Stover CK, et al. 
Addition of PNU100480 to first-line drugs 
shortens the time needed to cure murine 
tuberculosis. Am J Resp Crit Care. 
2009;180(4):371-376. 

Available:https://doi.org/10.1164/rccm.200
904-0611OC. 

36. Nikiforov PO, Blaszczyk M, Mendes V, 
Boshoff HI, Barry CE, Blundell TL, Abell C. 
The antibiotics linezolid and sutezolid are 

ligands for mycobacterium tuberculosis 
EthR. 
Available:https://www.rcsb.org/structure/5n
z0. 

37. Lupien A, Vocat A, Foo CS-Y, et al. 
Optimized background regimen for 
treatment of active tuberculosis with the 
nextgenerationbenzothiazinone 
macozinone (PBTZ169). Antimicrob Agents 
Chemother. 2018;62(11).  
Available:https://doi.org/10.1128/AAC.0084
0-18. e00840-18. 

38. Makarov V, Lechartier B, Zhang M, Neres 
J, van der Sar AM, Raadsen SA, Hartkoorn 
RC, Ryabova OB, Vocat A, Decosterd LA, 
Widmer N, Buclin T, Bitter W, Andries K, 
Pojer F, Dyson PJ, Cole ST. Towards a 
new combination therapy for tuberculosis 
with next generation benzothiazinones. 
EMBO Mol Med. 2014;6:372-383. 
Available:https://doi.org/10.1002/emmm.20
1303575 

39. Drusano GL, Myrick J, Maynard M, et al. 
Linezolid kills acidphase and 
nonreplicative-persister-phase 
Mycobacterium tuberculosis in a hollow-
fiber infection model. Antimicrob Agents 
Chemother. 2018;62(8). 
Available:https://doi.org/10.1128/AAC.0022
1-18. 

40. Brown AN, Drusano GL, Adams JR, et al. 
Preclinical evaluations to identify optimal 
linezolid regimens for tuberculosis therapy. 
mBio. 2015;6(6).  
Available:https://doi.org/10.1128/mBio.017
41-15.  

41. Ippolito JA, Kanyo ZF, Wang D, et al. 
Crystal structure of the oxazolidinone 
antibiotic linezolid bound to the 50S 
ribosomal subunit. J Med Chem. 2008; 
51(12):3353-3356. 
Available:https://doi.org/10.1021/jm800379
d. 

42. Wimer SM, Schoonover L, Garrison MW. 
Levofloxacin: A therapeutic review. Clin 
Ther. 1998;20(6):1049-70.  
DOI:10.1016/s0149-2918(98)80104-5. 

43. Davis R, Bryson HM. Levofloxacin. A 
review of its antibacterial activity, 
pharmacokinetics, and therapeutic efficacy. 
Drugs. 1994;47(4):677-700.  
Available:https://doi.org/10.2165/00003495
-199447040-00008. 

44. Langtry HD, Lamb HM. Levofloxacin. Its 
use in infections of the respiratory tract, 
skin, soft tissues and urinary tract. Drugs. 
1998;56(3):487-515. 

about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank


 
 
 
 

Nanaware et al.; Asian J. Chem. Sci., vol. 13, no. 5, pp. 96-111, 2023; Article no.AJOCS.106631 
 
 

 
110 

 

Available:https://doi.org/10.2165/00003495
- 199856030-00013. 

45. Fish DN, Chow AT. The clinical 
pharmacokinetics of levofloxacin. Clin 
Pharmacokinet.1997;32(2):101-119. 
Available:https://doi.org/10.2165/00003088
-199732020-00002. 

46. Chien SC, Wong FA, Fowler CL, et al. 
Double-blind evaluation of the safety and 
pharmacokinetics of multiple oral once-
daily 750-milligram and 1-gram doses of 
levofloxacin in healthy volunteers. 
Antimicrob Agents Chemother. 1998; 
42(4):885-8. 
DOI:10.1128/AAC.42.4.885. 

47. Veselkov DA, Laponogov I, Pan X, 
Selvarajah J, Skamrova GB, Branstrom A, 
Narasimhan J, Prasad JVNV, Fisher LM. 
Sanderson MR. Structure of a quinolone-
stabilized cleavage complex of 
topoisomerase IV from Klebsiella 
pneumoniae and comparison with a related 
Streptococcus pneumoniae complex. Acta 
Cryst. D. 2016;72:488-496. 
Available:https://doi.org/10.1107/S2059798
316001212. 

48. Samilski JA, Lau TT, Elbe DH, Aulakh AK, 
Lun EM. Drug use evaluation of 
moxifloxacin (avelox) using a hand-held 
electronic device at a canadian teaching 
hospital. P T. 2012;37(5):1-9.  

