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Abstract 
 
Inhibitors of energy metabolism are promising next-generation drugs 
for treatment of tuberculosis. The combination of the ATP synthase 
inhibitor bedaquiline (BDQ) with the front-line drug pyrazinamide 
showed strong synergy in a mouse model and may form a central 
element for future tuberculosis chemotherapy. Using Mycobacterium 
bovis BCG as model we here observed that the combination 
bedaquiline and pyrazinoic acid, the active moiety of the pro-drug 
pyrazinamide, resulted in accelerated bactericidal activity in vitro. 
This enhanced kill correlated with accelerated depletion of cellular 
ATP pools. Bacterial killing by bedaquiline and depletion of ATP 
levels were also enhanced in combination with the efflux pump 
inhibitor verapamil. We hypothesize that this acceleration is due to 
prevention of drug efflux caused by gradual depletion of cellular 
energy pools by bedaquiline or pyrazinoic acid. Our results reveal that 
the synergistic effect observed for the bedaquiline/pyrazinamide 
combination in the mouse model is not solely due to factors 
associated with the mammalian host. The combination of bedaquiline 
and pyrazinamide may have potential for shortening tuberculosis 
treatment duration. 
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Introduction 
 
The diarylquinoline bedaquiline (BDQ, also known as TMC207 or 
R207910)1is known for its activity against persisting M. tuberculosis, 
and it appears promising for shortening tuberculosis treatment. Based 
on phase II clinical trials, BDQ was recently granted accelerated 
approval by the US Food & Drug Administration for the treatment of 
pulmonary multi-drug resistant tuberculosis as part of combination 
therapy in adults2, 3. BDQ functions as a selective inhibitor of 
mycobacterial ATP synthase4, 5. In mouse models of tuberculosis 
BDQ has shown strong synergistic bactericidal action and sterilizing 
activity with PZA6-10. The combination of BDQ and PZA was 
remarkably effective, rendering mouse lungs culture negative after 2 
months of treatment, with comparatively low rates of relapses10. 

PZA is a highly effective drug which in the 1980ies was 
crucial for shortening TB chemotherapy from 9 months to 6 months11.  
PZA is first deaminated by the mycobacterial pyrazinamidase12and 
the resulting pyrazinoic acid (POA) interferes with the bacterial 
proton motive force, with the ribosomal rescue process of trans-
translation, and potentially other targets as well13-15. Like BDQ, PZA 
exhibits stronger activity on non-multiplying bacteria as compared 
with multiplying cultures13, 16. 

Little information is available on the mechanism of the 
observed synergy. In this report, we investigate the combination of 
BDQ and PZA/POA in vitro, using Mycobacterium bovis BCG as 
model system. M. bovis BCG is resistant to PZA due to mutations in 
pyrazinamidase, but is susceptible to POA17, 18and to bedaquiline1, 19. 
We hypothesized that the observed synergy may not only be due to 
the host factors and we rationalized that using in vitro culture model 
may contribute to elucidating the mechanism of the observed synergy 
between BDQ and PZA, and it may shed light on assessing 
combinations of anti-tuberculosis drugs for shortening treatment of 
tuberculosis. 
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Materials and Methods  
 
Bacterial Strains. Mycobacterium bovis BCG (strain Copenhagen) 
was kindly provided by B.J. Appelmelk, Department of Molecular 
Cell Biology & Immunology, VU University Medical Center 
Amsterdam, The Netherlands. 
 
Chemicals. Chemicals for culture of M. bovis BCG were purchased 
from Sigma.  
Media: M. bovis BCG was grown in Middlebrook 7H9 broth (Difco) 
supplemented with ADC Enrichment. Serial 10-fold samples were 
plated onto the 7H10 agar (M. bovis).  Plates were incubated in the 
dark at 37℃for 28 days, when colonies were counted. Sterilized 900 
ml Middlebrook 7H9 broth (Difco) was completed by 100 ml BD 
BBL™ Middlebrook ADC Enrichment (BD 212352) (final pH value; 
6.5). Serial 10-fold samples of bacterial cultures in Middlebrook 7H9 
broth were plated onto Middlebrook 7H10 agar (M 0303, Sigma) 
supplemented with BD BBL™ Middlebrook OADC Enrichment (BD 
212240). Plates were incubated in the dark at 37℃ for 28 days, when 
colonies were counted. 
 
