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ABSTRACT The antituberculosis drug bedaquiline (BDQ) inhibits Mycobacterium tu-
berculosis F-ATP synthase by interfering with two subunits. Drug binding to the c
subunit stalls the rotation of the c ring, while binding to the � subunit blocks cou-
pling of c ring rotation to ATP synthesis at the catalytic �3:�3 headpiece. BDQ is
used for the treatment of drug-resistant tuberculosis. However, the drug is highly li-
pophilic, displays a long terminal half-life, and has a cardiotoxicity liability by caus-
ing QT interval prolongation. Recent medicinal chemistry campaigns have resulted in
the discovery of 3,5-dialkoxypyridine analogues of BDQ that are less lipophilic, have
higher clearance, and display lower cardiotoxic potential. TBAJ-876, which is a new
developmental compound of this series, shows attractive antitubercular activity and
efficacy in a murine tuberculosis model. Here, we asked whether TBAJ-876 and se-
lected analogues of the compound retain BDQ’s mechanism of action. Biochemical
assays showed that TBAJ-876 is a potent inhibitor of mycobacterial F-ATP synthase.
Selection of spontaneous TBAJ-876-resistant mutants identified missense mutations
at BDQ’s binding site on the c subunit, suggesting that TBAJ-876 retains BDQ’s tar-
geting of the c ring. Susceptibility testing against a strain overexpressing the � sub-
unit and a strain harboring an engineered mutation in BDQ’s � subunit binding site
suggest that TBAJ-876 retains BDQ’s activity on the � subunit. Nuclear magnetic res-
onance (NMR) titration studies confirmed that TBAJ-876 binds to the � subunit at
BDQ’s binding site. We show that TBAJ-876 retains BDQ’s antimycobacterial mode of
action. The developmental compound inhibits the mycobacterial F-ATP synthase via
a dual-subunit mechanism of interfering with the functions of both the enzyme’s c
and � subunits.
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The mycobacterial F-ATP synthase is composed of two parts, a membrane-embedded FO

domain and a cytoplasmic F1 domain (1, 2). The FO domain is made up of subunits a
and b and the c ring (composed of nine c subunits [3]), while the F1 domain is made
up of subunits �, �, and � and the �3:�3 headpiece (4). The �3:�3 headpiece is
connected to the c ring via a central stalk composed of subunits � and � and a
peripheral stalk composed of subunits b and � (2). Proton translocation from the
periplasmic space to the cytoplasmic side is associated with rotation of the c ring. This
rotation is transmitted by the � and � subunits to the catalytic �3:�3 headpiece, where
it drives conformational changes powering ATP synthesis (2–6).

Bedaquiline (BDQ) (Sirturo) (Fig. 1) is a first-in-class diarylquinoline antituberculosis
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(anti-TB) drug that functions by inhibiting mycobacterial F-ATP synthase (7). Isolation
and characterization of BDQ-resistant Mycobacterium tuberculosis mutants followed by
biochemical, biophysical, and computational studies showed that BDQ inhibits the
F-ATP synthase by binding to the c subunit (3, 7–10). Drug binding presumably results
in stalling of c ring rotation, which prevents ATP synthesis at the �3:�3 headpiece (3).
Biophysical studies revealed that BDQ has a second binding site on the mycobacterial
F-ATP synthase, around the W16 amino acid residue of the � subunit (6, 11). Drug
susceptibility studies employing a Mycobacterium smegmatis strain overexpressing the
� subunit and an engineered M. smegmatis strain harboring a mutation of the � subunit
W16 residue provided evidence that the drug interacts with the � subunit in vivo (12).
However, spontaneous BDQ-resistant mutations in the � subunit could not be isolated
(10), suggesting that the � subunit binding site of BDQ does not tolerate resistance-
conferring missense mutations without affecting the viability of the bacterium. BDQ
binding to the � subunit has been proposed to interfere with the subunit’s coupling
function of communicating c ring rotation to the catalytic �3:�3 headpiece (6).

BDQ has pharmacological and toxicological liabilities. The drug is highly lipophilic
(cLogP � 7.25); is associated with prolongation of the QT interval due to inhibition of
cardiac human ERG (hERG) potassium ion channels; and has a very long terminal
half-life, leading to concerns regarding tissue accumulation (13–15). Recent medicinal
chemistry campaigns resulted in the discovery of 3,5-dialkoxypyridine analogues of
BDQ that address these issues (16–20). A new developmental compound of this series,
TBAJ-876 (Fig. 1), not only shows improved physicochemical properties and less
inhibition of the hERG channel, it is also more potent against M. tuberculosis and retains
efficacy in a mouse model of TB (20).