49. Gillespie SH. The role of moxifloxacin in 
tuberculosis therapy. Eur Respir 
Rev.2016;25(139):19-28. 
Available:https://doi.org/10.1183/16000617
.0085-2015. 

50. Wimer SM, Schoonover L, Garrison MW. 
Levofloxacin: A therapeutic review. Clin 
Therapeut. 1998;20(6):1049-1070. 
Available:https://doi.org/10.1016/S0149-
2918(98)80104-5. 

51. Langtry HD, Lamb HM. Levofloxacin. Its 
use in infections of the respiratory tract, 
skin, soft tissues, and urinary tract. Drugs. 
1998;56(3):487-515. 
Available:https://doi.org/10.2165/00003495
-199856030-00013. 

52. Yamaba Y, Ito Y, Suzuki K, et al. 
Moxifloxacin resistance and genotyping of 
Mycobacterium avium and Mycobacterium 
intracellulare isolates in Japan. J 
InfectChemother.2019;25:995-1000. 
Available:https://doi.org/10.1016/j.jiac.2019
.05.028. 

53. Pan F Chan, Velupillai Srikannathasan, 
Jianzhong Huang, Haifeng Cui, Andrew P. 
Fosberry, Minghua Gu, Michael M Hann, 

Martin Hibbs, Paul Homes, Karen 
Ingraham, Jason Pizzollo, Carol Shen, 
Anthony J Shillings, Claus E Spitzfaden, 
Robert Tanner, Andrew J. Theobald, 
Robert A. Stavenger, Benjamin D. Bax& 
Michael N. Gwynn. Structural basis of DNA 
gyrase inhibition by antibacterial QPT-1, 
anticancer drug etoposide and 
moxifloxacin. Nat. Comm. 2015; 6:10048. 
DOI:10.1038/ncomms10048. 

54. Sensi P. History of the development of 
rifampin. Rev Infect Dis.1983;5(suppl3): 
S402-S406.  
Available:https://doi.org/10.1093/clinids/5.s
upplement_3.s402. 

55. Prideaux B, Via LE, Zimmerman MD, et al. 
The association between sterilizing activity 
and drug distribution into tuberculosis 
lesions. Nat Med. 2015;21(10):1223-1227. 
Available:https://doi.org/10.1038/nm.3937. 

56. Dickinson JM, Mitchison DA. Experimental 
models to explain the high sterilizing 
activity of rifampin in the chemotherapy of 
tuberculosis. Am Rev Respir Dis. 1981; 
123(4Pt1):367-371. 
Available:https://doi.org/10.1164/arrd.1981.
123.4.367. 

57. Svensson EM, Svensson RJ, te Brake 
LHM, et al. The potential for treatment 
shortening with higher rifampicin doses: 
relating drug exposure to treatment 
response in patients with pulmonary 
tuberculosis. Clin Infect Dis. 
2018;67(1):34-41. 
Available:https://doi.org/10.1093/cid/ciy026 

58. Dutta NK, Karakousis PC. Can the 
duration of tuberculosis treatment be 
shortened with higher dosages of 
rifampicin? Front Microbiol. 2015;6. 
Available:https://doi.org/10.3389/ 
fmicb.2015.01117. 

59. Grobbelaar M, Louw GE, Sampson SL, 
van Helden PD, Donald PR, Warren RM. 
Evolution of rifampicin treatment for 
tuberculosis. Infect Genet 
Evol.2019;74:103937. 
Available:https://doi.org/10.1016/j.meegid.
2019.103937. 

60. Murray JF, Schraufnagel DE, Hopewell PC. 
Treatment of tuberculosis. A historical 
perspective. Ann Am Thorac Soc. 
2015;12(12):1749-1759. 
Available:https://doi.org/10.1513/AnnalsAT
S.201509-632PS. 

61. Jawahar MS. Current trends in 
chemotherapy of tuberculosis. Indian J 
Med Res. 2004;120(4):398-417.  

about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank


 
 
 
 

Nanaware et al.; Asian J. Chem. Sci., vol. 13, no. 5, pp. 96-111, 2023; Article no.AJOCS.106631 
 
 

 
111 

 

62. Wehrli W. Rifampin: Mechanisms of action 
and resistance. Rev Infect Dis. 
1983;5(suppl3):S407-S411. 

Available:https://doi.org/10.1093/clinids/5.s
upplement_3.s407 

63. Kalinka Koteva, Georgina Cox, Jayne K. 
Kelso, Matthew D. Surette, Haley L. 
Zubyk, Linda Ejim, Peter Stogios, Alexei 
Savchenko, Dan Sørensen, and Gerard D. 
Wrightb Rox, a Rifamycin Resistance 
Enzyme with an Unprecedented 
Mechanism of Action. Cell Chemical 
Biology. 2018;25:1–10.  