Anti-bacterials were bedaquiline, 5 mg/ml stock solution in dimethyl 
sulphoxide; diluted 1:50 to 100 μg/ml in dimethyl sulphoxide and 
POA 100 mg/ml stock solution in dimethyl sulphoxide. 
Cultural procedures. M. bovis BCG was grown from frozen glycerol 
stock in 7H9 Middlebrook broth to an opacity of 0.6-0.8 at 600 nm. In 
each experiment, 350 ml aliquots of Middlebrook broth were 
dispensed into Falcon™ 850 cm²screw-capped containers, which 
were inoculated with 3.5 ml pre-culture and incubated undisturbed for 
30 days. The cultures were then vortex mixed to break up the deposit, 
aliquoted into small Erlenmeyer flasks, and antibacterials added. At 
least two replicates of each antibacterial concentration were tested.  
 
Cellular ATP levels were determined using the luciferase 
bioluminescence method described previously17. Briefly, 1.0-ml 
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samples taken from bacterial cultures grown and treated with 
antibacterials as described above were centrifuged at 8000*g for 10 
min. The pellets resuspended in 50 μl water and a 10-fold volume of 
boiling 100 mM TRIS-HCl, 4 mM EDTA (pH 7.75) was added. After 
incubation at 100 ºC for 2 min the samples were centrifuged (1000*g, 
60 s) and the supernatants transferred to fresh tubes. 100 μl luciferase 
reagent (ATP Bioluminescence assay, Roche) was added to 100μl 
sample and luminescence was measured with a 1250 Luminometer 
(LKB Instruments). ATP standards from 10-6 M to 10-10 M were used 
to calibrate the assay. 
 
Inverted membrane vesicles were prepared as described20. In brief, 
cells of M. bovis BCG were pelleted by centrifugation, washed and 
resuspended in 50 mM MOPS-KOH (pH 7.5), 2 mM MgCl2 including 
protease inhibitors, 10 mg ml-1 lysozyme, 1500 units of 
deoxyribonuclease I (Invitrogen) and 15 mM MgCl2.  After incubation 
with stirring at 37 °C for 1 hour, the cells were broken by four 
passages through a French press at 20,000 psi. The lysate was 
repeatedly centrifuged to remove unbroken cells and cell wall and 
then washed and resuspended in MOPS-KOH (pH 7.5), 2 mM MgCl2.  
 
ATP synthesis by inverted membrane vesicles was measured as 
described20. Briefly, inverted membrane vesicles  (0.25 mg*ml-1) 
were incubated in 50 mM MES (pH 6.5 or pH 5.5), 5 mM MgCl2, 2 
mM ADP, 20 mM KH2PO4, 100 μM P1,P5-di(adenosine-5’) 
pentaphosphate (Ap5A), 25 mM glucose, 11.8 U*ml-1 hexokinase 
(Sigma), and protease inhibitors (complete, EDTA-free; protease 
inhibitor cocktail tablets from Roche). Samples (0.25 ml) were 
incubated at 37 ºC with vigorous stirring in 18-ml flasks. The reaction 
was initiated with 5 mM succinate. After 2 hours, each reaction was 
stopped with 25 mM EDTA, followed by transfer to ice. Samples 
were transferred to Eppendorf tubes, boiled for 5 min, and centrifuged 
(10,000 *g, 20 min) to remove denatured protein. In supernatants, the 
synthesized glucose-6-phosphate was oxidized by 2.5 mM NADP+ in 
the presence of 3 U*ml-1 of glucose-6-phosphate dehydrogenase 
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(Roche). NADPH formation was monitored with a spectrophotometer 
at 340 nm. 
 