Here, we asked whether TBAJ-876 retains the antimycobacterial mechanism of
action of BDQ. In addition to TBAJ-876, three of its analogues (5366, 5316, and 5307)
(Fig. 1) were also characterized to provide evidence that the results hold true for the
series. Biochemical, genetic, and biophysical analyses suggest that TBAJ-876 inhibits
the mycobacterial F-ATP synthase similarly to BDQ by a dual mechanism of interfering
with the functions of both the enzyme’s c and � subunits.

FIG 1 Structures of BDQ and TBAJ-876 and its analogues. TBAJ-876, 5366, 5316, and 5307 have been
described previously (20), with TBAJ-876 corresponding to “compound 46,” 5366 to “compound 29,”
5316 to “compound 17,” and 5307 to “compound 33.” BDQ’s quinoline (A) and dimethylamino (D) groups
are retained in the compounds, while its phenyl (B) and naphthalene (C) groups are replaced.
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RESULTS
TBAJ-876 inhibits ATP synthesis by the mycobacterial F-ATP synthase and

depletes intrabacterial ATP. To determine whether TBAJ-876 inhibits ATP synthesis
catalyzed by the mycobacterial F-ATP synthase, biochemical assays employing inverted
membrane vesicles prepared from Mycobacterium bovis BCG were carried out. TBAJ-876
and its analogues inhibited ATP synthesis by the inverted vesicles with 50% inhibitory
concentration (IC50) values ranging from 0.031 to 0.2 nM (Fig. 2A and Table 1). In
contrast, BDQ inhibited ATP synthesis by the inverted vesicles with an IC50 value of
5.3 nM (Fig. 2A and Table 1). These results show that TBAJ-876 and its analogues inhibit
mycobacterial ATP synthesis and have greater potency against the mycobacterial F-ATP
synthase than BDQ.

If inhibition of the mycobacterial F-ATP synthase is the antimycobacterial mecha-
nism of action of TBAJ-876, treatment of intact bacteria should result in depletion of the
intrabacterial ATP content. To test this prediction, M. bovis BCG cultures were treated
with TBAJ-876 and its analogues, and the intrabacterial ATP content was measured. The
compounds indeed reduced ATP levels, with IC50 values ranging from 0.32 to 0.89 nM
(Fig. 2B and Table 1). In contrast, BDQ reduced ATP levels with an IC50 value of 9.16 nM
(Fig. 2B and Table 1). These results show that TBAJ-876 and its analogues were more
potent than BDQ in depleting ATP content, consistent with their greater potency on the
enzyme (Fig. 2A and Table 1). In line with their greater potencies in the ATP synthesis
and depletion assays, these new compounds displayed lower MICs than BDQ against M.

FIG 2 Effects of TBAJ-876 and its analogues on ATP synthesis in M. bovis BCG. Shown are the effects of the compounds on ATP synthesized by
M. bovis BCG inverted membrane vesicles (A) and the intrabacterial ATP content of whole-cell M. bovis BCG treated for 24 h (B). BDQ was used
as a positive control. The IC50 values are presented in Table 1. (A) All the values are represented as percentages of the ATP synthesized by the
drug-free sample (4.22 nmol/mg of protein). (B) The y axis shows the amounts of ATP per milliliter of culture. The numbers of CFU of all the
samples were constant at the end of treatment compared to the start of the experiment. Experiments were carried out thrice independently.
The results are shown as mean values with standard deviations.

TABLE 1 Potencies of TBAJ-876 and its analogues in inhibiting ATP synthesis by the
F-ATP synthase, depleting intrabacterial ATP, and inhibiting growth of M. bovis BCG

Compound

IC50 (nM)a

Growth inhibition
MIC90 (nM)b

ATP
synthesis

ATP
depletion

TBAJ-876 0.031 0.89 7.2
5366 0.200 0.32 3.4
5316 0.047 0.34 3.6
5307 0.091 0.48 3.6
BDQ 5.300 9.16 70
aThe IC50 values are derived from Fig. 2. The order of the ATP synthesis IC50 values is TBAJ-
876 � 5316 � 5307 � 5366 �� BDQ. The order of the intrabacterial ATP depletion IC50 values is
5366 � 5316 � 5307 � TBAJ-876 �� BDQ.

bMIC90 is the MIC required to inhibit 90% of M. bovis BCG growth. The experiment was carried out thrice
independently, and the results shown are mean values. The order of the MIC90 values is 5366 � 5316 and
5307 � TBAJ-876 �� BDQ.
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bovis BCG (Table 1). Furthermore, the order of the intrabacterial ATP depletion IC50

values of the compounds and BDQ is similar to that of the MIC values (Table 1),
suggesting a correlation between intrabacterial ATP depletion and growth inhibition.

