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Abstract: 
Tuberculosis (TB) remains a global health crisis, aggravated by multidrug-resistant (MDR) and extensively drug-
resistant (XDR) strains of Mycobacterium tuberculosis. Traditional therapies are losing efficacy, highlighting the 
urgent need for novel drug targets. The mycobacterial ATP synthase, essential for energy metabolism in both replicating 
and dormant bacilli, has emerged as a promising target. Inhibitors such as diarylquinolines (e.g., bedaquiline), along 
with novel quinolines, squaramides, and imidazo[1,2-a]pyridine ethers, demonstrate potent activity and offer 
structural diversity for drug development. These advances underscore ATP synthase inhibition as a paradigm shift in 
TB chemotherapy, enabling more effective strategies against resistance. 
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1. INTRODUCTION 
Tuberculosis (TB) is a persistent infectious disease predominantly caused by Mycobacterium tuberculosis, 
a slow-growing, acid-fast bacillus characterized by a distinctive lipid-rich cell wall that provides resistance 
to many environmental stressors and antimicrobial drugs.  Although treatable and preventive, 
tuberculosis remains a significant worldwide health challenge, especially in low- and middle-income 
nations [1]. The World Health Organization (WHO) ranks tuberculosis (TB) among the ten foremost 
causes of mortality globally and identifies it as the primary cause of death attributable to a single infectious 
agent, exceeding even HIV/AIDS. The disease mostly impacts the lungs (pulmonary TB), however 
extrapulmonary symptoms may affect lymph nodes, bones, meninges, kidneys, and other organs. 
Tuberculosis is transmitted via airborne droplets, rendering it extremely contagious in densely populated 
or resource-constrained environments [2]. 
Tuberculosis continues to be a significant global public health issue. Recent WHO data indicate that 
roughly 10.6 million individuals contracted tuberculosis in 2022, resulting in almost 1.3 million fatalities 
related to the disease. The burden is disproportionately allocated, with nations in South-East Asia, Africa, 
and the Western Pacific representing the majority of cases. India accounts for around 25% of the global 
tuberculosis incidence [3]. Multiple risk factors, including HIV co-infection, diabetes, malnutrition, 
tobacco use, and inadequate living conditions, markedly elevate susceptibility. Drug-resistant tuberculosis 
presents a further epidemiological challenge. Multidrug-resistant tuberculosis (MDR-TB), characterized 
by resistance to at least isoniazid and rifampicin, has been documented in more than 150 countries. 
Extensively drug-resistant tuberculosis (XDR-TB), which exhibits resistance to fluoroquinolones and at 
least one second-line injectable antibiotic, in addition to isoniazid and rifampicin, exacerbates treatment 
results. Drug-resistant strains of tuberculosis are linked to extended treatment periods, increased toxicity, 
and diminished cure rates [4-7]. 
The advent of anti-tuberculosis chemotherapy in the mid-20th century transformed TB treatment. The 
initial efficacious medication was streptomycin, identified in 1943, which markedly decreased mortality 
yet swiftly resulted in resistance when administered as monotherapy. Isoniazid and para-aminosalicylic 
acid (PAS) were created in the 1950s, establishing combination therapy as the foundation of tuberculosis 
management to avert resistance. Rifampicin, introduced in the 1960s, significantly improved therapy 
efficacy.  Ethambutol and pyrazinamide subsequently concluded the "first-line" arsenal [8,9]. The 
conventional treatment protocol devised in the 1980s, referred to as short-course chemotherapy, 
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incorporated isoniazid, rifampicin, pyrazinamide, and ethambutol during an initial intense phase lasting 
two months, succeeded by a continuation phase of isoniazid and rifampicin for four months. This six-
month treatment protocol is the benchmark for drug-susceptible tuberculosis and has attained elevated 
cure rates with consistent adherence. Nonetheless, prolonged treatment duration, hepatotoxicity, and the 
development of resistance have prompted the pursuit of enhanced therapeutic options. 
The escalating menace of MDR-TB and XDR-TB has prompted the advancement of novel 
pharmaceuticals and therapeutic protocols. Bedaquiline, a diarylquinoline launched in 2012, specifically 
targets mycobacterial ATP synthase and constitutes the first new class of tuberculosis drugs in more than 
forty years [10,11]. Delamanid, a nitroimidazole derivative, impedes mycolic acid production and 
demonstrates efficacy against resistant strains [12,13]. Pretomanid, a nitroimidazole licensed in 2019, is 
utilized in combination therapies for extremely resistant tuberculosis [14,15]. Linezolid, an oxazolidinone 
antibiotic initially designed for Gram-positive infections, has been repurposed for tuberculosis and is 
progressively integrated into multidrug-resistant tuberculosis regimens [16,17]. These novel medicines, 
frequently utilized alongside enhanced background treatments, have reduced therapy durations and 
enhanced outcomes for resistant instances. Moreover, initiatives are underway to reduce the duration of 
treatment for drug-susceptible tuberculosis. Regimens incorporating rifapentine and moxifloxacin have 
shown promise in shortening therapy to four months while maintaining comparable efficacy to the 
standard six-month regimen. Notwithstanding these advancements, accessibility and cost continue to pose 
challenges in several high-burden nations. 
The unique physiology of M. tuberculosis offers multiple potential drug targets [18]. Classical drugs act 
on essential biosynthetic pathways (Table 1): 
Table 1: Drugs targets for tuberculosis 