 
Results 
 
Combinations of bedaquiline and pyrazinoic acid on M. bovis 
BCG. We performed kill kinetics with the combination BDQ + POA 
on Mycobacterium bovis BCG. In static cultures of M. bovis BCG, 
bedaquiline at 2 μg/ml caused pronounced bacterial killing, with 
approximately 2 log units decrease in CFU counts over a period of 21 
days, reaching the LOD within 42 days in one culture (Fig 1A) and 
nearly reaching LOD in a second culture (Figure 1B). POA alone at 
800 μg/ml caused a minor decrease in viability from about 21 days, 
with 0.5 – 1 log unit kill in bacterial counts after 42 days (Fig 1A,B). 
The combination of bedaquiline + POA showed enhanced killing, 
reaching the limit of detection within 21 days in both experiments 
(Figure 1A and B). The extent of the enhancement was time-
dependent and slightly increased between day 7 and day 21 of the kill 
kinetics. 
A 
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Fig 1.Kill kinetics of bedaquiline and pyrzinoic acid on M. bovis BCG. 
Shown are cfu counts after exposure of two 30-day static cultures of M. 
bovis BCG for 42 days to bedaquiline (BDQ, 2 µg/ml), pyrazinoic acid 
(POA)(800 µg/ml) and the combination of these two drugs. LOD=Limit of 
detection. 
 
Bacterial cellular ATP levels in presence of bedaquiline and POA. 
To gain insight into the mechanism of this observed drug 
enhancement we monitored M. bovis BCG ATP levels in response to 
drug treatment. Cellular ATP levels declined due to the presence of 
bedaquiline and at a slower initial rate due to POA (Fig 2A, B). The 
combination bedaquiline/POA resulted in an accelerated drop of ATP 
levels as compared with the individual drugs, and suggested that 
accelerated depletion of cellular ATP levels is an important 
contributor to the enhanced bactericidal activity of the combination.  
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Fig 2.Impact of bedaquiline and pyrazinoic acid on ATP levels in M. bovis 
BCG. Cellular ATP levels in two 30-day static cultures of Mycobacterium 
bovis BCG for 42 days to bedaquiline (BDQ, 2 µg/ml), pyrazinoic acid 
(POA)(800 µg/ml) and the combination of these two drugs. ATP levels were 
determined using the luciferase bioluminescence method as described 
previously (24). 
 
 
Inhibition of bioenergetic functions by bedaquiline and POA 
combinations. As both bedaquiline and PZA/POA are reported to 
interfere with bioenergetic functions1, 4, 14, 17, we investigated their 
impact on de novo ATP synthesis in a sub-cellular assay, using 
isolated cytoplasmatic membranes from M. bovis BCG. Both drugs 
showed an independent impact on ATP production, which was not 
improved by their combination (Fig 3B). The combined effect of 
bedaquiline and POA on de novo ATP production at the level of the 
respiratory chain thus cannot account for the enhanced kill observed 
for these two drugs in the kill kinetics. 
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Fig 3.Influence of bedaquiline and pyrazinoic acid on de novo ATP 
synthesis.  Inverted membrane vesicles were prepared from M. bovis BCG 
as previously described (23). ATP synthesis activity of the membrane 
vesicles in the presence of bedaquiline (B) (2.5 or 5 nM) and pyrazinoic acid 
(P)(800 or 1000 μg/ml) or combinations of the two antimicrobials was 
quantified with the glucose-6-phosphate dehydrogenase method as 
described5. 
 
