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Abstract 

Mycobacteria have shown enormous resilience to survive and persist by remodeling and altering metabolic 

requirements. Under stringent conditions or exposure to drugs, mycobacteria have adapted to rescue themselves by 

shutting down their major metabolic activity and elevate certain survival factor levels and efflux pathways to survive 

and evade the effects of drug treatments. A fundamental feature in this adaptation is the ability of mycobacteria to 

vary the enzyme composition of the electron transport chain (ETC), which generates the proton motive force for the 

synthesis of adenosine triphosphate via oxidative phosphorylation. Mycobacteria harbor dehydrogenases to fuel the 

ETC, and two terminal respiratory oxidases, an aa3-type cytochrome c oxidase (cyt-bcc-aa3) and a bacterial specific 

cytochrome bd-type menaquinol oxidase (cyt-bd). In this study, we employed homology modeling and structure based 

virtual screening studies to target mycobacteria specific residues anchoring the b558 menaquinol binding region of 

Mycobacterium tuberculosis cyt-bd oxidase to obtain a focused library. Furthermore, ATP synthesis inhibition assays 

were carried out. One of the ligands MQL-H2 inhibited both NADH2-, and succinate driven ATP synthesis inhibition 

of M. smegmatis inside-out vesicles in micromolar potency. Similarly, MQL-H2 also inhibited NADH2-driven ATP 

synthesis in inside-out vesicles of the cytochrome-bcc oxidase deficient M. smegmatis strain. Since neither varying 

the electron donor substrates nor deletion of the cyt-bcc oxidase, a major source of protons, hindered the inhibitory 

effects of the MQL-H2, reflecting that MQL-H2 targets the terminal oxidase cytochrome bd oxidase, which was 

consistent with molecular docking studies. 
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Introduction 

The WHO 2019 report highlights that tuberculosis (TB) now accounts for more than a million deaths globally. 

The rise in incidence of multidrug resistant (MDR) or extremely drug resistant (XDR) organisms (74%) towards first 

line TB therapy coupled with increasing incidence of latent TB infections poses a serious threat to global health [1]. 

There has been a recent resurgence of drug discovery and development activities resulting in the addition of a number 

of new compounds to the TB-drug pipeline [2]. These include clofazimine and Q203 (Telacebec) targeting the NADH 

dehydrogenase (NDH; complex I) and cytochrome c oxidase (cyt-bcc-aa3) of the electron transport chain (ETC) [3, 

4], and Sirturo (Bedaquiline; BDQ) [5] as well as the new generation of 3,5-dialkoxypyridine analogues of BDQ 

[6, 7], which inhibit ATP synthesis by the F-ATP synthase.  

Within the ETC, the NDH and succinate dehydrogenases (SDHs; complex II) accept electrons from the donors 

NADH and succinate and transfer these electrons to the two terminal oxidases cytochrome-bc1:aa3 oxidase 

supercomplex (cyt-bc1:aa3) and the cytochrome-bd oxidase (cyt-bd) via menaquinol [8]. The mycobacterial cyt-bd 

belongs to the long quinol/menaquinol binding domain (QL-loop) class [9]. The enzyme utilizes menaquinol as a 

substrate on the extracellular side for electron transfer and protons (derived from H2O) on the intracellular side. 

Interestingly, cyt-bd was evolved to catalyse the reduction of molecular oxygen to water without the generation of 

reactive oxygen species (ROS) or protons [9, 10]. Its enzymatic turnover is sufficient to contribute the proton motive 

force (PMF) gradient resulting from the vectorial release of protons from the oxidation of menaquinol to the periplasm 

and the uptake of protons from the cytoplasm to form H2O [11]. Mycobacterial cyt-bd encompasses three heme groups, 

a low spin Cytochromes b558, two high spin- b595 and a chlorin d as redox centers that conduct the partitioning of 

electron flux across the terminal oxidase. Homology to the closest structural bacterial homologs like Geobacillus 

thermodenitrificans [12] suggests that the subunits b and d are located within the bacterial cytoplasmic membrane. 

Two conserved glutamic acid residues, E99 and E107 in the related Escherichia coli enzyme, (Supplementary Fig. 1) 

were shown to anchor the heme b595 and play an important role in oxygen binding and reduction to water. Mutation 

of these two glutamate residues not only resulted in loss of oxidase activity but also loss of heme b595 and -d. 

Contrastingly, a similar mutation of conserved residue E257A (E. coli) located at the menaquinol binding site had 

inactivated the oxidase enzyme activity but without the loss of heme groups [11]. A very recent cryo-EM structure of 

the E. coli cyt-bd revealed an oxygen conducting channel (O-channel) comprising of hydrophilic residues such as 

S108(A), E107(A), and S140(A) and a proton channel outlined by conserved helix segment ''WDGNQ" (TMH2(B)) 
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to W63(B), which further extends and combines into O-channel [9]. These features highlight the presence of 

differential regulation node points, oxygen binding channel/proton channel inside this enzyme. Thus, cytochrome 

oxidases, positioned at a level upstream of the F-ATP synthase, are key to the maintenance of the proton motive force 

by catalyzing the flow of electrons for terminal reduction of molecular oxygen into H2O and thereby ATP homeostasis. 

Genetic ablation of the cytochrome bcc complex in itself was not sufficient to induce cidal effects as the mycobacterial 

metabolic resilience enabled it to survive by elevating the levels of alternative non proton pumping terminal cyt-bd 

oxidase. Enhanced levels of cyt-bd expression has not only been shown to alleviate the membrane potential, but also 

to confer protection against hypoxia [13], CN [14], H2O2 [15], nitric oxide [16] and rescue from the cidal actions of 

antimycobacterials such as BDQ [17] or Q203 [18-20].  Studies employing genetic knock down or chemical inhibitors 

such as aurachin D [21] have shown the inhibition of the cyt-bd mediated increase in oxygen consumption rate (OCR) 

further augments the lethality (MIC) of mycobacterial agents [17-20].  

The lack of the human homolog of this protein coupled with sequence variations at the mycobacterial menaquinol 

binding site, in comparison to bacterial homologs, presents an opportunity to target these residues selectively in 

mycobacteria. This would also allow target selectivity as well as to push the mycobacteria into a suicidal mode, when 

used in combination therapy and avoid mycobacterial drug resistance. In this study, we present the identification of a 

novel mycobacterial cyt-bd inhibitor, MQ-H2 that targets the mycobacterial menaquinol loop region and inhibits ATP 

synthesis in M. smegmatis inverted membrane vesicles (IMVs). Further, by employing differential substrates (NADH2 

or succinate) and IMVs of the cytochrome bcc deficient M. smegmatis mutant (Δbcc) we showed, that MQ-H2 inhibits 

mycobacterial ATP synthesis proposed by targeting the terminal cyt-bd. 

 

Materials & Methods 

Modeling simulations 

 Homology modeling: To our knowledge, neither high- nor low resolution structures of mycobacterial cyt-bd have 

been determined. We have utilized comparative protein or homology modeling as a work around to obtain the 3D 

structural model of the M. tuberculosis (Mtb) cyt-bd. Using protein blast, the closest homolog of Mtb cyt-bd were 

enumerated and the closest homolog G. thermodenitrificans cyt-bd (pdb 5DOQ, resolved at 3.05 Å) with 27.0 percent 

identity [16] was employed as a template to model Mtb cyt-bd structures using Phyre2 (Protein Homology/analogY 

Recognition Engine V 2.0) [18]. 
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Protein Preparation: The Mtb homology model of cyt-bd was prepared by fixing the bond orders of the cofactors - 

porphyrin rings, heme atoms and the ligated histidine residue during the refine step of protein preparation. The refined 

protein was energy minimized until the heavy atoms converged to 0.3 Å rmsd using OPLS force field in protein 

preparation wizard and Macromodel modules in Schrödinger suite of programs [22, 23]. The quality of the homology 

model was evaluated using procheck algorithm [24, 25]. All molecular modeling simulations were performed on a 

Linux workstation.  

 

Ligand preparation: Chemdiv discovery collection of more than one million molecules was employed for virtual 

screening studies. Using default settings with ligand preparation and energy minimization tools, the 2D library was 

converted into 3D and energy minimized. The mycobacterial specific residues such as M251, M259, F274, S275, 

S340, and M348 that make up the substrate binding were used to define the site point for grid generation using default 

settings in glide. The Chemdiv 3D library was run through High-Throughput Virtual Screening (HTVS) mode, the 

Standard Precision (SP) mode, and extra precision (XP) mode using default settings [26, 27]. The best scoring poses 

were selected based on their interactions at the above predefined residues as well as heme b558. Qikprop tool [15] 

was used to calculate the absorption, distribution, metabolism, excretion and toxicity (ADMET) properties and 

together with properties and Glide scores, 10 best probable ligands are selected for purchase. 

 

ATP synthesis assays 

 Preparation of the wild type (WT) M. smegmatis mc2 155- and Δbcc M. smegmatis IMVs was done as described 

previously [28] and ATP synthesis was performed according to Hotra et al., 2016 [29] in 96 well plates. ATP synthesis 

(%) in the presence of varying concentrations of compound was compared to untreated wells as negative control. Dose 

response inhibition (IC50) values were determined by using variable slope (four parameters) non-linear regression 

fitting model (IC50 ± S.D) in GraphPad software 8.0 [30]. The M. smegmatis Δbcc mutant, deficient of the gene 

encoding the mycobacterial cytochrome bcc complex was kindly provided by Professor Gregory M. Cook, Department 

of Microbiology and Immunology, School of Biomedical Sciences, University of Otago, Dunedin 9054, New Zealand. 
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Results & Discussion 

Homology model of Cyt bd Oxidase 

 Blast protein search for homologues of cyt-bd oxidase on the protein database revealed the G. thermodenitrificans 

cyt-bd oxidase structure with a resolution of 3.05 Å as the closest homolog with a sequence identity of 27%. The 

sequence alignment with this template showed borderline positives of 45% and a low percentage of gaps (10%) 

suggesting that a reasonable homology model could be built (data not shown). We utilized the ab initio algorithm in 

Phyre2 program, which can efficiently generate a homology model for sequences with low sequence identity, and 

generated an ensemble of models. The quality of the homology models was evaluated by procheck algorithm [24, 25]. 

The Ramachandran plot suggested that ~91 percent of the residues were in the most favorable region, 18 and 0.5% of 

the residues in additional and generously allowed regions respectively and 0% residues in disallowed regions 

(Supplementary Fig. S2). The model had an overall G-factor of -0.17 which was above the specified cuttoff of -0.5, 

suggesting that the model built was of reasonable stereochemical quality. 

 

Mycobacterial cyt-bd specific epitopes within the redox center and the menaquinol-binding site 

 An amino acid sequence comparison of bacterial and mycobacterial cyt-bd oxidases highlights that the bacterial 

cyt-bd employs a histidine and methionine residues as bi-axial ligands for heme b558 coordination. In E. coli, 

glutamate residues such as E99, E107 (anchoring heme b595) (Supplementary Fig. S2) were shown to mediate oxygen 

channel formation and are a prerequisite for terminal oxidation of oxygen to water. Further, mutagenesis data on the 

menaquinol loop region (E257A, (heme b558)) of the E. coli cyt-bd oxidase highlighted the possibility of differential 

regulation of oxidase activity without the loss of b595 and d hemes [11]. Strikingly, the menaquinol loop binding 

region in mycobacterial species has multiple residues that are varied in comparison to bacterial orthologues. Mainly, 

the residues such as H185, D245, M251, F252, M257, M259, F274, S275, V297, S340, M343, M344, M348, and 

V393 (Fig. 1, light pink shaded) that outline the menaquinol binding site are unique compared to bacterial orthologues. 

Another conspicuous feature is the presence of methionine residues around the catalytic site in mycobacterial 

cytochrome oxidase enzyme. This highlights the possibility of surface exposed methionine residues guarding the 

enzyme from excess of ROS by serving as a scavengers of ROS [31, 32]. These peculiar features inside the 

mycobacterial menaquinol binding site present the avenue to enrich selectivity towards the mycobacterial cyt-bd 

oxidase. 
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Identification of novel ligands 

 These intriguing features at the menaquinol binding loop region motivated us to carry out a virtual screening 

campaign to identify novel chemical entities that could bind the highlighted residues and inhibit mycobacterial cyt-bd 

oxidase and with this oxidative phosphorylation. As depicted in Figure 2, our initial glide high throughput virtual 

screening (HTVS) enabled us to differentiate between probable binders and non-binders from a library of more than 

one million molecules. The ligands with a docking score of less than -5.0 only were taken forward into a standard 

precision run. This run carried out an exhaustive conformation sampling of ligand torsions to generate pose 

conformations. Poses with docking score of less than -6.0 were taken further into extra precision run. Glide XP uses 

much more exhaustive approach of "anchor and grow" to sample the conformational space and a XP scoring function 

to yield the best ranking poses. Next, ADMET properties were enumerated using Qikprop tool to further exclude 

ligands with unfavorable solubility, logP, and Human Ether-a-go-go-Related Gene (HERG) binding predictions. 

Finally, pose interaction analysis enabled us to identify ten ligands that are predicted to bind with sub-micromolar 

affinity at the previously highlighted Mtb cyt-bd residues.  

 

Potency and target specificity of the novel compound MQL-H2  

 We evaluated the ability of compounds to inhibit mycobacterial ATP synthesis using IMVs of WT M. smegmatis 

and the Δbcc mutant strain at 1 and 100 µM concentrations (data not shown). Among these 10 compounds, compound 

(MQL-H2), 3-[[2-(4-chlorophenyl)ethylamino]methyl]-1-ethyl-indole-2-carboxylic acid inhibited NADH-driven ATP 

synthesis of IMVs of WT M. smegmatis with an IC50 of 60 ± 4.3 µM (red line, Fig. 3a) while the positive control 

Q203 showed an IC50 of 1.6 ± 0.3 nM (blue line, Fig. 3a). Likewise, MQL-H2 also exhibited the ability to inhibit 

succinate-driven ATP synthesis with an IC50 75 ± 2.5 µM in comparison to the control of Q203 (IC50 0.9 ± 0.4 nM) 

(Fig. 3b, blue line). Since varying the electron donors that activate ATP synthesis via complex I and -II have not 

abrogated the inhibitory effects of MQL-H2, it can be inferred that both complexes were not involved in mediating the 

actions of MQL-H2. Furthermore, our results with Δbcc M. smegmatis IMVs also showed that MQL-H2 inhibited ATP 

synthesis with an IC50 34 ± 1.7 µM (Fig. 3c). Taken together, the ability of MQL-H2 to inhibit the ATP synthesis in 

Δbcc M. smegmatis IMVs corroborates that cytochrome bcc reductase was not involved in mediating the actions of 

MQL-H2 and more likely points to the role of terminal cyt-bd oxidase as probable target as envisaged in our drug 

design. 
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Molecular interactions of MQL-H2 with the menaquinol loop of mycobacterial cyt-bd 

 The structure of MQL-H2 has two aromatic rings linked by an ethyl-amino-methyl fragment to the 3rd position of 

N-ethyl-indole-2-carboxylic acid (Fig. 3d). Our molecular docking results revealed that the indole fragment docked 

deeply into the substrate binding site with a glide gscore of -6.6, suggestive of being a micro-molar binder (Fig. 4). 

The phenyl moiety of indole is docked into the vicinity of the heme b558 group and was engaged in strong hydrophobic 

interactions (pink line) with the amino acids M259, F252 and G248. The N1-ethyl on indole ring seems to anchor 

hydrophobic interactions with the side chain atoms of M344 of the enzyme. Further, the indole aromatic ring was 

involved in i) strong π-π stacking interactions (orange line) with F274, ii) π-alkyl interactions (pink line) with the 

heme b558 group, and iii) π-sulfur interactions (pink line) with residue M344. The amino linker interacts with the acid 

moiety of D245 via attractive electrostatic charged interaction, while the ethyl hydrogen atoms have van der Waals 

contacts with the D245 acid moiety (not shown for clarity). The terminal chlorophenyl group on this ligand was also 

engaged in π-alkyl interactions with the heme b558 group (pink lines) while the 4-chloro atom on the phenyl has 

hydrophobic interactions (pink line, (~3 Å)) with β-methylene (CH2) atoms of M348. 

 

Conclusions 

 Mycobacteria have evolved to survive regulate respiration by enhancing alternate oxidases such as cyt-bd and 

survive even in extreme conditions. In this study, we employed an in silico screening to identify a novel inhibitor 

MQL-H2 that targets mycobacterial cyt-bd at the menaquinol-binding site. MQL-H2 inhibited the ATP synthesis driven 

by differential electron donor substrates as well as in Δbcc M. smegmatis IMVs. Together with molecular docking, the 

biochemical assays revealed that the efficacy of MQL-H2 in oxidative phosphorylation inhibition is mediated via 

selective inhibition of the terminal cyt-bd. These novel findings pave the way for medicinal chemistry based hit 

optimization efforts of MQL-H2. 
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Figure 1 

 

Fig. 1 Sequence alignment of the mycobacterial cyt-bd menaquinol loop region with other homologue enzymes. 

Highlighted are histidine and methionine residues that form the co-axial ligands for b558. Highlighted in light red 

shade or (^) are residues that are only seen in mycobacterial species and anchor the substrate (menaquinol) binding 

site.   
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Figure 2 

 

Fig. 2 Flow chart showing the steps used in virtual screening. High throughput virtual screening (HTVS) using of 

Chemdiv’s ~1 million discovery collection led to differentiate the binders. Molecules with a g-score of < -5.0 were 

taken into standard precision (SP) run. Next, using a cutoff g-score of < -6 were considered for extra precision (XP) 

run. Using XP score, pose interactions at the intended residues and ADMET property filters led to finalizing 10 ligands 

for purchase. 
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Figure 3 

 

Fig. 3 Effects of MQL-H2 on ATP synthesis. a) Dose response curve of MQL-H2 (IC50 60 ± 4.3 µM) showing the 

inhibition of NADH2 driven ATP synthesis on WT M. smegmatis IMVs compared to Q203 (IC50 1.6 ± 0.3 nM). b) 

Dose response curve of MQL-H2 (IC50 75 ± 2.5 µM) revealing the inhibition of succinate-driven ATP synthesis on 

WT M. smegmatis IMVs compared to Q203 (IC50 0.9 ± 0.4 nM). c) Dose response curve of MQL-H2 (IC50 34 ± 1.7 

µM) demonstrating the inhibition of NADH-driven ATP synthesis on the M. smegmatis Δbcc mutant IMVs. d) 

Chemical structure of MQL-H2 bears the IUPAC name of 3-[[2-(4-chlorophenyl)ethylamino]methyl]-1-ethyl-indole-

2-carboxylic acid. 
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Figure 4 

 

Fig. 4 Cartoon model of MQL-H2-binding at the MQ-loop region of Mtb cyt-bd. The indole ring on MQL-H2 has 

π-π stacking interaction (orange line) with F274 and π-alkyl interaction with heme b558 (pink line), M344 (π-S, orange 

line) highlight that this ligand is deeply positioned into the quinol binding site. Shown in pink are alkyl hydrophobic 

interactions of the indole ring with M259, F253 interactions. The N1 ethyl on indole ring also further chaperone the 

alkyl interactions with side chain atoms of M344. The terminal chlorophenyl ring was also involved in alkyl interaction 

with the heme b558 group and M348 residues (pink line). The linker amino atom mediates the electrostatic charged 

interaction with acid moiety of D245 (not shown for clarity). Proximal histidine is also not shown for clarity. 