S. 
No 

Drug target Description 

1 Cell wall synthesis 
inhibitors 

Isoniazid and ethambutol inhibit mycolic acid and arabinogalactan 
synthesis, respectively. 

2 RNA synthesis 
inhibitor 

Rifampicin binds to DNA-dependent RNA polymerase, blocking 
transcription. 

3 Energy metabolism 
inhibitors 

Pyrazinamide disrupts membrane energetics and transport, while 
bedaquiline inhibits ATP synthase. 

4 Protein synthesis 
inhibitors  

Streptomycin and other aminoglycosides target the ribosome, while 
linezolid inhibits the 50S ribosomal subunit. 

 
Novel targets under exploration include enzymes involved in lipid metabolism, virulence factors such as 
serine/threonine kinases, regulatory proteins controlling dormancy, and pathways responsible for 
persistence inside macrophages. Host-directed therapies, which aim to modulate the host immune 
response rather than the bacterium itself, are also being investigated as adjunctive strategies to shorten 
therapy and reduce relapse. 
ATP synthase is a crucial enzyme complex in Mycobacterium TB that facilitates the synthesis of adenosine 
triphosphate (ATP) via proton translocation across the cell membrane. In contrast to numerous bacteria, 
M. tuberculosis predominantly depends on oxidative phosphorylation for energy production, rendering 
ATP synthase an essential element for life, even during latent infection [19]. This reliance presents a 
distinctive druggable target, as the blockage of ATP generation swiftly depletes cellular energy, resulting 
in bacterial mortality. Bedaquiline, the inaugural diarylquinoline, selectively targets the c subunit of the 
M. tuberculosis ATP synthase proton pump. Bedaquiline binds to the c-ring, obstructing proton flow, 
which disrupts the proton motive force and ceases ATP generation. Authorized in 2012, it became the 
inaugural innovative tuberculosis medication in over forty years and has greatly enhanced results for 
multidrug-resistant tuberculosis (MDR-TB). Resistance to bedaquiline has been observed with increasing 
frequency. Mutations in the atpE gene, which encodes the c component of ATP synthase, confer 
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significant resistance by diminishing drug binding affinity. Moreover, mutations in the transcriptional 
regulator Rv0678, which governs the MmpS5-MmpL5 efflux pump system, result in enhanced efflux and 
low-to-moderate resistance. The advent of resistance mechanisms highlights the necessity for diligent 
management, regular susceptibility testing, and combination therapy to maintain the efficacy of 
bedaquiline [20-22]. 
The importance of ATP synthase and resistance to its newest developed inhibitor warrants a review on 
current status of the compounds which have been identified as ATP synthase inhibitors in the latest 
literature. This review accounts for the latest developments in the field of ATP synthase inhibitors.   
2. ATP synthase  
Adenosine triphosphate (ATP) is comprised of the molecule adenosine bound to three phosphate groups. 
Adenosine is a nucleoside consisting of the nitrogenous base adenine and the five-carbon sugar ribose. 
Adenosine Triphosphate (ATP), commonly termed "molecular currency" for intracellular energy 
transmission, serves as a chemical fuel that drives numerous biological processes. ATP synthesis is the 
fundamental energy-producing process present in all biological forms. ATP (Figure 1) serves as the energy 
source for nearly all cellular metabolic pathways. In an ATP (a multifunctional ester) molecule, two high-
energy phosphate bonds, known as phosphoanhydride bonds, account for its elevated energy content. 
Adenosine diphosphate (ADP) serves as a substrate for ATP synthesis and is a byproduct of its hydrolysis. 
ADP enhances respiration (oxidative metabolism)-the degradation of ATP elevates ADP levels, 
subsequently activating the mechanisms that supply energy for ATP synthesis [23]. 