 
The effect of efflux pumps inhibition on bedaquiline efficacy. The 
enhanced action observed for the bedaquiline + POA combination 
here in kill kinetics experiments may be due to indirect inhibition of 
efflux pumps by bedaquiline and/or POA, as both drugs deplete 
cellular energy reserves4, 17.  If one or both of the drugs block the 
function of efflux pumps, this would prevent drug efflux, resulting in 
stronger killing. Previously, an important role of efflux pumps for 
POA action has been reported18and recently increased growth 
inhibition of clinical M. tuberculosisisolates for BDQ in the presence 
of the efflux pump inhibitor verapamil was shown21. We tested the 
effect of the efflux pump inhibitor, verapamil, on cellular energy 
levels and on bacterial killing of M. bovis BCG by bedaquiline in the 
static culture model. In the presence of this efflux pump inhibitor the 
drop in cellular ATP levels and the bacterial killing were enhanced, 
compared with bedaquiline alone (Fig 4A, B). Control experiments 
confirmed that verapamil alone did not significantly influence 
bacterial ATP levels or viability (Fig 4A,B). These results indicate 
that efflux pumps influence the bactericidal activity of BDQ. 
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Fig 4. Impact of the efflux pump inhibitor verapamil on efficacy of 
bedaquiline against M. bovis BCG. The combination of the efflux pump 
inhibitor verapamil (40 µg/ml) with bedaquiline (BDQ, 2 µg/ml) was 
evaluated in terms of decreasing the cellular ATP levels (A) and decreasing 
the bacterial viability (B).  
 
 
Discussion 
 
In vitro potency of the bedaquiline and POA combination. 
Previously, synergy has been reported for the combination regimen 
bedaquiline with PZA in mouse models6-10and recently it has been 
shown that the combination with pyrazinamide increased the 14-day 
bactericidal activity of bedaquiline in TB patients22. Our results 
presented here reveal that the high potency of this drug combination 
is not restricted to bacteria in a mammalian host environment, but is 
clearly detectable in vitro and thus at least in part caused by factors of 
mycobacterial metabolism, although additional contributions 
involving host factors cannot be excluded. The potency of the 
bedaquiline + POA combination is not restricted to M. tuberculosis, 
but may be a more general feature in bacteria of the M. tuberculosis 
complex. Moreover, synergy observed for the BDQ/PZA combination 
is at least in part caused by the interplay of bedaquiline with the 
active drug entity, POA.    
 
Suggested mechanism of mutual enhancement between 
bedaquiline and PZA. We hypothesize that inhibition of efflux 
pump function upon depletion of cellular energy pools may contribute 
to the observed enhanced drug activity and several findings reported 
here are consistent with this hypothesis. First, BDQ in combination 
with the efflux pump inhibitor verapamil causes enhanced inhibition 
of growth21and enhanced bacterial killing (this report). M. 
tuberculosis with over-expressed MmpL5 efflux pump displayed 
reduced susceptibility towards bedaquiline23, 24. Second, bedaquiline 
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+ POA did not synergize to inhibit de novo ATP production at the 
level of the isolated respiratory chain in membrane vesicles. Third, 
the enhanced kill by bedaquiline + POA correlated with an increased 
drop of cellular ATP, as expected if impaired function of ATP-driven 
efflux pumps prevents drug export. Fourth, cellular energy pools need 
to be sufficiently depleted in order to cause significant inhibition of 
efflux pumps. Consistently, the degree of enhancement observed for 
combinations of bedaquiline with POA in most experiments is more 
pronounced in the later phases of the kill kinetics. Fifth, it has been 
demonstrated that bedaquiline can interfere with small-molecule 
efflux in M. smegmatis, as revealed by increased intracellular 
ethidium bromide levels in presence of BDQ25. 

Ribosomal trans-translation, recently reported as an additional 
target of POA15, is of particular importance in bacteria under stress 
conditions15, 26and may be more important in bacteria with reduced 
cellular ATP levels, as caused by bedaquiline. This mechanism may 
further contribute to the synergy between bedaquiline and PZA/POA. 
Our results strengthen the view that inhibitors of bioenergetic 
pathways4, 27-29may synergize with a broad number of antibacterials4, 

27, 30, 31. This class of inhibitors may thus prove promising for drug 
combination regimens.  
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