Inhibition of ATP synthesis was also assessed for the fast-growing model organism
M. smegmatis. TBAJ-876 and its analogues inhibited ATP synthesis by M. smegmatis
inverted membrane vesicles and caused a decrease of intrabacterial ATP content in M.
smegmatis cultures (see Fig. S1A and B in the supplemental material). Again, the
potencies of the compounds on the M. smegmatis F-ATP synthase were higher than
those of BDQ (see Fig. S1A). These results suggest that targeting the mycobacterial
F-ATP synthase by TBAJ-876 and its analogues is conserved across mycobacteria.

TBAJ-876 inhibits mycobacterial F-ATP synthase’s ATP hydrolysis activity. Since
BDQ inhibits not only ATP synthesis but also ATP hydrolysis, TBAJ-876 and its analogues
were assessed for the ability to inhibit the latter in M. smegmatis inverted membrane
vesicles using a regeneration assay (21). As presented in Fig. S1C, BDQ inhibited ATPase
activity by 78% at 100 �M and almost completely at 250 �M. TBAJ-876, 5316, and 5307
showed BDQ-like “strong” inhibition of ATPase activity (see Fig. S1C). However, 5366
reduced ATPase activity by only 36% at 100 �M and 40% at 250 �M (see Fig. S1C).
These results suggest that, like BDQ, TBAJ-876 and its analogues also inhibit mycobac-
terial F-ATP synthase in its hydrolysis mode. Interestingly, inhibition of hydrolysis
activity appears to occur in a compound-specific manner.

TBAJ-876 targets the c subunit of the mycobacterial F-ATP synthase via BDQ’s
binding site. BDQ’s targeting of the mycobacterial F-ATP synthase c subunit was
initially determined via isolation and characterization of BDQ-resistant M. tuberculosis
mutants. This uncovered the fact that resistance to BDQ is associated with missense
mutations at the c subunit’s amino acid residues D28, E61, A63, and I66 (9, 10).
Subsequent structural analyses using the c subunit of Mycobacterium phlei showed that
counterparts of these amino acid residues form the binding site of BDQ (3) (see Fig. S2
in the supplemental material). To determine whether TBAJ-876 and its analogues retain
BDQ’s targeting of the c subunit, M. tuberculosis spontaneous resistant mutants were
selected against the compounds. Similar to BDQ (7, 10), resistant mutants arose at a low
frequency of around 10�8 to 10�9/CFU (Table 2), and targeted sequencing of the atpE
gene (encoding the c subunit) of the mutants revealed missense mutations at the same
amino acid positions observed previously for BDQ (Table 2). MIC determinations of the
resistant mutants showed high levels of resistance (�40-fold MIC increase) to TBAJ-876
and its analogues (Table 3). Furthermore, these resistant mutants were cross-resistant
to BDQ (Table 3). Taken together, these results suggest that TBAJ-876 and its analogues
target the c subunit of the mycobacterial F-ATP synthase by binding to the subunit’s
BDQ binding site.

TBAJ-876 targets the � subunit of F-ATP synthase in vivo via BDQ’s binding
site. While BDQ resistance mutations in the atpE gene can be isolated, such mutations
in the atpC gene (encoding the � subunit) have not been obtained (10). Similarly, in the
current work, identified spontaneous resistant mutations mapped only to the atpE
gene. Resistance mutations in atpC were not uncovered (the spontaneous resistance
mutation frequency for atpC was �10�9/CFU [Table 2]). To determine whether TBAJ-
876 has retained BDQ’s targeting of the � subunit, we employed a strategy we used
previously to demonstrate in vivo interaction of BDQ with the � subunit (12). This
involves susceptibility testing of an � subunit overexpresser strain of M. smegmatis and
of an M. smegmatis strain harboring an engineered mutation at the W16 residue, which
resides at BDQ’s binding site (12). Previously, we showed that constitutive overexpres-
sion of the � subunit decreased susceptibility to BDQ, plausibly by sequestration of the
drug (12). We also showed that replacing W16 with an alanine via site-directed genome
mutagenesis caused increased susceptibility to BDQ, possibly by allowing tighter
binding of the drug to its binding site (12). Here, we show that � subunit overexpression
decreased susceptibility and that the W16A mutation also increased susceptibility to
TBAJ-876 and its three analogues (Table 4). These results indicate that TBAJ-876 and its
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analogues target the � subunit of mycobacterial F-ATP synthase in vivo via BDQ’s
binding site around the W16 residue.

TBAJ-876 binds to BDQ’s binding site on the � subunit in vitro. The binding of
BDQ to the isolated M. tuberculosis � subunit has been previously determined via
nuclear magnetic resonance (NMR) titration using a highly resolved and dispersed NMR
spectrum of the protein (6). To confirm that TBAJ-876 and its analogues bind to BDQ’s
binding site around the W16 amino acid residue, as suggested by the drug suscepti-
bility shift observed for the M. smegmatis W16A mutant strain, we carried out NMR
titration experiments. Binding of the new compounds to the M. tuberculosis � subunit
induced significant chemical shift perturbations (CSPs) (Fig. 3; see Fig. S3 in the
supplemental material), most prominently at the A10-to-W16 amino acid region, the
binding site of BDQ (see Fig. S2) (6). This result suggests that TBAJ-876, its analogues,
and BDQ all share the same binding site on the M. tuberculosis � subunit.

Significant CSPs were also observed in additional specific regions of the M. tuber-
culosis � subunit (Fig. 3; see Fig. S3). Similar to BDQ binding, binding of TBAJ-876 and
its analogues induced structural alterations in the M1-to-N5, L41-to-V46, and R62-to-
E74 amino acid regions of the N-terminal domain and the D91-to-I120 amino acid
region of the C-terminal domain of the protein (Fig. 3; see Fig. S3). These binding-
induced intraprotein structural changes have been previously proposed to corrupt the

TABLE 2 Genotypic characteristics of spontaneous M. tuberculosis mutants resistant to
TBAJ-876 and its analoguesa

Compound
Mutation
frequencyb

No. of atpE mutants/
total no. of mutants
isolatedc

Missense mutation (DNA/amino acid)
in atpE (no. of mutants with the
particular mutation)

TBAJ-876 4.23 � 10�9 5/5 A83C/D28A (1)
G183T/E61D (1)
G187C/A63P (3)

5366 2.54 � 10�8 28/28 A83T/D28V (2)
A83G/D28G (6)
G183T/E61D (1)
G187C/A63P (19)

5316 6.36 � 10�9 7/7 A83G/D28G (1)
A83C/D28A (3)
A83T/D28V (3)

5307 3.00 � 10�8 33/34 A83C/D28A (4)
A83G/D28G (4)
A83T/D28V (8)
G183T/E61D (7)
G187C/A63P (8)
C198G/I66M (2)

aIsolation of spontaneous resistant mutants was carried out twice independently.
bThe mutation frequencies displayed are mean values of two biological replicates.
cThe total number of mutants represents the total number isolated across two biological replicates. In
addition to the atpE gene, the atpC genes of all the mutants were sequenced. No polymorphisms were
observed in the atpC gene.

TABLE 3 Levels of resistance of c subunit mutant M. tuberculosis strains to TBAJ-876 and its analoguesa

Compound
M. tuberculosis
H37Rv MIC90 (nM)b

MIC90 fold increase in M. tuberculosis c subunit mutant strainsc

D28A D28G D28V E61D A63P I66M

TBAJ-876 125 140 104 132 100 48 59
5366 30 333 300 250 45 50 50
5316 70 200 200 200 105 72 42
5307 70 357 235 360 100 150 87
BDQ 400 �400 �400 �400 312 �400 262
aThe experiment was carried out thrice independently, and BDQ was used as a positive control.
bThe MIC90 values displayed are mean values of three biological replicates.
cThe mutant strains are labeled by the missense mutation that is present in the c subunit of the strain.
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� subunit’s coupling function by affecting interdomain communication (6). Thus,
TBAJ-876 and its analogues appear not only to share BDQ’s binding site on the �

subunit, but also to induce BDQ-like coupling-disrupting structural changes inside the
protein.

DISCUSSION

Recent systematic medicinal chemistry programs have delivered promising candi-
dates for the development of the next-generation BDQ with improved physicochemi-

TABLE 4 Effects of � subunit overexpression and � subunit W16A missense mutation on
M. smegmatis susceptibility to TBAJ-876 and its analoguesa

Compound

MIC50 � SD (nM)b

M. smegmatis WT � overexpresser W16A

TBAJ-876 1.1 � 0.05 2.75 � 0.02 0.10 � 0.002
5366 2.1 � 0.06 14.3 � 0.07 0.30 � 0.02
5316 0.6 � 0.03 1.68 � 0.02 0.14 � 0
5307 0.8 � 0.05 8 � 0.10 0.14 � 0.038
BDQ 12 � 0.10 24 � 0.10 4 � 0.15
aThe experiment was carried out thrice independently. BDQ was used as a positive control.
bThe results shown are mean values with standard deviations (SD). MIC50 is the MIC required to inhibit 50%
of the growth of the M. smegmatis strain. WT, wild type.

FIG 3 Structural effects of binding of TBAJ-876 and its analogues to the M. tuberculosis � subunit based
on NMR titration. Amino acid residues that were perturbed due to the binding of TBAJ-876 (A), 5366 (B),
5316 (C), and 5307 (D) are colored and mapped onto the previously reported surface of the M.
tuberculosis � subunit (6). Residues having CSP values higher than 0.02 ppm are represented in red, while
the residues with CSP values between 0.01 and 0.02 ppm are represented in green. The regions of the
M. tuberculosis � subunit inside the dashed circles represent BDQ’s previously reported binding sites (6).
Amino acid residues within the binding site that were perturbed are labeled by their one-letter codes.
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cal, pharmacological, and safety properties (16–20). One of these candidates, TBAJ-876,
is a 3,5-dialkoxypyridine analogue of BDQ that is less lipophilic and less cardiotoxic and
shows higher clearance while retaining efficacy in mice similar to that of the parental
drug (20). This analogue has advanced to preclinical development (20). In this study, we
addressed the question of whether BDQ’s on-target activity is retained by TBAJ-876 by
studying the mechanism of action of the compound and three of its analogues.

We show that the compounds retain BDQ’s ability to inhibit the mycobacterial F-ATP
synthase in both its synthesis and hydrolysis modes (Fig. 2A; see Fig. S1A and C).
Furthermore, the compounds are more potent than the parental drug in inhibiting ATP
synthesis by the enzyme and depleting intrabacterial ATP content (Fig. 2 and Table 1;
see Fig. S1A). These increased potencies correlate with the lower MICs of the com-
pounds against M. bovis BCG (Table 1) and M. tuberculosis (Table 3) compared to BDQ.

After showing that TBAJ-876 and its analogues retained targeting of the mycobac-
terial F-ATP synthase, we next determined whether the compounds also retained BDQ’s
dual on-target mechanism, namely, interfering with the c subunit and the � subunit of
the enzyme. We confirmed that TBAJ-876 and its analogues target the c subunit, as
evidenced by the isolation of spontaneous resistance mutations in the atpE gene (Table
2). The findings that the obtained missense mutations were at BDQ’s binding site (see
Fig. S2) (3) and confer high levels of resistance to the analogues, as well as cross-
resistance to BDQ (Table 3), suggest that the new compounds share the same binding
site on the c subunit as BDQ. Thus, as proposed for BDQ, binding of TBAJ-876 and its
analogues to this binding site may stall c ring rotation and prevent the flow of protons
down the transmembrane proton gradient, consequently inhibiting ATP synthesis at
the catalytic �3:�3 headpiece of the enzyme (3).

The BDQ-like susceptibility shifts of TBAJ-876 and its analogues in engineered
mutant � subunit M. smegmatis strains, either overexpressing the � subunit or harbor-
ing a W16A mutation, provide in vivo evidence that the compounds retain BDQ’s
targeting of the � subunit via the region around the W16 amino acid residue (Table 4).
Through characterizing the interaction of TBAJ-876 and its analogues with the M.
tuberculosis � subunit in vitro via NMR titration, we show that the compounds induce
structural changes prominently in the A10-to-W16 amino acid region (Fig. 3; see Fig.
S3). Since this amino acid region represents BDQ’s binding site on the � subunit (see
Fig. S2) (6), these in vitro data, together with our in vivo findings, collectively suggest
that TBAJ-876 and its analogues share the same binding site on the � subunit as BDQ.

The NMR titration data also revealed that binding of TBAJ-876 and its analogues
induces specific structural changes throughout the N- and C-terminal domains of the �

subunit (Fig. 3; see Fig. S3). Interestingly, these intraprotein structural changes were
similar to structural changes previously observed upon BDQ binding to the subunit (6).
For BDQ, it was argued that these drug-induced intraprotein alterations affect the
interdomain amino acid interaction network required for M. tuberculosis � subunit’s
coupling function (6). Thus, TBAJ-876 and its analogues appear not only to bind to the
same site on the � subunit as BDQ, but also to induce BDQ-like coupling-disrupting
structural changes inside the protein.

Our in vivo and in vitro analyses of the interaction of TBAJ-876 and its analogues with
the � subunit suggest that the compounds target the subunit. However, similar to BDQ
(10), attempts to isolate spontaneous resistance mutations in the � subunit were not
productive. The mechanism of action and resistance to another F-ATP synthase inhib-
itor, N,N=-dicyclohexylcarbodiimide (DCCD), provide an interesting parallel to this find-
ing. DCCD targets the c subunit (22–24) and the � subunit of the enzyme (25, 26).
Interestingly, DCCD has been shown in M. phlei to bind to a binding site on the c
subunit similar to that of BDQ (3). Analyses of DCCD-resistant strains of Escherichia coli
(24) and Streptococcus faecalis (22) have revealed that DCCD resistance mutations can
be isolated only in the c subunit, but not in the � subunit. However, a mutational study
of the binding site of DCCD on the � subunit of E. coli (residue E181) has shown that
site-directed mutagenesis of this key residue results in impairment of the catalytic
activity of the subunit (27). This suggests that DCCD resistance mutations in the �
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subunit are not tolerated by the bacteria due to their deleterious effect on F-ATP
synthase activity. This may also be the case for BDQ and TBAJ-876 with regard to the
� subunit. Biochemical studies on the engineered M. smegmatis � subunit W16A mutant
strain show that the mutation causes a strong reduction of ATP synthesis by the
mycobacterial F-ATP synthase (6). This appears to be caused by a destabilizing effect of
the amino acid exchange on the interdomain amino acid interaction network that is
crucial for the � subunit’s coupling function (6). Thus, missense mutations in the
BDQ/TBAJ-876 binding site on the � subunit may not be tolerated, providing a plausible
explanation for the inability to isolate such mutations.

In conclusion, we show that TBAJ-876 and three of its analogues retain BDQ’s
antimycobacterial mode of action. This new developmental compound inhibits the
mycobacterial F-ATP synthase via a dual-subunit on-target mechanism of interfering
with the functions of the enzyme’s c and � subunits (Fig. 4).

MATERIALS AND METHODS
Bacterial strains, culture medium, and chemicals. M. bovis BCG (ATCC 35734), M. smegmatis mc2

155 (ATCC 700084), and M. tuberculosis H37Rv (ATCC 27294) wild-type and derived mutant strains were
maintained in complete Middlebrook 7H9 medium (BD Difco) supplemented with 0.5% (vol/vol) glycerol
(Fisher Scientific), 0.05% (vol/vol) Tween 80 (Sigma-Aldrich), and 10% (vol/vol) Middlebrook albumin-
dextrose-catalase (ADC) (BD Difco). For culturing of the M. smegmatis � subunit overexpresser mutant
strain, kanamycin (Sigma-Aldrich) was added to the culture medium to create a final concentration of
25 �g/ml to serve as a selection antibiotic for the episomal pMV262 plasmid harbored by the strain. BDQ
was purchased from MedChem Express, freshly dissolved in 100% dimethyl sulfoxide (DMSO) to create
a concentration of 0.5 mM, and sterilized using 0.2-�m polytetrafluoroethylene (PTFE) membrane filters
(Acrodisc; Pall). TBAJ-876, 5366, 5316, and 5307 were described previously (20), with TBAJ-876 corre-
sponding to “compound 46,” 5366 to “compound 29,” 5316 to “compound 17,” and 5307 to “compound
33.” TBAJ-876 and its analogues were dissolved in 100% DMSO to create a concentration of 50 mM. All
the chemicals used for the ATP synthesis assay, ATP hydrolysis assay, and NMR titration were purchased
from Biomol, Merck, Sigma, or Serva unless otherwise stated.

Preparation of M. bovis BCG and M. smegmatis inverted membrane vesicles. Inverted membrane
vesicles were prepared according to a method described previously (6). Briefly, the mycobacterial
wild-type cells were lysed and subsequently broken at high pressure. The membrane fraction was then
extracted and pelleted to obtain the vesicles.

ATP synthesis assay. The reaction mixture used for the ATP synthesis assay contained assay buffer
(50 mM MOPS [morpholinepropanesulfonic acid]-NaOH, 10 mM MgCl2, pH 7.5), 10 �M ADP, 250 �M Pi,

FIG 4 Model of the activities of BDQ and TBAJ-876 on the mycobacterial F-ATP synthase. During ATP synthesis under
drug-free conditions, the c ring rotates and the � subunit interacts with the �3:�3 headpiece to communicate this rotational
movement as part of its coupling function. The coupling function of the � subunit is carried out by the transfer of
information on c ring rotation, in the form of conformational alterations, from the N-terminal domain to the C-terminal
domain through an interdomain amino acid interaction network (represented by the black arrows) (6). The communication
to the �3:�3 headpiece is complete when the C-terminal domain of the � subunit adopts an extended conformation to
interact with the �3:�3 headpiece (represented by the blue arrows) (6). BDQ or TBAJ-876 (represented by “DARQ”
[diarylquinoline]) binds to two sites on the F-ATP synthase: the c subunit and the � subunit. Binding to the c subunit has
been proposed to stall c ring rotation, which inhibits ATP synthesis at the �3:�3 headpiece (3). Binding to the � subunit
induces structural changes throughout its N- and C-terminal domains (asterisks) (6). These intraprotein structural changes
have been proposed to corrupt the interdomain interaction network, thus preventing the transfer of information on c ring
rotation. Hence, the � subunit’s coupling function of communicating c ring rotational movement to the �3:�3 headpiece
is corrupted, and consequently, ATP synthesis is inhibited (6).
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and 1 mM NADH. KH2PO4 salt (100 mM) was dissolved in the assay buffer to adjust the concentration of
Pi; 25 �l of the reaction mixture was added to each well of an opaque, white, 96-well, flat-bottom Nunc
plate (Thermo Scientific). Each compound or BDQ was added to the first well of each row to create two
times the desired highest final concentration. A 19-point 2-fold serial dilution was then carried out
starting from the first well. The M. bovis BCG or M. smegmatis inverted membrane vesicles were then
added to create a final concentration of 5 �g of protein/ml in 50 �l per well. Subsequently, the plate was
incubated at room temperature for 30 min. At the end of the incubation period, 50 �l of CellTitre-Glo
(Promega) was added to each well. The plate was then incubated again for 10 min in the dark at room
temperature. Subsequently, luminescence was measured with a Tecan Infinite Pro 200 plate reader
(parameters: luminescence, integration time of 500 ms; no attenuation). The level of luminescence
correlates with the amount of ATP synthesized by the F-ATP synthase. The graphs of the results were
made using GraphPad Prism 5 software.

Quantification of intrabacterial ATP. Clear 96-well flat-bottom Costar cell culture plates (Corning)
were filled with 100 �l of complete 7H9 medium in each well. Each compound or BDQ was added to the
first well in each row to create two times the desired highest final concentration. Subsequently, a
21-point 2-fold serial dilution was carried out starting from the first well in each row. M. bovis BCG, which
was grown to mid-exponential phase, was diluted to an optical density at 600 nm (OD600) of 0.1; 100 �l
of the diluted culture was added to each well to create a final OD600 of 0.05 in all the wells. The plates
were incubated at 37°C on an orbital shaker set at 110 rpm for 24 h.

For the assay involving M. smegmatis, the strain was grown to mid-exponential phase and subse-
quently diluted to an OD600 of 0.05; 1 ml of diluted culture was transferred to each 14-ml round-bottom
tube (SPL Life Sciences). The compounds and BDQ were added to their respective tubes to achieve the
desired final concentrations. The tubes were incubated at 37°C with shaking at 160 rpm for 3 h.

At the end of the incubation period for both M. bovis BCG and M. smegmatis samples, the samples
were measured for their intrabacterial ATP content by employing the BacTitre-Glo microbial cell viability
assay (Promega), which was carried out according to the manufacturer’s instructions as described
previously (28). Twenty-five microliters of each sample was mixed with 25 �l of the BacTitre-Glo reagent
in each well of an opaque, white, 96-well, flat-bottom Nunc plate. Luminescence was measured with a
Tecan Infinite Pro 200 plate reader after 5 min of incubation of the plate in the dark at room temperature.
The background luminescence reading was subtracted from the luminescence readings of all the
samples. The ATP amount was derived from the respective luminescence readings using a standard curve
of a range of known ATP amounts. The graph of the results was made using GraphPad Prism 5 software.

ATP hydrolysis assay. The effects of the compounds and BDQ on the ATPase activity of M.
smegmatis inverted membrane vesicles was measured using a continuous ATP hydrolysis assay as
described previously (6), but with a minor modification. The modification to the assay was that at the 30-s
mark of the 5-min observation period, the compounds or BDQ was added to the reaction mixture to
achieve their respective tested concentrations. Observation of absorbance continued subsequently to
assess the effects of the compounds and BDQ on the absorbance. The graph of the results was made
using GraphPad Prism 5 software.

Selection of spontaneous resistant mutants. Mid-exponential-phase cultures (107 and 108 CFU) of
M. tuberculosis H37Rv were plated out on Middlebrook 7H10 agar plates supplemented with 0.5%
(vol/vol) glycerol and 10% (vol/vol) Middlebrook oleic acid-albumin-dextrose-catalase (OADC) (BD Difco)
and containing 5�, 10�, 20�, 40�, or 80� the MIC90 of each compound (the MIC90 values are shown
in Table 3). The agar plates were incubated at 37°C for 4 weeks, and the colonies that grew on the plates
were restreaked onto agar plates containing the same concentration of the respective compound to
confirm resistance. All the colonies from the restreak plates were picked and expanded in complete 7H9
medium to an OD600 of 1.0. Subsequently, the cultures were transferred to 50-ml Falcon tubes (Fisher
Scientific) and centrifuged at 3,200 rpm at 25°C for 10 min. The supernatant was discarded, and the cell
pellet was suspended in an equal volume of 7H9 supplemented with 10% (vol/vol) glycerol, 0.05%
(vol/vol) Tween 80, and 10% (vol/vol) ADC. The mutants were stored as 1-ml aliquots at �80°C. The
frozen stocks were used for genetic and phenotypic characterization of the mutants.

Sequencing of atpC and atpE genes. Genomic DNA of the M. tuberculosis spontaneous resistant
mutants was isolated as described previously (29). Briefly, the cells were lysed, broken up via bead
beating, and delipidated. Subsequently, the genomic DNA was isolated via precipitation. PCR amplifi-
cation of the entire F-ATP synthase operon from the genomic DNA of all the mutants was first carried out
using the ATPoperon Frwd and ATPoperon Rev primers (see Table S1 in the supplemental material). The
amplified PCR product of the F-ATP synthase operon, which functioned as a template, and the respective
gene-specific sequencing primers (see Table S1) were then used for sequencing the atpC and atpE genes
(encoding the � subunit and c subunit, respectively). Sequencing was carried out by Bio Basic Inc.
(Singapore). The sequences of the two genes of all the mutants were compared to those of the wild-type
strain to identify mutations.

NMR titration of the compounds with the M. tuberculosis � subunit. All samples used for the NMR
titration experiment contained 0.2 mM 15N-labeled M. tuberculosis � subunit in 50 mM Tris, pH 7.5,
200 mM NaCl, 10% (vol/vol) glycerol, 0.01% (vol/vol) NaN3, and 10% (vol/vol) D2O. NMR titration was
carried out by titrating each compound stepwise into the sample solution to create a final molar ratio
(protein/compound) of 1:2. The NMR measurements were carried out using a Bruker Avance 700-MHz
spectrometer that was equipped with a cryogenic probe at 293 K. Resonance assignments of 15N and 1H
resonances were carried out based on the previously reported NMR solution structure of the M.
tuberculosis � subunit (Protein Data Bank ID 5YIO). All NMR spectra were processed using NMRPipe (30)
and subsequently analyzed using SPARKY (31).
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M. smegmatis � subunit mutant strains. The M. smegmatis � subunit W16A mutant strain and the
M. smegmatis � subunit overexpresser strain were described previously (12).

Growth inhibition dose-response assay. The growth inhibition dose-response assay was carried
out using the broth microdilution method as described previously (32). Briefly, each well of clear 96-well
flat-bottom Costar cell culture plates (Corning) was filled with 100 �l of complete 7H9 medium. Each
compound or BDQ was added to the first well in each row to create two times the desired highest final
concentration. Subsequently, a 10-point 2-fold serial dilution was carried out starting from the first well
in each row. The mycobacterial strains used for the assay were grown to mid-exponential phase and
subsequently diluted to an OD600 of 0.1; 100 �l of the diluted culture was added to each well to
create a final OD600 of 0.05 in all the wells. For M. bovis BCG, the plates were incubated at 37°C on
an orbital shaker set at 110 rpm for 5 days. For M. smegmatis strains, the plates were incubated at
37°C on an orbital shaker set at 110 rpm for 1 day. For M. tuberculosis strains, the plates were
incubated at 37°C on an orbital shaker set at 80 rpm for 7 days. At the end of the incubation period,
the cultures in all the wells were manually resuspended, and the OD600 was read using a Tecan
Infinite Pro 200 plate reader. The MIC50 reported represents the concentration that inhibited 50% of
growth compared to the untreated culture. The MIC90 reported represents the concentration that
inhibited 90% of growth compared to the untreated culture.

SUPPLEMENTAL MATERIAL
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