 
Figure 1: Chemical structure of Adenosine Triphosphate 
3. Physiology and working of ATP synthase 
ATP production is the most prevalent chemical reaction inside the biological realm. ATP is produced 
from its precursor, ADP, by ATP synthases. These enzymes are located in the cristae and inner membrane 
of mitochondria, the thylakoid membrane of chloroplasts, and the plasma membrane of bacteria [24]. 
ATP synthase is the final enzyme in the oxidative phosphorylation pathway that utilizes electrochemical 
energy to facilitate ATP synthesis [25,26]. Typically, it is widely accepted that ATP synthesis takes place 
in mitochondria. In bacteria and archaea that lack mitochondria, ATP synthase is located in their plasma 
membrane. Mycobacterial ATP synthase is found embedded in the bacterial plasma membrane, 
specifically within the cell membrane. Bacterial ATP synthase comprises a membrane-embedded F0 sector 
with a subunit composition of a1b2c10–15 and a hydrophilic F1 component, consisting of subunits α3β3γδε. 
Mitochondrial ATP synthase has several additional peripheral subunits alongside the eight core subunits 
observed in bacteria [27,28]. The translocation of ions, primarily protons, through F0 induces the rotation 
of the oligomeric c ring subunit, which is linked to the rotation of subunits γ and ε. The rotation of 
subunit γ inside the α3β3 hexamer of F1 subsequently facilitates ATP production [29-31]. Although the 
fundamental architecture of ATP synthase and its rotational catalysis mechanism are seemingly 
maintained across the three domains of life, ATP synthases from certain organisms exhibit specialized 
characteristics that may reflect adaptations to specific environmental conditions. Thes studies have shown 
that there exists certain divergence in the structure of human and mycobacterial ATPase [32]. The 
membrane domain of mycobacterial ATP synthase is integrated inside the inner plasma 
membrane, whereas the catalytic F1-domain of the enzyme protrudes into the bacterial cytoplasm, 
connected to the membrane domain by a central stalk and a peripheral stalk (PS). Similar to other ATP 
synthases found in eubacteria, chloroplasts, and mitochondria, the enzyme utilizes a proton-motive force 
(pmf) across the inner membrane space (IMS) produced by respiration to facilitate the synthesis of ATP 
from adenosine diphosphate (ADP) and inorganic phosphate in the F1 domain by a mechanical rotational 
process. The mycobacterial rotor has a membrane-anchored ring of nine c-subunits, connected to an 
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elongated central stalk formed by single copies of the γ- and ε-subunits. The central stalk is ubiquitous 
among all F-type ATP synthases and extends into the spherical component of the F1-domain, which 
comprises an assembly of three α-subunits and three β-subunits arrayed alternately around the central 
axis. The rotation of the asymmetrical rotor induces a sequence of conformational alterations in the three 
catalytic sites, located at three of the six interfaces between α- and β-subunits, resulting in the sequential 
binding of the substrates ADP and phosphate, the synthesis of ATP, and ultimately the release of ATP. 
Each 360° rotating cycle generates three ATP molecules [33-35]. 
4. ATP synthase inhibitors 
In Mycobacterium TB, ATP synthase is an essential enzyme that is responsible for the production of ATP 
through the process of oxidative phosphorylation.  
It is a promising pharmacological target for latent tuberculosis because, unlike many other bacterial 
enzymes, this ATP synthase is important even during non-replicating persistence. This makes it a suitable 
candidate for treatment. Through the inhibition of this enzyme, the loss of energy leads to a bactericidal 
action. Some of the chemical classes inhibiting ATP synthase have been discussed below, 
4.1 Diarylquinolines (DARQs) 
As a result of the global burden of multidrug-resistant (MDR) and extensively drug-resistant (XDR) 
tuberculosis, the discovery of therapeutic medicines with novel modes of action has become necessary. 
Diarylquinolines, also known as DARQs, are a revolutionary class of anti-tuberculosis medications. They 
are distinguished by their specific inhibition of the mycobacterial ATP synthase. Bedaquiline (Figure 2), 
which is also referred to as R207910 or TMC207, is the first-in-class DARQ and represents the first new 
anti-TB medicine class to be released in more than four decades [36,37]. DARQs operate by specifically 
binding to the c-subunit (c-ring) of the F₁F₀-ATP synthase, thereby obstructing proton translocation and 
inhibiting ATP synthesis. This blockade inhibits the enzymatic rotor mechanism that facilitates energy 
generation in Mycobacterium tuberculosis, resulting in bactericidal effects [38,36]. Structural studies have 
demonstrated that bedaquiline extensively encircles the c-ring, establishing multiple interactions that 
contribute to its strong and specific binding. DARQs, such as bedaquiline, demonstrate efficacy against 
both actively replicating and non-replicating (latent) M. tuberculosis, providing therapeutic benefits 
compared to conventional medications. Bedaquiline has notably accelerated sputum culture conversion 
and enhanced outcomes in patients with MDR-TB in clinical trials, leading to its incorporation in various 
WHO-recommended regimens [39]. Challenges continue to exist. Bedaquiline is linked to QT interval 
prolongation and various cardiac issues, requiring vigilant patient monitoring. Resistance may arise from 
mutations in the atpE gene, which impact the c-subunit, or through the activation of drug efflux 
mechanisms [40]. In response to these challenges, second-generation DARQs, including TBAJ-587 and 
TBAJ-876, have been developed. The analogues exhibit structural modifications that decrease lipophilicity 
and cardiotoxicity (e.g., reduced hERG inhibition), while demonstrating enhanced potency (e.g., lower 
MIC₉₀) and superior pharmacokinetic profiles. Studies conducted in vitro and using murine models 
indicate improved efficacy, with several now advancing to early clinical trials [41,42]. 