Available:https://doi.org/10.1016/j.chembiol
.2018.01.009. 

64. Unissa AN,Subbian S, Hanna LE, 
Selvakumar N. Overview on mechanisms 
of isoniazid action and resistance in 
Mycobacterium tuberculosis. Infect Genet 
Evol. 2016;45:474-492. 

DOI:10.1016/j.meegid.2016.09.004 

65. Gegia M, Winters N, Benedetti A, van 
Soolingen D, Menzies D. Treatment of 
isoniazid-resistant tuberculosis with first-
line drugs: A systematic review and meta-
analysis. The Lancet. Infectious Diseases. 
2017;17 (2):223–234.  

DOI:10.1016/S1473-3099(16)30407-8 

66. Shi W, Chen J, Feng J, Cui P, Zhang S, 
Weng X, Zhang W, Zhang Y. Aspartate 
decarboxylase (PanD) as a new target of 
pyrazinamide in Mycobacterium 
tuberculosis. Emerg Microbes Infect. 
2014;3(8):58.DOI:10.1038/emi.2014.61 

67. Shi W, Zhang X, Jiang X, Yuan H, Lee JS, 
Barry CE III, et al. Pyrazinamide Inhibits 
Trans-Translation in Mycobacterium 
tuberculosis. Science. 2011;333(6049): 
1630–2. 

DOI:10.1126/science.1208813. 
68. Petrella S, Gelus-Ziental N, Maudry A, 

Laurans C, Boudjelloul R, Sougakoff W. 
Crystal structure of the pyrazinamidase of 
mycobacterium tuberculosis: insights into 
natural and acquired resistance to 

pyrazinamide. PLoS One. 2011;6:15785-
15785. 
Available:https://doi.org/10.1371/journal.po
ne.0015785 

69. Palomino JC, Martin A. Drug Resistance 
Mechanisms in Mycobacterium 
tuberculosis. Antibiotics (Basel). 2014;3(3): 
317-40. 
DOI:10.3390/antibiotics3030317. 

70. Zhang L, Zhao Y, Gao Y, Wu L, Gao R, 
Zhang Q, Wang Y, Wu C, Wu F, Gurcha 
SS, Veerapen N, Batt SM., Zhao W, Qin L, 
Yang X, Wang M, Zhu Y, Zhang B, Bi L, 
Zhang X, Yang H, Guddat LW, Xu W, 
Wang Q, Li J, Besra GS, Rao Z. Structures 
of cell wall arabinosyltransferases with the 
anti-tuberculosis drug ethambutol. 
Science.2020;368(6496):1211-1219. 
DOI:10.1126/SCIENCE.ABA9102 

71. Minato Y, Thiede JM, Kordus SL, 
McKlveen EJ, Turman BJ, Baughn AD. 
Mycobacterium tuberculosis folate 
metabolism and the mechanistic basis for 
para-aminosalicylic acid susceptibility and 
resistance. Antimicrob Agents Chemother. 
2015;59(9):5097–5106. 
DOI:10.1128/AAC.00647-15  

72. Schreuder HA, Mattevi A, Obmolova G, 
Kalk KH, Hol WG, van der Bolt FJ, van 
Berkel WJ. Crystal structures of wild-type 
p-hydroxybenzoate hydroxylase 
complexed with4-aminobenzoate,2,4-
dihydroxybenzoate, and 2-hydroxy-4-
aminobenzoate and of the Tyr222Ala 
mutant complexed with 2-hydroxy-4-
aminobenzoate. Evidence for a proton 
channel and a new binding mode of the 
flavin ring. Biochemistry.1994;33:10161-
10170.DOI:10.1021/bi00199a044. 

73. Laskowski RA, Hutchinson EG, Michie AD, 
Wallace AC, Jones ML, Thornton JM 
PDBsum: A Web‐based database of 
summaries and analyses of all PDB 
structures. Trends Biochem Sci. 1997; 
22(12):488-90. 
DOI:10.1016/s0968-0004(97)01140-7. 

_________________________________________________________________________________ 
© 2023 Nanaware et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution 
License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any 
medium, provided the original work is properly cited. 
 
 

 

Peer-review history: 
The peer review history for this paper can be accessed here: 

https://www.sdiarticle5.com/review-history/106631 

about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank

