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Abstract: Bedaquiline (BDQ) inhibits ATP generation in Mycobacterium tuberculosis by interfering
with the F-ATP synthase activity. Two mechanisms of action of BDQ are broadly accepted. A direct
mechanism involves BDQ binding to the enzyme’s c-ring to block its rotation, thus inhibiting ATP
synthesis in the enzyme’s catalytic α3β3-headpiece. An indirect mechanism involves BDQ uncoupling
electron transport in the electron transport chain from ATP synthesis at the F-ATP synthase. In a
recently uncovered second direct mechanism, BDQ binds to the enzyme’s ε-subunit to disrupt its
ability to link c-ring rotation to ATP synthesis at the α3β3-headpiece. However, this mechanism
is controversial as the drug’s binding affinity for the isolated ε-subunit protein is moderate and
spontaneous resistance mutants in the ε-subunit cannot be isolated. Recently, the new, structurally
distinct BDQ analogue TBAJ-876 was utilized as a chemical probe to revisit BDQ’s mechanisms
of action. In this review, we first summarize discoveries on BDQ’s mechanisms of action and
then describe the new insights derived from the studies of TBAJ-876. The TBAJ-876 investigations
confirm the c-ring as a target, while also supporting a functional role for targeting the ε-subunit.
Surprisingly, the new findings suggest that the uncoupler mechanism does not play a key role in
BDQ’s anti-mycobacterial activity.
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1. Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb) [1,2], is the leading infectious disease
killer worldwide and thus a major global health concern [1,3]. One of the contributing factors to
this ongoing health crisis is the alarming rise of drug resistance [3]. Unfortunately, the incidence of
drug-resistant TB has been predicted to continue rising [3,4]. To combat drug-resistant TB, the anti-TB
drug Bedaquiline (BDQ) was fast-tracked for approval by the US Food and Drug Administration (FDA)
in 2012 [5,6]. This drug is conditionally administered for the treatment of multi-drug-resistant TB
(MDR-TB) [6–8], which is defined as resistance against the first-line drugs isoniazid and rifampicin [9].

BDQ (Figure 1) is a first-in-class diarylquinoline that is highly active against Mtb. It displays potent
in vitro activity against both drug-sensitive and drug-resistant strains of Mtb (Minimum Inhibitory
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Concentration (MIC) of 0.002–0.013 µg/mL [10,11]). This potent activity holds true in vivo where
BDQ has demonstrated accelerated sterilizing activity [12], with four months of BDQ treatment
being as efficacious as six months of first-line drug treatment of Mtb-infected mice [13]. Importantly,
BDQ also displays bactericidal activity against non-replicating Mtb at therapeutically attainable
concentrations [14,15]. In the clinical setting, the usage of BDQ has produced promising results.
Studies have shown that the usage of the drug for drug-resistant TB treatment improved sputum
conversion and reduced chemotherapy duration and relapse [16–19]. Hence, new BDQ-containing
drug regimens are currently being explored in Phase III clinical trials, such as the STREAM and
SimpliciTB trials [20]. One such trial, the Nix-TB trial, resulted in the recent US FDA approval of the
BDQ-pretomanid-linezolid six months, all-oral regimen for the treatment of drug-resistant TB [21,22].Antibiotics 2020, 9, x 3 of 12 
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[42]. Furthermore, BDQ’s interaction with the essential E61 amino acid residue blocks it from carrying 
out ion exchange which is required to facilitate proton flow down the transmembrane pH gradient 
[42]. 

Figure 1. Structures of Bedaquiline (BDQ) and TBAJ-876. BDQ’s quinoline (1), dimethylamino (4),
and hydroxyl (5) moieties are retained in TBAJ-876. However, the parental drug’s phenyl (2) and
naphthalene (3) moieties are replaced by the 2,3,5-trialkoxypyridin-4-yl and 3,5-dialkoxypyridin-4-yl
moieties, respectively.

BDQ carries out its anti-mycobacterial activity by inhibiting ATP synthesis, a process that is crucial
to the growth of Mtb and to its survival in its non-growing dormant state [15,23,24]. Inhibition of
ATP synthesis occurs through the drug’s interference with mycobacterial F-ATP synthase activity,
which consequently leads to the depletion of bacterial ATP [25,26]. Interestingly, the bactericidal
activity of BDQ is delayed, i.e., cell death does not occur immediately upon depletion of ATP [27].
Metabolomic, transcriptomic, and proteomic analyses of BDQ’s effect on Mtb have shed some light
on the complexity of the intra-bacterial follow-on events after inhibition of ATP synthesis. A study
by Koul et al. showed that BDQ inhibits protein and DNA synthesis in a dose-dependent manner,
despite not directly targeting any component of these processes [27]. A recent study by Wang et al.
showed that BDQ affects nitrogen metabolism, specifically the activity of glutamine synthetase as this
enzyme is highly sensitive to changes in intra-bacterial ATP content [28]. These findings suggest that
BDQ’s inhibition of ATP synthesis causes differential inhibition of various ATP-dependent metabolic
processes. This ‘extended mechanism of action’ of BDQ is consistent with the emerging concept that
the modulation of a primary target by an antibiotic triggers a series of intra-bacterial follow-on events
resulting in the corruption of multiple cellular processes [29].

Although BDQ is a highly efficacious drug, it has pharmacological and toxicological liabilities.
The drug is highly lipophilic (cLogP = 7.25), which can contribute to long terminal half-life due to
its accumulation within tissues via phospholipidosis [30]. Another issue is the drug’s inhibition of
cardiac hERG potassium ion channels which can potentially lead to QT interval prolongation [31].
This raises concerns regarding co-administration of BDQ with other QT interval-prolonging drugs
(e.g., fluoroquinolones) [32]. To address these liabilities, a medicinal chemistry campaign was
conducted [33–37]. This chemistry-driven work, using Mtb whole-cell activity as a read-out, resulted
in the discovery of 3,5-dialkoxypyridine analogues of BDQ [37]. TBAJ-876 (Figure 1) was selected
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from this series to progress to pre-clinical development due to its lower lipophilicity, lower hERG ion
channel inhibition, higher clearance and retention of BDQ’s potent activity against Mtb [37]. The reason
for TBAJ-876′s lower lipophilicity is its different structure compared to BDQ. The parental drug’s
naphthalene and phenyl moieties are replaced by the more hydrophilic 2,3,5-trialkoxypyridin-4-yl and
3,5-dialkoxypyridin-4-yl moieties, while only the quinoline, dimethylamino, and hydroxyl moieties are
retained in the compound (Figure 1). Recent work on the mechanism of action of TBAJ-876 provided
an opportunity to utilize the compound as a chemical probe to revisit BDQ’s mechanisms of action.
In this review, we summarize and discuss findings on BDQ’s mechanisms of action before the discovery
of TBAJ-876, and then describe the new insights into the mechanisms derived from studies of the
new compound.

2. Mechanisms of Action of BDQ—Before TBAJ-876′s Discovery

ATP synthesis, the process targeted by BDQ, occurs through a complex metabolic pathway known
as oxidative phosphorylation. This essential pathway starts off with activity along the electron transport
chain (ETC) [38]. In the ETC, NADH or succinate donate electrons to membrane-associated protein
complexes which subsequently pass these electrons to terminal oxidases or reductases through the
electron-carrier menaquinone [38]. This activity is accompanied with the pumping of protons from the
cytoplasm to the periplasm by some of the complexes of the ETC. The pumping of protons generates a
transmembrane pH gradient and contributes to the membrane potential, both of which are components
of the proton motive force [38]. This force drives the rotation of the F-ATP synthase c-ring, which
consequently drives ATP synthesis at the enzyme’s α3β3 catalytic headpiece via the enzyme’s central
stalk subunits γ and ε [38–41].

2.1. Stalling of Rotation of the Mycobacterial F-ATP Synthase c-Ring

BDQ is a direct inhibitor of the mycobacterial F-ATP synthase [10,25,26]. The drug’s first binding
site on the enzyme was shown to be the c-subunit, nine copies of which make up the c-ring [42].
This binding site was initially uncovered through extensive spontaneous mutant generation studies,
which showed that BDQ resistance mutations were located at the D28, E61, A63, and I66 amino acid
residues of the Mtb c-subunit [10,43,44]. Binding and biochemical studies showed that c-subunit
mutations prevented BDQ binding to the c-subunit and thus reduced the drug’s inhibitory effect on
the F-ATP synthase’s activity, hence providing further evidence that the drug targets the c-ring as its
mechanism of action [25]. A subsequent structural and computational study by Preiss et al. resolved
the crystal structure of the Mycobacterium phlei F-ATP synthase c-ring in complex with BDQ [42]. This
study showed that BDQ binds to a cleft between two c-subunits of the c-ring and that this binding
site is composed of the M. phlei counterparts of the Mtb c-subunit D28, E61, A63, and I66 amino acid
residues [42]. Furthermore, the study showed that multiple BDQ molecules can be bound to the c-ring
simultaneously, depending on the drug’s concentration [42]. While bound to the c-ring, interplay
between BDQ molecules can occur, as suggested by the recent finding that c-ring binding affinity of a
BDQ molecule is increased when there is complementary binding of an additional BDQ molecule [45].

BDQ binding to the c-ring has been proposed to inhibit the mycobacterial F-ATP synthase’s
ATP synthesis activity by stalling c-ring rotation. This is due to the complex of BDQ bound to a
c-subunit being sterically unfavorable to pass through the interface between the enzyme’s a-subunit
and c-ring [42]. Furthermore, BDQ’s interaction with the essential E61 amino acid residue blocks it
from carrying out ion exchange which is required to facilitate proton flow down the transmembrane
pH gradient [42].

The c-ring of the mycobacterial F-ATP synthase is a target of importance for the activity of BDQ.
This is reflected in studies which show that high levels of BDQ resistance (10–100-fold MIC) are
conferred by in vitro isolated spontaneous c-subunit missense mutations [43,44]. The recent emergence
of c-subunit resistance mutations in clinical isolates from BDQ-treated TB patients further affirms this
notion [46].
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2.2. Uncoupling Electron Transport from ATP Synthesis

In addition to directly inhibiting the mycobacterial F-ATP synthase, BDQ functions as an uncoupler
of electron transport from ATP synthesis at high drug concentrations [47,48]. Biochemical studies on
Escherichia coli liposomes by Hards et al. showed that BDQ functions as an uncoupler by behaving
as a H+/K+ anti-porter [48]. BDQ translocates protons in a similar manner as the lipophilic weak
base ellipticine [48]. This allows the protonated form of BDQ to cross the hydrophobic core of
the mycobacterial membrane. BDQ’s translocation of protons reduces the proton motive force by
dissipating its transmembrane pH gradient component, thereby severing the link between ETC activity
and ATP synthesis [47,48]. Interestingly, BDQ is unlike typical uncouplers as it requires localization to
a protein target (F-ATP synthase) to exert its effect [47,48].

Importantly, the H+/K+ anti-porter mechanism, put forward by Hards et al., was able to account
for the peculiar lack of effect on the membrane potential during BDQ treatment [47]. This could not
be accounted for by previous proposals of BDQ’s uncoupler activity, such as BDQ behaving as a
cationic protonophore [49] or causing uncontrolled proton leakage by perturbing the interface between
the a-subunit and the c-ring [47]. Interestingly, the notion that BDQ is a H+/K+ anti-porter was also
proposed by Nath [50], based on his theory that the flow of protons down the transmembrane pH
gradient is accompanied by anion/counter-cation translocation [51]. Nath’s hypothesis also stated that
BDQ’s H+/K+ anti-porter activity occurs from the vicinity of its binding site on the c-ring [50].

Previous work on uncouplers has shown that their effect on the proton motive force leads to
the reduction of intra-bacterial ATP content and altered intra-bacterial pH, both of which affects
bacterial viability [52,53]. Therefore, BDQ’s uncoupler activity was proposed to be crucial for the
drug’s bactericidal activity against Mtb [47,48]. This is supported by the observation that the high
concentrations needed for the uncoupler activity are within the range of concentrations at which the
drug’s bactericidal activity occurs (≥30-fold MIC) [27,47]. Hence, the uncoupling of electron transport
from ATP synthesis is viewed as a mechanism that is important for the mycobactericidal activity
of BDQ.

2.3. Disrupting the Mycobacterial F-ATP Synthase ε-Subunit’s Function of Linking c-Ring Rotation to
ATP Synthesis

Recent research by our groups have uncovered the ε-subunit as a second target of BDQ on the
mycobacterial F-ATP synthase. BDQ’s targeting of the ε-subunit was first revealed through binding
studies conducted by Biukovic’ et al. [54]. The authors showed that BDQ binds to the isolated Mtb
ε-subunit at the region around the W16 amino acid residue [54]. A genetic approach was utilized
in a subsequent study where two mutant Mycobacterium smegmatis strains were engineered, one
overexpressing the ε-subunit and the other harboring a mutation of the ε-subunit W16 residue, and
tested for their susceptibility to BDQ [55]. The findings showed susceptibility shifts induced by the
engineered genetic alterations, suggesting activity of the drug on the ε-subunit in intact bacteria [55].

Recently, the solution Nuclear Magnetic Resonance (NMR) structure of the Mtb ε-subunit was
resolved [56]. This structure, together with genetic and biochemical studies, showed that the Mtb
ε-subunit plays a novel role in ATP synthesis by linking c-ring rotation to ATP synthesis at the
α3β3-headpiece [56–58]. Critical to this function is the Mtb ε-subunit’s inter-domain amino acid
interaction network, which transmits information on c-ring rotation throughout the subunit and to its
C-terminus. The C-terminus can adopt an extended conformation to interact with the α3β3-headpiece
to pass on this information. This process is proposed to contribute to the initiation of ATP synthesis at
the α3β3-headpiece [56,58]. Through NMR titration, BDQ’s binding site on the Mtb ε-subunit was
uncovered to be the A10–W16 amino acid region [56]. This study also showed that BDQ binding induces
intra-protein structural changes that affect the subunit’s amino acid interaction network. By corrupting
the intra-subunit communication network, BDQ binding appears to inhibit the ε-subunit’s ability to
link c-ring rotation to ATP synthesis [56].
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However, there are two experimental findings that put into question the contribution of targeting
the ε-subunit to BDQ’s inhibition of F-ATP synthase activity. Firstly, BDQ has a dissociation constant
(Kd) of 19.1 µM with the isolated ε-subunit protein, suggesting only moderate binding affinity for the
drug [54]. This is in contrast to the drug’s Kd of 500 nM for the c-subunit [25] and nM-potency in
terms of IC50 for ATP synthesis activity [25] and MIC [10,11]. Secondly, spontaneous BDQ resistance
mutations in Mtb map only to the c-subunit but not the ε-subunit [43,44]. Collectively, these two
findings suggest that targeting the ε-subunit may play a secondary, perhaps even negligible role in the
on-target activity of BDQ when compared to its c-ring targeting mechanism.

3. Insights into BDQ’s Mechanisms of Action Derived from TBAJ-876 Studies

TBAJ-876 was discovered through a chemistry-driven approach, using Mtb whole cell activity
as readout. This novel BDQ analogue is structurally (Figure 1), as well as physico-chemically [37],
distinct from the parental drug. Thus, TBAJ-876 provided an opportunity to revisit the mechanisms of
action of BDQ. The new analogue was shown to be a potent biochemical inhibitor of mycobacterial
F-ATP synthase activity and to retain BDQ’s anti-mycobacterial potency, including its bactericidal
activity [59,60]. Based on these findings, questions could be raised on the compound’s retention of
BDQ’s mechanisms of action. If targeting the ε-subunit is not required for effective inhibition of
the mycobacterial F-ATP synthase, one would assume that this property should have been easily
lost during empirical optimization. On the other hand, if BDQ’s uncoupler property is indeed a
mechanism critical to BDQ’s activity, this property should have been retained during the chemical
derivatization process.

3.1. TBAJ-876 Retained BDQ’s Targeting of Both the c-Ring and ε-Subunit

The biochemical study of the mechanisms of action of TBAJ-876 confirmed that the compound
inhibits the mycobacterial F-ATP synthase. The findings showed a correlation between TBAJ-876′s
more potent inhibition of the mycobacterial F-ATP synthase’s ATP synthesis activity and its lower
MIC compared to BDQ, which suggested that the strength of mycobacterial F-ATP synthase inhibition
influences the drug’s anti-mycobacterial activity [59]. The same study also confirmed that targeting
the mycobacterial F-ATP synthase c-ring is critical to BDQ’s anti-tubercular activity. This was reflected
by the finding that high levels of resistance against both TBAJ-876 and BDQ are conferred by c-subunit
missense mutations isolated against TBAJ-876 [59].

Interestingly, TBAJ-876 was found to retain targeting of the mycobacterial F-ATP synthase
ε-subunit. NMR titration studies showed that TBAJ-876 not only binds to the same binding region as
BDQ but also induces similar structural changes inside the ε-subunit [59]. Furthermore, susceptibility
testing of TBAJ-876 against engineered M. smegmatis strains, either over-expressing the ε-subunit or
harboring an amino acid alteration at the ε-subunit W16 amino acid residue, showed similar MIC shifts
observed for BDQ. This suggested that TBAJ-876 interacts with the ε-subunit not only in vitro but
also in intact bacteria [59]. These findings were somewhat surprising as one may have expected that
TBAJ-876 had lost BDQ’s—only moderate—affinity for the ε-subunit owing to its different structure:
the compound lacks BDQ’s phenyl and naphthalene moieties (Figure 1) which are proposed to interact
with the Mtb ε-subunit’s W16, S17, and F86 amino acid residues [56].

The finding that TBAJ-876 retained BDQ’s dual targeting of both the c-ring and ε-subunit of the
mycobacterial F-ATP synthase supports an on-target mechanism of action model in which targeting both
components of the enzyme is required for effective inhibition of enzyme activity. It is interesting to note
that the F-ATP synthase has been previously shown to possess the ability to overcome inhibition of c-ring
rotation by a small molecule. This was uncovered through studies on N, N’-Dicyclohexylcarbodiimide
(DCCD), a known F-ATP synthase inhibitor that binds to a similar binding site as BDQ on the c-subunit.
These studies showed that the E. coli F-ATP synthase is able to undergo transient rotations that allow
for low enzyme activity when DCCD is bound to the c-ring [61]. While transient rotations of the
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mycobacterial F-ATP synthase have yet to be uncovered, BDQ’s inhibition of the ε-subunit may be
required to nullify the contribution of possible transient rotations to the enzyme’s ATP synthesis.

The studies of BDQ and TBAJ-876 on engineered M. smegmatis ε-subunit mutants suggest that
both antibiotics interact with the subunit in vivo at low concentrations. How can this observation be
reconciled with the drug’s moderate affinity for the ε-subunit in vitro (Kd of 19.1µM)? The measurement
of the drug’s binding affinity to the subunit is based on the isolated recombinant ε-subunit protein [54],
which is likely to differ in conformation from the dynamic forms of the subunit in the intact F-ATP
synthase complex [56]. Thus, it is plausible that BDQ’s binding affinity for the ε-subunit may be higher
for the subunit’s conformation(s) presented in situ, which would be consistent with the effects of the
drug observed in intact bacteria possessing engineered mutations in the ε-subunit [55].

If targeting the ε-subunit is required for BDQ’s activity, why is it not possible to isolate BDQ
resistance mutations in the ε-subunit? The mechanism of action and resistance against DCCD could
provide an insight into this peculiar observation. Besides targeting the c-ring [62–64], DCCD also
targets the β-subunit [65,66] of the F-ATP synthase. However, studies on E. coli [64] and Streptococcus
faecalis [62] have shown that spontaneous DCCD resistance mutations can only be isolated in the
c-subunit but not the β-subunit. Interestingly, a mutational study of DCCD’s binding site on the E. coli
β-subunit (E181 residue) showed that site-directed mutagenesis of this key residue resulted in loss of
the subunit’s activity [67]. This suggests that the bacterium cannot tolerate spontaneous resistance
mutations in the β-subunit due to their detrimental effect on F-ATP synthase activity. This may also be
the case for BDQ and the ε-subunit. Site-directed mutagenesis of the W16 amino acid in BDQ’s binding
site on the ε-subunit has been shown to cause a strong reduction of ATP synthesis by the mycobacterial
F-ATP synthase [56]. This effect of the amino acid alteration on enzymatic activity is consistent with
the mutation having a destabilizing effect on the subunit’s amino acid interaction network, which is
required for the ε-subunit’s ability to link c-ring rotation to ATP synthesis at the α3β3-headpiece [56].
This suggests that resistance-conferring missense mutations in the ε-subunit are not tolerated by the
bacterium, which may explain the inability to isolate BDQ resistance mutations in this subunit.

3.2. TBAJ-876 Did Not Retain BDQ’s Uncoupler Activity

BDQ’s uncoupler activity is proposed to contribute to the bactericidal activity of the drug [47,48].
Hence, TBAJ-876 should have retained this property since the compound was uncovered to possess
similar bactericidal activity as BDQ [60]. However, TBAJ-876 was found to have lost BDQ’s uncoupler
activity. TBAJ-876 was shown to have a much weaker effect than the parental drug in dissipating
the transmembrane pH gradient in M. smegmatis inverted membrane vesicles [60]. Further analyses
showed that the compound was less effective than BDQ in crossing the mycobacterial membrane [60].
This could be due to the compound’s lower lipophilicity compared to the parental drug since high
lipophilicity is required by protonophores for moving through lipid-rich membranes to translocate
protons [68]. Collectively, these findings suggest that the uncoupler activity of BDQ is not required
by the drug to exert bactericidal activity. This notion regarding the role of BDQ’s uncoupler activity
is further supported by the drug’s inability to induce carbonyl cyanide m-chlorophenyl hydrazine
(CCCP)-like mycobacterial killing during the initial phase of BDQ treatment [27,53], despite the drug
possessing similar protonophore activity as the bona fide uncoupler [47,48].
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Figure 2. Mechanisms of action of BDQ. Shown is a schematic representation of the mycobacterial
F-ATP synthase and the three proposed mechanisms (1, 2, 3) of how BDQ interferes with the activity
of this enzyme complex. During ATP synthesis, the proton motive force drives rotation of the c-ring
(c9) via the flow of protons down the transmembrane pH gradient through the interface between the
a-subunit and c-ring. This rotation is transmitted by the γ- and ε-subunits to the α3β3-headpiece where
it drives ATP synthesis. An indirect mechanism of action of BDQ involves the drug functioning as a
H+/K+ anti-porter from the vicinity of its c-ring binding site (1), thereby collapsing the transmembrane
pH gradient component of the proton motive force which is required to drive c-ring rotation. This
causes the uncoupling of electron transport in the electron transport chain (ETC) from ATP synthesis at
the F-ATP synthase. The direct mechanisms of action of BDQ involve targeting the c-ring (2) and the
ε-subunit (3) of the enzyme. Binding to a c-subunit stalls rotation of the c-ring and thus inhibits ATP
synthesis in the catalytic α3β3-headpiece. Binding to the ε-subunit disrupts its intra-subunit amino
acid interaction network. This prevents the transmission of information on c-ring rotation throughout
the subunit (represented by the black arrow) and to the α3β3-headpiece through the extended form
of its C-terminus (represented by the blue arrow). Comparative analyses of the new BDQ analogue
TBAJ-876 with the parental drug showed that new compound retained targeting of both the c-ring
(2) and ε-subunit (3), suggesting that both mechanisms are required for effective enzyme inhibition.
However, TBAJ-876 was uncovered to have lost BDQ’s uncoupler property (1). These findings suggest
that targeting both the c-ring and ε-subunit of the mycobacterial F-ATP synthase is required for BDQ’s
anti-mycobacterial activity, while its uncoupler property is not.

4. Conclusions

BDQ has been extensively studied and characterized by various groups. These works suggest three
distinct mechanisms of action of the drug, all targeting ATP synthesis catalyzed by the mycobacterial
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F-ATP synthase (Figure 2). The first two mechanisms involve binding to distinct sites on the enzyme
itself. Binding to the c-subunit causes stalling of rotation of the c-ring, while binding to the ε-subunit
inhibits its ability to link c-ring rotation to ATP synthesis at the enzyme’s α3β3-headpiece (Figure 2).
A third mechanism involves BDQ functioning as an uncoupler of electron transport in the ETC from
ATP synthesis at the F-ATP synthase by collapsing the transmembrane pH gradient component of the
proton motive force (Figure 2). The large body of data on these mechanisms have led to the proposal
that BDQ’s targeting of the c-ring and its uncoupler activity are crucial for the drug’s anti-mycobacterial
whole cell activity, while the drug’s targeting of the ε-subunit might be negligible. The new BDQ
analogue TBAJ-876, which is the structurally (Figure 1) and physico-chemically different from the
parental drug, was discovered empirically (without mechanistic guidance) using whole cell activity
as readout. This new compound provided the opportunity to revisit BDQ’s mechanisms of action.
If all three mechanisms of BDQ are critical for the anti-mycobacterial activity of the drug, the new
analogue should have retained all of them. If one of those mechanisms is not critical for the activity
of BDQ, it is likely that it would have been lost during the extensive chemical derivatization process.
The mechanism of action studies of TBAJ-876 revealed that the compound retained targeting of the
c-ring. Interestingly, TBAJ-876 also retained targeting of the ε-subunit, suggesting that targeting of
both the c-ring and ε-subunit is required for effective inhibition of the F-ATP synthase. Surprisingly,
TBAJ-876 did not retain BDQ’s uncoupler activity, suggesting that this mechanism is not critical
for the anti-mycobacterial activity of this compound class. In conclusion, characterization of the
mechanisms of action of TBAJ-876 suggest that dual targeting of both the c-ring and the ε-subunit of
the mycobacterial F-ATP synthase is required for BDQ’s anti-mycobacterial activity, while its uncoupler
property may not be essential for its activity. A detailed understanding of the mechanisms of action of
BDQ is of essence if we want to utilize a rational approach for the discovery of a next generation BDQ.
The recent TBAJ-876 findings suggest that chemistry programs do not need to focus on retaining BDQ’s
uncoupler property in new BDQ analogues to achieve bactericidal activity. However, new analogues
may be required to retain targeting of both the c-ring and the ε-subunit of the mycobacterial F-ATP
synthase to generate effective inhibitors of this enzyme.

Author Contributions: Conceptualization: J.P.S. and T.D.; Writing: all authors; Supervision: G.G. and T.D.

Funding: This work was supported by the National Institute of Allergy and Infectious Diseases of the National
Institutes of Health (award number R01AI132374, T.D.) and the National Research Foundation Singapore
Competitive Research Programme (grant award number NRF–CRP18–2017–01, G.G.). The APC was funded by
R01AI132374. The content is solely the responsibility of the authors and does not necessarily represent the official
views of the National Institutes of Health.

Acknowledgments: J.P.S. receives a research scholarship from Yong Loo Lin School of Medicine, National
University of Singapore. T.D. holds a Toh Chin Chye Visiting Professorship at the Department of Microbiology
and Immunology, National University of Singapore.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lawn, S.D.; Zumla, A.I. Tuberculosis. Lancet 2011, 378, 57–72. [CrossRef]
2. Gradmann, C. Die Ätiologie Der Tuberkulose (1882). In Robert Koch: Zentrale Texte, 1st ed.; Springer: Berlin,

Germany, 2018; pp. 113–131.
3. WHO. Global Tuberculosis Report 2019; World Health Organization: Geneva, Switzerland, 2019.
4. Sharma, A.; Hill, A.; Kurbatova, E.; van der Walt, M.; Kvasnovsky, C.; Tupasi, T.E.; Caoili, J.C.; Gler, M.T.;

Volchenkov, G.V.; Kazennyy, B.Y. Estimating the future burden of multidrug-resistant and extensively
drug-resistant tuberculosis in India, the Philippines, Russia, and South Africa: A mathematical modelling
study. Lancet Infect. Dis. 2017, 17, 707–715. [CrossRef]

5. Mullard, A. 2012 FDA Drug Approvals. Nat. Rev. Drug Discov. 2013, 12, 87–90. [CrossRef] [PubMed]
6. Lakshmanan, M.; Xavier, A.S. Bedaquiline–The first ATP synthase inhibitor against multi drug resistant

tuberculosis. J. Young Pharm. 2013, 5, 112–115. [CrossRef]

http://dx.doi.org/10.1016/S0140-6736(10)62173-3
http://dx.doi.org/10.1016/S1473-3099(17)30247-5
http://dx.doi.org/10.1038/nrd3946
http://www.ncbi.nlm.nih.gov/pubmed/23370234
http://dx.doi.org/10.1016/j.jyp.2013.12.002


Antibiotics 2019, 8, 261 9 of 12

7. Mingote, L.R.; Namutamba, D.; Apina, F.; Barnabas, N.; Contreras, C.; Elnour, T.; Frick, M.W.; Lee, C.;
Seaworth, B.; Shelly, D. The use of bedaquiline in regimens to treat drug-resistant and drug-susceptible
tuberculosis: A perspective from tuberculosis-affected communities. Lancet 2015, 385, 477–479. [CrossRef]

8. SIRTURO (Bedaquiline): Medication Guide; Janssen Pharmaceuticals, Inc.: Titusville, NJ, USA, 2012.
9. WHO. Consolidated Guidelines on Drug-Resistant Tuberculosis Treatment; World Health Organization: Geneva,

Switzerland, 2019.
10. Andries, K.; Verhasselt, P.; Guillemont, J.; Göhlmann, H.W.; Neefs, J.-M.; Winkler, H.; Van Gestel, J.;

Timmerman, P.; Zhu, M.; Lee, E. A diarylquinoline drug active on the ATP synthase of Mycobacterium
tuberculosis. Science 2005, 307, 223–227. [CrossRef]

11. Huitric, E.; Verhasselt, P.; Andries, K.; Hoffner, S.E. In vitro antimycobacterial spectrum of a diarylquinoline
ATP synthase inhibitor. Antimicrob. Agents Chemother. 2007, 51, 4202–4204. [CrossRef]

12. Tasneen, R.; Li, S.-Y.; Peloquin, C.A.; Taylor, D.; Williams, K.N.; Andries, K.; Mdluli, K.E.; Nuermberger, E.L.
Sterilizing activity of novel TMC207-and PA-824-containing regimens in a murine model of tuberculosis.
Antimicrob. Agents Chemother. 2011, 55, 5485–5492. [CrossRef]

13. Ibrahim, M.; Andries, K.; Lounis, N.; Chauffour, A.; Truffot-Pernot, C.; Jarlier, V.; Veziris, N. Synergistic
activity of R207910 combined with pyrazinamide against murine tuberculosis. Antimicrob. Agents Chemother.
2007, 51, 1011–1015. [CrossRef]

14. Vocat, A.; Hartkoorn, R.C.; Lechartier, B.; Zhang, M.; Dhar, N.; Cole, S.T.; Sala, C. Bioluminescence for
assessing drug potency against nonreplicating Mycobacterium tuberculosis. Antimicrob. Agents Chemother.
2015, 59, 4012–4019. [CrossRef]

15. Koul, A.; Vranckx, L.; Dendouga, N.; Balemans, W.; Van den Wyngaert, I.; Vergauwen, K.; Göhlmann, H.W.;
Willebrords, R.; Poncelet, A.; Guillemont, J. Diarylquinolines are bactericidal for dormant mycobacteria as a
result of disturbed ATP homeostasis. J. Biol. Chem. 2008, 283, 25273–25280. [CrossRef]

16. Udwadia, Z.; Amale, R.; Mullerpattan, J. Initial experience of bedaquiline use in a series of drug-resistant
tuberculosis patients from India. Int. J. Tuberc. Lung Dis. 2014, 18, 1315–1318. [CrossRef]

17. Pym, A.S.; Diacon, A.H.; Tang, S.-J.; Conradie, F.; Danilovits, M.; Chuchottaworn, C.; Vasilyeva, I.; Andries, K.;
Bakare, N.; De Marez, T. Bedaquiline in the treatment of multidrug-and extensively drug-resistant tuberculosis.
Eur. Respir. J. 2016, 47, 564–574. [CrossRef]

18. Diacon, A.H.; Pym, A.; Grobusch, M.; Patientia, R.; Rustomjee, R.; Page-Shipp, L.; Pistorius, C.; Krause, R.;
Bogoshi, M.; Churchyard, G. The diarylquinoline TMC207 for multidrug-resistant tuberculosis. N. Engl.
J. Med. 2009, 360, 2397–2405. [CrossRef]

19. Diacon, A.H.; Pym, A.; Grobusch, M.P.; de los Rios, J.M.; Gotuzzo, E.; Vasilyeva, I.; Leimane, V.; Andries, K.;
Bakare, N.; De Marez, T. Multidrug-resistant tuberculosis and culture conversion with bedaquiline. N. Engl.
J. Med. 2014, 371, 723–732. [CrossRef]

20. Libardo, M.D.J.; Boshoff, H.I.; Barry, C.E., III. The present state of the tuberculosis drug development pipeline.
Curr. Opin. Pharmacol. 2018, 42, 81–94. [CrossRef]

21. FDA Approves New Drug for Treatment-Resistant Forms of Tuberculosis that Affects the Lungs; U.S. Food and Drug
Administration (FDA): Silver Spring, MD, USA, 2019.

22. FDA Approves New Treatment for Highly Drug-Resistant Forms of Tuberculosis; PR Newswire: New York, NY,
USA, 2019.

23. Sassetti, C.M.; Boyd, D.H.; Rubin, E.J. Genes required for mycobacterial growth defined by high density
mutagenesis. Mol. Microbiol. 2003, 48, 77–84. [CrossRef]

24. Tran, S.L.; Cook, G.M. The F1Fo-ATP synthase of Mycobacterium smegmatis is essential for growth. J. Bacteriol.
2005, 187, 5023–5028. [CrossRef]

25. Koul, A.; Dendouga, N.; Vergauwen, K.; Molenberghs, B.; Vranckx, L.; Willebrords, R.; Ristic, Z.; Lill, H.;
Dorange, I.; Guillemont, J. Diarylquinolines target subunit c of mycobacterial ATP synthase. Nat. Chem. Biol.
2007, 3, 323–324. [CrossRef]

26. Haagsma, A.C.; Podasca, I.; Koul, A.; Andries, K.; Guillemont, J.; Lill, H.; Bald, D. Probing the interaction
of the diarylquinoline TMC207 with its target mycobacterial ATP synthase. PLoS ONE 2011, 6, e23575.
[CrossRef]

27. Koul, A.; Vranckx, L.; Dhar, N.; Göhlmann, H.W.; Özdemir, E.; Neefs, J.-M.; Schulz, M.; Lu, P.; Mørtz, E.;
McKinney, J.D. Delayed bactericidal response of Mycobacterium tuberculosis to bedaquiline involves
remodelling of bacterial metabolism. Nat. Commun. 2014, 5, 3369. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(14)60523-7
http://dx.doi.org/10.1126/science.1106753
http://dx.doi.org/10.1128/AAC.00181-07
http://dx.doi.org/10.1128/AAC.05293-11
http://dx.doi.org/10.1128/AAC.00898-06
http://dx.doi.org/10.1128/AAC.00528-15
http://dx.doi.org/10.1074/jbc.M803899200
http://dx.doi.org/10.5588/ijtld.14.0284
http://dx.doi.org/10.1183/13993003.00724-2015
http://dx.doi.org/10.1056/NEJMoa0808427
http://dx.doi.org/10.1056/NEJMoa1313865
http://dx.doi.org/10.1016/j.coph.2018.08.001
http://dx.doi.org/10.1046/j.1365-2958.2003.03425.x
http://dx.doi.org/10.1128/JB.187.14.5023-5028.2005
http://dx.doi.org/10.1038/nchembio884
http://dx.doi.org/10.1371/journal.pone.0023575
http://dx.doi.org/10.1038/ncomms4369
http://www.ncbi.nlm.nih.gov/pubmed/24569628


Antibiotics 2019, 8, 261 10 of 12

28. Wang, Z.; Soni, V.; Marriner, G.; Kaneko, T.; Boshoff, H.I.; Barry, C.E.; Rhee, K.Y. Mode-of-action profiling
reveals glutamine synthetase as a collateral metabolic vulnerability of M. tuberculosis to bedaquiline. Proc. Natl.
Acad. Sci. USA 2019, 116, 19646–19651. [CrossRef] [PubMed]

29. Dick, T.; Young, D. How antibacterials really work: Impact on drug discovery. Future Microbiol. 2011, 6,
603–604. [CrossRef] [PubMed]

30. Diacon, A.; Donald, P.; Pym, A.; Grobusch, M.; Patientia, R.; Mahanyele, R.; Bantubani, N.; Narasimooloo, R.;
De Marez, T.; Van Heeswijk, R. Randomized pilot trial of eight weeks of bedaquiline (TMC207) treatment for
multidrug-resistant tuberculosis: Long-term outcome, tolerability, and effect on emergence of drug resistance.
Antimicrob. Agents Chemother. 2012, 56, 3271–3276. [CrossRef]

31. Anti-Infective Drugs Advisory Committee Meeting Briefing Document TMC207 (Bedaquiline). Treatment
of Patients with MDR-TB, NDA 204-384; U.S. Food and Drug Administration (FDA): Silver Spring, MD,
USA, 2012.

32. Kakkar, A.K.; Dahiya, N. Bedaquiline for the treatment of resistant tuberculosis: Promises and pitfalls.
Tuberculosis 2014, 94, 357–362. [CrossRef]

33. Tong, A.S.T.; Choi, P.J.; Blaser, A.; Sutherland, H.S.; Tsang, S.K.Y.; Guillemont, J.; Motte, M.; Cooper, C.B.;
Andries, K.; Van den Broeck, W.; et al. 6-Cyano Analogues of Bedaquiline as Less Lipophilic and Potentially
Safer Diarylquinolines for Tuberculosis. ACS Med. Chem. Lett. 2017, 8, 1019–1024. [CrossRef]

34. Choi, P.J.; Sutherland, H.S.; Tong, A.S.T.; Blaser, A.; Franzblau, S.G.; Cooper, C.B.; Lotlikar, M.U.; Upton, A.M.;
Guillemont, J.; Motte, M.; et al. Synthesis and evaluation of analogues of the tuberculosis drug bedaquiline
containing heterocyclic B-ring units. Bioorganic Med. Chem. Lett. 2017, 27, 5190–5196. [CrossRef]

35. Sutherland, H.S.; Tong, A.S.T.; Choi, P.J.; Conole, D.; Blaser, A.; Franzblau, S.G.; Cooper, C.B.; Upton, A.M.;
Lotlikar, M.U.; Denny, W.A.; et al. Structure-activity relationships for analogs of the tuberculosis drug
bedaquiline with the naphthalene unit replaced by bicyclic heterocycles. Bioorganic Med. Chem. 2018,
26, 1797–1809. [CrossRef]

36. Blaser, A.; Sutherland, H.S.; Tong, A.S.; Choi, P.J.; Conole, D.; Franzblau, S.G.; Cooper, C.B.; Upton, A.M.;
Lotlikar, M.; Denny, W.A.; et al. Structure-activity relationships for unit C pyridyl analogues of the
tuberculosis drug bedaquiline. Bioorganic Med. Chem. 2019, 27, 1283–1291. [CrossRef]

37. Sutherland, H.S.; Tong, A.S.; Choi, P.J.; Blaser, A.; Conole, D.; Franzblau, S.G.; Lotlikar, M.U.; Cooper, C.B.;
Upton, A.M.; Denny, W.A.; et al. 3, 5-Dialkoxypyridine analogues of bedaquiline are potent antituberculosis
agents with minimal inhibition of the hERG channel. Bioorganic Med. Chem. 2019, 27, 1292–1307. [CrossRef]

38. Bald, D.; Villellas, C.; Lu, P.; Koul, A. Targeting energy metabolism in Mycobacterium tuberculosis, a new
paradigm in antimycobacterial drug discovery. Microbiology 2017, 8, e00272-17. [CrossRef]

39. Mitome, N.; Ono, S.; Sato, H.; Suzuki, T.; Sone, N.; Yoshida, M. Essential arginine residue of the Fo-a subunit
in FoF1-ATP synthase has a role to prevent the proton shortcut without c-ring rotation in the Fo proton
channel. Biochem. J. 2010, 430, 171–177. [CrossRef]

40. Diez, M.; Zimmermann, B.; Börsch, M.; König, M.; Schweinberger, E.; Steigmiller, S.; Reuter, R.; Felekyan, S.;
Kudryavtsev, V.; Seidel, C.A. Proton-powered subunit rotation in single membrane-bound FoF1-ATP synthase.
Nat. Struct. Mol. Biol. 2004, 11, 135–141. [CrossRef]

41. Kamariah, N.; Huber, R.G.; Nartey, W.; Bhushan, S.; Bond, P.J.; Grüber, G. Structure and subunit arrangement
of Mycobacterial F1Fo ATP synthase and novel features of the unique mycobacterial subunit δ. J. Struct. Biol.
2019, 207, 199–208. [CrossRef]

42. Preiss, L.; Langer, J.D.; Yildiz, Ö.; Eckhardt-Strelau, L.; Guillemont, J.E.; Koul, A.; Meier, T. Structure of the
mycobacterial ATP synthase Fo rotor ring in complex with the anti-TB drug bedaquiline. Sci. Adv. 2015,
1, e1500106. [CrossRef]

43. Huitric, E.; Verhasselt, P.; Koul, A.; Andries, K.; Hoffner, S.; Andersson, D.I. Rates and mechanisms of
resistance development in Mycobacterium tuberculosis to a novel diarylquinoline ATP synthase inhibitor.
Antimicrob. Agents Chemother 2010, 54, 1022–1028. [CrossRef]

44. Segala, E.; Sougakoff, W.; Nevejans-Chauffour, A.; Jarlier, V.; Petrella, S. New mutations in the mycobacterial
ATP synthase: New insights into the binding of the diarylquinoline TMC207 to the ATP synthase C-ring
structure. Antimicrob. Agents Chemother. 2012, 56, 2326–2334. [CrossRef]

45. Salifu, E.Y.; Agoni, C.; Olotu, F.A.; Dokurugu, Y.M.; Soliman, M.E. Halting ionic shuttle to disrupt the synthetic
machinery—Structural and molecular insights into the inhibitory roles of Bedaquiline towards Mycobacterium
tuberculosis ATP synthase in the treatment of tuberculosis. J. Cell. Biochem. 2019, 120, 16108–16119. [CrossRef]

http://dx.doi.org/10.1073/pnas.1907946116
http://www.ncbi.nlm.nih.gov/pubmed/31501323
http://dx.doi.org/10.2217/fmb.11.26
http://www.ncbi.nlm.nih.gov/pubmed/21707306
http://dx.doi.org/10.1128/AAC.06126-11
http://dx.doi.org/10.1016/j.tube.2014.04.001
http://dx.doi.org/10.1021/acsmedchemlett.7b00196
http://dx.doi.org/10.1016/j.bmcl.2017.10.042
http://dx.doi.org/10.1016/j.bmc.2018.02.026
http://dx.doi.org/10.1016/j.bmc.2019.02.025
http://dx.doi.org/10.1016/j.bmc.2019.02.026
http://dx.doi.org/10.1128/mBio.00272-17
http://dx.doi.org/10.1042/BJ20100621
http://dx.doi.org/10.1038/nsmb718
http://dx.doi.org/10.1016/j.jsb.2019.05.008
http://dx.doi.org/10.1126/sciadv.1500106
http://dx.doi.org/10.1128/AAC.01611-09
http://dx.doi.org/10.1128/AAC.06154-11
http://dx.doi.org/10.1002/jcb.28891


Antibiotics 2019, 8, 261 11 of 12

46. Zimenkov, D.V.; Nosova, E.Y.; Kulagina, E.V.; Antonova, O.V.; Arslanbaeva, L.R.; Isakova, A.I.; Krylova, L.Y.;
Peretokina, I.V.; Makarova, M.V.; Safonova, S.G. Examination of bedaquiline-and linezolid-resistant
Mycobacterium tuberculosis isolates from the Moscow region. J. Antimicrob. Chemother. 2017, 72, 1901–1906.
[CrossRef]

47. Hards, K.; Robson, J.R.; Berney, M.; Shaw, L.; Bald, D.; Koul, A.; Andries, K.; Cook, G.M. Bactericidal mode
of action of bedaquiline. J. Antimicrob. Chemother. 2015, 70, 2028–2037. [CrossRef]

48. Hards, K.; McMillan, D.G.; Schurig-Briccio, L.A.; Gennis, R.B.; Lill, H.; Bald, D.; Cook, G.M. Ionophoric
effects of the antitubercular drug bedaquiline. Proc. Natl. Acad. Sci. USA 2018, 115, 7326–7331. [CrossRef]
[PubMed]

49. Feng, X.; Zhu, W.; Schurig-Briccio, L.A.; Lindert, S.; Shoen, C.; Hitchings, R.; Li, J.; Wang, Y.; Baig, N.;
Zhou, T. Antiinfectives targeting enzymes and the proton motive force. Proc. Natl. Acad. Sci. USA 2015,
112, E7073–E7082. [CrossRef] [PubMed]

50. Nath, S. Interpretation of the mechanism of action of antituberculosis drug bedaquiline based on a novel
two-ion theory of energy coupling in ATP synthesis. Bioeng. Transl. Med. 2019, 4, 164–170. [CrossRef]
[PubMed]

51. Nath, S. Two-ion theory of energy coupling in ATP synthesis rectifies a fundamental flaw in the governing
equations of the chemiosmotic theory. Biophys. Chem. 2017, 230, 45–52. [CrossRef] [PubMed]

52. Rao, S.P.; Alonso, S.; Rand, L.; Dick, T.; Pethe, K. The protonmotive force is required for maintaining ATP
homeostasis and viability of hypoxic, nonreplicating Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. USA
2008, 105, 11945–11950. [CrossRef] [PubMed]

53. Rao, M.; Streur, T.L.; Aldwell, F.E.; Cook, G.M. Intracellular pH regulation by Mycobacterium smegmatis and
Mycobacterium bovis BCG. Microbiology 2001, 147, 1017–1024. [CrossRef] [PubMed]
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