 
Figure 2: Chemical structure of bedaquiline 
Singh et al.  designed, synthesized, and evaluated a series of eighteen novel compounds for their activity 
against Mycobacterium smegmatis ATPase [43]. The measured ATPase inhibitory activities (IC50) of these 
compounds varied from 0.36 to 5.45 µM. The lead compound (1) was N-(7-chloro-2-methylquinolin-4-yl)-
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N-(3-((diethylamino)methyl)-4-hydroxyphenyl)-2,3-dichlorobenzenesulfonamide which showed no 
cytotoxicity (CC50 >300 µg/mL). The compound (1) showed notable anti-mycobacterial activity 
(mycobacterial and mammalian IC50 of 0.51 µM and > 100 µM) and selectivity >200) which inhibited the 
complete growth of replicating Mycobacterium tuberculosis H37Rv at 3.12 µg/mL. Furthermore, it also 
demonstrated a bactericidal effect, achieving approximately 2.4 log10 reductions in CFU in the hypoxic 
culture of nonreplicating M. tuberculosis at a concentration of 100 µg/mL, in contrast to the positive 
control isoniazid, which resulted in approximately 0.2 log10 reduction in CFU at 5 µg/mL (50-fold of its 
MIC). The pharmacokinetics of compound (1) following oral and intravenous administration in male 
Sprague–Dawley rats demonstrated rapid absorption and distribution, with a slow elimination phase. In 
a murine model of chronic tuberculosis, (1) demonstrated a 2.12 log10 reduction in colony-forming units 
(CFU) in both the lung and spleen at a dosage of 173 µmol/kg, compared to the untreated control group 
of Balb/C male mice infected with replicating M. tuberculosis H37Rv. The in vivo efficacy of (1) is at least 
twice that of the control drug ethambutol [43]. 

 
Kalia et al. synthesized conformationally-constrained bisquinoline analogs of TMC207 [44]. The study 
showed that making the lateral chain of the drug rigid by linking it to an adjacent phenyl substituent 
resulted in a decrease in activity while replacing a phenyl substituent of TMC207 with a quinoline moiety 
gave bisquinolines which demonstrated potent antitubercular activity in in vitro experiments, in ex vivo 
mouse bone marrow macrophage assays, and also in in vivo mouse model of the disease. The most active 
compound (2) showed ATP synthase inhibitory activity of 0.001 µM with antitubercular activity (MIC of 
0.70 µM) against H37Rv strain. The compound (2) also showed low cytotoxicity of >100 µM in VERO 
cells and mouse macrophages.  

 
 
Guillemont et al. designed a large set of TMC207 derivatives by modifying its structural features. The 
designed molecules are shown in Table 2 [45]. 
Table 2: Designed DARQs based on the modification of TMC207. 

S. 
No 

Modification Structure Activity 
Mycobacterium 
smegmatis 
IC90 (μg/ml) 
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1 Modulation of the chain 
lengthening 

 

0.16 

2 Modulation of the basic moiety 

 

0.02 

3 Substitution of the first phenyl 
ring of the lateral chain 

 

0.004 

4 Modulation of the second 
phenyl ring of the lateral chain 

 

0.003 

5 Substitution on the quinoline 
core 

 

0.06 

 
4.2 Imidazo[1,2-a]pyridine ethers 
Tantry et al. discovered imidazo[1,2-a]pyridine ethers as ATP synthase inhibitors. The modification 
involved the alteration in the ether side chain. The most active compound (3) showed the IC50 value of 
0.005 μM against Mycobacterium ATP synthase, MIC value of 0.03 μM with cytotoxicity index of 1050 
[46]. 
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4.3 Quinoline derivatives 
He et al. synthesized some quinoline derivatives out of which compound (4) showed MIC value of 0.73 
μM and CC50 value of 6.6 μM. The compound also showed ATP synthase inhibitory activity in the range 
of 20-40 μM [47]. 

 
 
4.4 Squaramides 
Tantry et al. also identified some squaramide derivatives with ATP synthase activity (IC50) of 0.03 μM and 
MIC value of 0.5 μM [46]. 

 
 
5. CONCLUSIONS 
Tuberculosis continues to be a global health threat, complicated by the dual burden of HIV and rising 
drug resistance. While traditional anti-TB drugs laid the foundation for effective treatment, challenges in 
adherence, toxicity, and resistance have highlighted the need for new therapeutic approaches. Recent 
drugs such as Bedaquiline, delamanid, and pretomanid, along with repurposed antibiotics like linezolid, 
have expanded treatment options, especially for resistant forms. The emergence of resistance to 
traditional and current drugs warrants the search of new targets which could lead to identification of new 
chemical entities. The most promising target for the inhibition of mycobacterial growth is ATP synthase. 
There have been several attempts to synthesize inhibitors of ATP synthase which resulted in Bedaquiline. 
The resistance to Bedaquiline prompts the search for new ATP synthase inhibitors belonging to the class 
of diaryl quinolines, quinolines, pyridine ethers, and squaramides. The study of these classes reveals 
important SAR characteristics which may be helpful in designing new compounds. Advances in drug 
discovery are increasingly targeting unique aspects of mycobacterial physiology and host-pathogen 
interactions, raising hope for shorter, safer, and more effective regimens. Nevertheless, success in 
combating TB will depend not only on novel drugs but also on strengthening health systems, ensuring 
equitable access, and integrating preventive measures. 
 
6. REFERENCES 
1. Okhovat-Isfahani B, Bitaraf S, Mansournia MA, Doosti-Irani A (2019) Inequality in the global incidence and prevalence of 
tuberculosis (TB) and TB/HIV according to the human development index. Medical journal of the Islamic Republic of Iran 
33:45. doi:10.34171/mjiri.33.45 
2. Nardell EA (2015) Transmission and Institutional Infection Control of Tuberculosis. Cold Spring Harbor perspectives in 
medicine 6 (2):a018192. doi:10.1101/cshperspect.a018192 



International Journal of Environmental Sciences   
ISSN: 2229-7359 
Vol. 11 No. 22s, 2025  
https://www.theaspd.com/ijes.php 
 

4138 
 

3. Bai W, Ameyaw EK (2024) Global, regional and national trends in tuberculosis incidence and main risk factors: a study using 
data from 2000 to 2021. BMC Public Health 24 (1):12. doi:10.1186/s12889-023-17495-6 
4. Farhat M, Cox H, Ghanem M, Denkinger CM, Rodrigues C, Abd El Aziz MS, Enkh-Amgalan H, Vambe D, Ugarte-Gil C, 
Furin J, Pai M (2024) Drug-resistant tuberculosis: a persistent global health concern. Nature reviews Microbiology 22 (10):617-
635. doi:10.1038/s41579-024-01025-1 
5. Vanino E, Granozzi B, Akkerman OW, Munoz-Torrico M, Palmieri F, Seaworth B, Tiberi S, Tadolini M (2023) Update of 
drug-resistant tuberculosis treatment guidelines: A turning point. International Journal of Infectious Diseases 130:S12-S15. 
doi:https://doi.org/10.1016/j.ijid.2023.03.013 
6. Seung KJ, Keshavjee S, Rich ML (2015) Multidrug-Resistant Tuberculosis and Extensively Drug-Resistant Tuberculosis. Cold 
Spring Harbor perspectives in medicine 5 (9):a017863. doi:10.1101/cshperspect.a017863 
7. Salari N, Kanjoori AH, Hosseinian-Far A, Hasheminezhad R, Mansouri K, Mohammadi M (2023) Global prevalence of drug-
resistant tuberculosis: a systematic review and meta-analysis. Infectious Diseases of Poverty 12 (1):57. doi:10.1186/s40249-023-
01107-x 
8. Bakare AA, Moses VY, Beckely CT, Oluyemi TI, Ogunfeitimi GO, Adelaja AA, Ayorinde GT, Gbadebo AM, Fagbenro OS, 
Ogunsuyi OI, Ogunsuyi OM, Ige OM (2022) The first-line antituberculosis drugs, and their fixed-dose combination induced 
abnormal sperm morphology and histological lesions in the testicular cells of male mice.  Volume 10 - 2022. 
doi:10.3389/fcell.2022.1023413 
9. Dartois VA, Rubin EJ (2022) Anti-tuberculosis treatment strategies and drug development: challenges and priorities. Nature 
Reviews Microbiology 20 (11):685-701. doi:10.1038/s41579-022-00731-y 
10. Deshkar AT, Shirure PA (2022) Bedaquiline: A Novel Diarylquinoline for Multidrug-Resistant Pulmonary Tuberculosis. 
Cureus 14 (8):e28519. doi:10.7759/cureus.28519 
11. Shaw ES, Stoker NG, Potter JL, Claassen H, Leslie A, Tweed CD, Chiang C-Y, Conradie F, Esmail H, Lange C, Pinto L, 
Rucsineanu O, Sloan DJ, Theron G, Tisile P, Voo TC, Warren RM, Lebina L, Lipman M (2024) Bedaquiline: what might the 
future hold? The Lancet Microbe 5 (12). doi:10.1016/S2666-5247(24)00149-6 
12. Lewis JM, Sloan DJ (2015) The role of delamanid in the treatment of drug-resistant tuberculosis. Therapeutics and clinical 
risk management 11:779-791. doi:10.2147/tcrm.S71076 
13. Akbari Aghababa A, Nasiri MJ, Pakzad P, Mirsamadi ES (2024) Delamanid and bedaquiline resistance patterns in 
Mycobacterium tuberculosis in Iran: A cross-sectional analysis. New Microbes and New Infections 60-61:101437. 
doi:https://doi.org/10.1016/j.nmni.2024.101437 
14. Occhineri S, Matucci T, Rindi L, Tiseo G, Falcone M, Riccardi N, Besozzi G (2022) Pretomanid for tuberculosis treatment: 
an update for clinical purposes. Current research in pharmacology and drug discovery 3:100128. 
doi:10.1016/j.crphar.2022.100128 
15. Fekadu G, Tolossa T, Turi E, Bekele F, Fetensa G (2022) Pretomanid development and its clinical roles in treating 
tuberculosis. Journal of Global Antimicrobial Resistance 31:175-184. doi:https://doi.org/10.1016/j.jgar.2022.09.001 
16. Zahedi Bialvaei A, Rahbar M, Yousefi M, Asgharzadeh M, Samadi Kafil H (2016) Linezolid: a promising option in the 
treatment of Gram-positives. Journal of Antimicrobial Chemotherapy 72 (2):354-364. doi:10.1093/jac/dkw450 %J Journal of 
Antimicrobial Chemotherapy 
17. Hashemian SMR, Farhadi T, Ganjparvar M (2018) Linezolid: a review of its properties, function, and use in critical care. 
Drug design, development and therapy 12:1759-1767. doi:10.2147/dddt.S164515 
18. Saxena AK, Singh A (2019) Mycobacterial tuberculosis Enzyme Targets and their Inhibitors. Current topics in medicinal 
chemistry 19 (5):337-355. doi:10.2174/1568026619666190219105722 
19. Nirody JA, Budin I, Rangamani P (2020) ATP synthase: Evolution, energetics, and membrane interactions. The Journal of 
general physiology 152 (11). doi:10.1085/jgp.201912475 
20. Satapathy P, Itumalla R, Neyazi A, Nabizai Taraki AM, Khatib MN, Gaidhane S, Zahiruddin QS, Rustagi S, Neyazi M (2024) 
Emerging bedaquiline resistance: A threat to the global fight against drug-resistant tuberculosis. Journal of Biosafety and 
Biosecurity 6 (1):13-15. doi:https://doi.org/10.1016/j.jobb.2024.01.001 
21. Hu X, Wu Z, Lei J, Zhu Y, Gao J (2025) Prevalence of bedaquiline resistance in patients with drug-resistant tuberculosis: a 
systematic review and meta-analysis. BMC infectious diseases 25 (1):689. doi:10.1186/s12879-025-11067-2 
22. Derendinger B, Dippenaar A, de Vos M, Huo S, Alberts R, Tadokera R, Limberis J, Sirgel F, Dolby T, Spies C, Reuter A, 
Folkerts M, Allender C, Lemmer D, Van Rie A, Gagneux S, Rigouts L, te Riele J, Dheda K, Engelthaler DM, Warren R, Metcalfe 
J, Cox H, Theron G (2023) Bedaquiline resistance in patients with drug-resistant tuberculosis in Cape Town, South Africa: a 
retrospective longitudinal cohort study. The Lancet Microbe 4 (12):e972-e982. doi:10.1016/S2666-5247(23)00172-6 
23. Dixon RM, Peter S (1999) In Vivo NMR, Applications, 31P. In: Lindon JC (ed) Encyclopedia of Spectroscopy and 
Spectrometry. Elsevier, Oxford, pp 851-857. doi:https://doi.org/10.1006/rwsp.2000.0124 
24. Devenish RJ, Prescott M, Rodgers AJ (2008) The structure and function of mitochondrial F1F0-ATP synthases. International 
review of cell and molecular biology 267:1-58. doi:10.1016/s1937-6448(08)00601-1 
25. Capaldi RA, Aggeler R, Turina P, Wilkens S (1994) Coupling between catalytic sites and the proton channel in F1F0-type 
ATPases. Trends in biochemical sciences 19 (7):284-289. doi:10.1016/0968-0004(94)90006-x 
26. Nijtmans LG, Klement P, Houstĕ k J, van den Bogert C (1995) Assembly of mitochondrial ATP synthase in cultured human 
cells: implications for mitochondrial diseases. Biochimica et biophysica acta 1272 (3):190-198. doi:10.1016/0925-
4439(95)00087-9 

https://doi.org/10.1016/j.ijid.2023.03.013
https://doi.org/10.1016/j.nmni.2024.101437
https://doi.org/10.1016/j.jgar.2022.09.001
https://doi.org/10.1016/j.jobb.2024.01.001
https://doi.org/10.1006/rwsp.2000.0124


International Journal of Environmental Sciences   
ISSN: 2229-7359 
Vol. 11 No. 22s, 2025  
https://www.theaspd.com/ijes.php 
 

4139 
 

27. Iino R, Noji H (2013) Operation mechanism of FoF1-adenosine triphosphate synthase revealed by its structure and dynamics.  
65 (3):238-246. doi:https://doi.org/10.1002/iub.1120 
28. Walker John E (2013) The ATP synthase: the understood, the uncertain and the unknown. Biochemical Society Transactions 
41 (1):1-16. doi:10.1042/BST20110773 %J Biochemical Society Transactions 
29. Noji H, Yasuda R, Yoshida M, Kinosita K, Jr. (1997) Direct observation of the rotation of F1-ATPase. Nature 386 (6622):299-
302. doi:10.1038/386299a0 
30. Nishio K, Iwamoto-Kihara A, Yamamoto A, Wada Y, Futai M (2002) Subunit rotation of ATP synthase embedded in 
membranes: <i>a</i> or &#x3b2; subunit rotation relative to the <i>c</i> subunit ring.  99 (21):13448-13452. 
doi:doi:10.1073/pnas.202149599 
31. Diez M, Zimmermann B, Börsch M, König M, Schweinberger E, Steigmiller S, Reuter R, Felekyan S, Kudryavtsev V, Seidel 
CAM, Gräber P (2004) Proton-powered subunit rotation in single membrane-bound F0F1-ATP synthase. Nature Structural & 
Molecular Biology 11 (2):135-141. doi:10.1038/nsmb718 
32. Yatime L, Buch-Pedersen MJ, Musgaard M, Morth JP, Lund Winther AM, Pedersen BP, Olesen C, Andersen JP, Vilsen B, 
Schiøtt B, Palmgren MG, Møller JV, Nissen P, Fedosova N (2009) P-type ATPases as drug targets: tools for medicine and science. 
Biochimica et biophysica acta 1787 (4):207-220. doi:10.1016/j.bbabio.2008.12.019 
33. Walker JE (2013) The ATP synthase: the understood, the uncertain and the unknown. Biochem Soc Trans 41 (1):1-16. 
doi:10.1042/bst20110773 
34. Preiss L, Langer JD, Yildiz Ö, Eckhardt-Strelau L, Guillemont JE, Koul A, Meier T (2015) Structure of the mycobacterial 
ATP synthase Fo rotor ring in complex with the anti-TB drug bedaquiline. Science advances 1 (4):e1500106. 
doi:10.1126/sciadv.1500106 
35. Zhang AT, Montgomery MG, Leslie AGW, Cook GM, Walker JE (2019) The structure of the catalytic domain of the ATP 
synthase from Mycobacterium smegmatis is a target for developing antitubercular drugs. Proceedings of the National Academy 
of Sciences of the United States of America 116 (10):4206-4211. doi:10.1073/pnas.1817615116 
36. Hasenoehrl EJ, Wiggins TJ, Berney M (2021) Bioenergetic Inhibitors: Antibiotic Efficacy and Mechanisms of Action in 
Mycobacterium tuberculosis.  Volume 10 - 2020. doi:10.3389/fcimb.2020.611683 
37. Andries K, Verhasselt P, Guillemont J, Göhlmann HWH, Neefs J-M, Winkler H, Van Gestel J, Timmerman P, Zhu M, Lee 
E, Williams P, de Chaffoy D, Huitric E, Hoffner S, Cambau E, Truffot-Pernot C, Lounis N, Jarlier V (2005) A Diarylquinoline 
Drug Active on the ATP Synthase of <i>Mycobacterium tuberculosis</i>.  307 (5707):223-227. 
doi:doi:10.1126/science.1106753 
38. Harrison J, Cox JAG (2019) Changing the Rules of TB-Drug Discovery. Journal of Medicinal Chemistry 62 (23):10583-
10585. doi:10.1021/acs.jmedchem.9b01716 
39. Sarathy JP, Gruber G, Dick T (2019) Re-Understanding the Mechanisms of Action of the Anti-Mycobacterial Drug 
Bedaquiline. Antibiotics (Basel, Switzerland) 8 (4). doi:10.3390/antibiotics8040261 
40. Dupont C, Viljoen A, Thomas S, Roquet-Banères F, Herrmann JL, Pethe K, Kremer L (2017) Bedaquiline Inhibits the ATP 
Synthase in Mycobacterium abscessus and Is Effective in Infected Zebrafish. Antimicrobial agents and chemotherapy 61 (11). 
doi:10.1128/aac.01225-17 
41. Courbon GM, Palme PR, Mann L, Richter A, Imming P, Rubinstein JL (2023) Mechanism of mycobacterial ATP synthase 
inhibition by squaramides and second generation diarylquinolines.  42 (15):e113687. 
doi:https://doi.org/10.15252/embj.2023113687 
42. Foo CS-Y, Pethe K, Lupien A (2020) Oxidative Phosphorylation—an Update on a New, Essential Target Space for Drug 
Discovery in Mycobacterium tuberculosis.  10 (7):2339 
43. Singh S, Roy KK, Khan SR, Kashyap VK, Sharma A, Jaiswal S, Sharma SK, Krishnan MY, Chaturvedi V, Lal J, Sinha S, 
Dasgupta A, Srivastava R, Saxena AK (2015) Novel, potent, orally bioavailable and selective mycobacterial ATP synthase 
inhibitors that demonstrated activity against both replicating and non-replicating M. tuberculosis. Bioorganic & Medicinal 
Chemistry 23 (4):742-752. doi:https://doi.org/10.1016/j.bmc.2014.12.060 
44. Kalia D, K. S AK, Meena G, Sethi KP, Sharma R, Trivedi P, Khan SR, Verma AS, Singh S, Sharma S, Roy KK, Kant R, 
Krishnan MY, Singh BN, Sinha S, Chaturvedi V, Saxena AK, Dikshit DK (2015) Synthesis and anti-tubercular activity of 
conformationally-constrained and bisquinoline analogs of TMC207. MedChemComm 6 (8):1554-1563. 
doi:10.1039/C5MD00131E 
45. Guillemont J, Meyer C, Poncelet A, Bourdrez X, Andries K (2011) Diarylquinolines, synthesis pathways and quantitative 
structure--activity relationship studies leading to the discovery of TMC207. Future medicinal chemistry 3 (11):1345-1360. 
doi:10.4155/fmc.11.79 
46. Tantry SJ, Markad SD, Shinde V, Bhat J, Balakrishnan G, Gupta AK, Ambady A, Raichurkar A, Kedari C, Sharma S, 
Mudugal NV, Narayan A, Naveen Kumar CN, Nanduri R, Bharath S, Reddy J, Panduga V, Prabhakar KR, Kandaswamy K, 
Saralaya R, Kaur P, Dinesh N, Guptha S, Rich K, Murray D, Plant H, Preston M, Ashton H, Plant D, Walsh J, Alcock P, Naylor 
K, Collier M, Whiteaker J, McLaughlin RE, Mallya M, Panda M, Rudrapatna S, Ramachandran V, Shandil R, Sambandamurthy 
VK, Mdluli K, Cooper CB, Rubin H, Yano T, Iyer P, Narayanan S, Kavanagh S, Mukherjee K, Balasubramanian V, Hosagrahara 
VP, Solapure S, Ravishankar S, Hameed P S (2017) Discovery of Imidazo[1,2-a]pyridine Ethers and Squaramides as Selective and 
Potent Inhibitors of Mycobacterial Adenosine Triphosphate (ATP) Synthesis. Journal of Medicinal Chemistry 60 (4):1379-1399. 
doi:10.1021/acs.jmedchem.6b01358 
 

https://doi.org/10.1002/iub.1120
https://doi.org/10.15252/embj.2023113687
https://doi.org/10.1016/j.bmc.2014.12.060

