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Abstract 

Pyrazinamide is an effective first-line anti-tuberculosis drug whose 
mechanism is poorly understood. Pyrazinamide constitutes a pro-drug 
that becomes metabolized into pyrazinoic acid. The current model 
assumes that this weak acid is supposed to subsequently interfere with 
the bacterial membrane potential. In this report, we investigate 
pyrazinoic acid in a sub-cellular assay using membranes from 
Myocbcaterium bovis BCG. We confirm that pyrazinoic acid strongly 
decreases the proton motive force across the cytoplasmic membrane 
and demonstrate that the drug acts directly on the membrane. 
Pyrazinoic acid also significantly reduced ATP synthesis rates in a 
pH-dependent manner, with significantly enhanced activity at acidic 
pH values. These results indicate that pyrazinoic acid may exert a 
dual impact on bacterial viability by both breaking down the proton 
motive force required for uptake of nutrients and by blocking ATP 
production. Moreover, pyrazinoic acid also significantly decreased 
cellular ATP levels in both time dependent and dose-dependent 
manner, which indicates that the predominant mechanism of killing 
by this drug may be due to the depletion of cellular ATP reserves. 
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Introduction 

Tuberculosis is presently treated with an extended chemotherapy of at 
least 6 months1, 2. Shortening treatment duration is a key objective in 
order to reduce noncompliance and to combat recently emerging 
multi-drug resistant strains of Mycobacterium tuberculosis3, 4. 
Pyrazinamide (PZA) is an important first-line drug employed in 
tuberculosis chemotherapy5. Addition of PZA to the antibiotic 
regimen played a key role in shortening of tuberculosis treatment 
from 9 months to 6 months, presumably due to PZA being active on 
semi-dormant bacteria that are not sensitive to other front-line drugs6, 

7. PZA is a sterilizing drug that efficiently kills populations of 
Mycobacterium tuberculosis residing in acidic environments, as found 
during active inflammation6, 8-10. Despite the importance of PZA, its 
mechanism of action probably is the least understood of all first and 
second line anti-tuberculosis drugs. A better understanding of PZA 
action may help in development of new drugs to further shorten 
tuberculosis treatment. 

In vitro, pyrazinamide displays no activity in a neutral 
environment11, but kills M.tuberculosis at low pH (5.5 – 6.0) with 
MIC values of 50 – 100 μg/ml12-15. PZA constitutes a pro-drug that in 
the mycobacterial cell is hydrolyzed to yield the active entity, 
pyrazinoic acid (POA)16. PZA resistance in strains of M. tuberculosis 
as well as in naturally resistant mycobacterial strains such as 
Mycobacterium bovis BCG has been attributed to mutations in the 
pncA gene, encoding the pro-drug activating enzyme 
pyrazinamidase17, 18. Although a function of PZA as inhibitor of 
mycobacterial fatty acid synthase FAS I has been proposed19, this 
mechanism of action appears to be limited to PZA/POA analogs such 
as 5-chloro-pyrazinamide 20and fatty acid synthesis as target pathway 
for POA is controversial20-22. Moreover, no POA resistance mutations 
are known19, 23, suggesting that POA does not have a single, specific 
target protein.  
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According to the hypothesis put forward by Zhang and 
colleagues, POA, a weak acid (pka 2.9), acts as an uncoupling agent 
by breaking down the bacterial membrane potential22, 24. POA in its 
unprotonated form can leave the cell by passive or active efflux, takes 
up a proton in the acidic environment and enters the mycobacterial 
cell again in its protonated, less polar form22. The thereby caused 
decrease in proton motive force then blocks, amongst other processes, 
uptake of nutrients required for growth24. This hypothesis has been 
supported by a series of in vitro experiments using M. tuberculosis 
grown under different culture conditions, such as hypoxia 25, nutrient-
starvation26, addition of iron to the growth medium27 , and in the 
presence of weak organic acids24, 28. However, it is not known if the 
observed decrease in the proton motive force is due to direct action of 
POA on the bacterial membrane or indirectly caused by POA 
inhibition of a metabolic enzyme, which subsequently could result in 
a diminished proton motive force. Moreover, the observed decrease in 
the proton motive force could also be due to a proteomic response to 
POA or PZA, e.g. caused by down regulation of enzymes involved in 
generation of the proton motive force. 

Understanding the mechanism of PZA/POA action has been 
hampered by a lack of suitable experimental sub-cellular assay 
systems to study this drug. Previously, subcellular membrane assays 
have been used to characterize the impact of respiratory chain and 
ATP synthase inhibitors in the fast growing strain M. smegmatis2, 29-31. 
We extended this system to slow-growers and detected the proton 
motive force and quantified ATP synthesis activity for M. bovis 
BCG32. M. bovis BCG is resistant to PZA due to mutations in pncA18 , 
but becomes susceptible upon transformation with the pncA gene 
from M. tuberculosis17 and is fully susceptible to POA13, 16, 27.In this 
report we use membrane vesicles from M. bovis BCG to investigate 
action of POA at sub-cellular level. We test weather POA directly 
decreases the proton motive force and weather it reduces ATP 
synthesis rates. We also examine the impact of POA on ATP levelsat 
the whole cell range. 
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Materials & Methods 

Chemicals. Pyrazinamide (PZA), Pyrazinoic acid (POA), and [[3,5-
bis(1,1- dimethylethyl)-4-hydroxyphenyl]methylene] propanedinitrile 
(SF6847), P1,P5di(adenosine-5’) pentaphosphate (Ap5A) were 
purchased from Sigma. Glucose-6- Phosphate Dehydrogenase and 
NADP were purchased from Roche. 

 

Culture of Mycobacterium bovis BCG and preparation of 
membrane vesicles. 

M. bovis BCG Copenhagen was kindly provided by B.J. Appelmelk, 
Department of Molecular Cell Biology & Immunology, VU 
university medical center Amsterdam, The Netherlands. M. bovis 
BCG was grown in Middlebrook 7H9 broth (Difco) with 10% 
Middlebrook albumin-dextrose-catalase enrichment (BBL) and 0.05% 
Tween-80 at 37°C. Cells of M. bovis BCG were grown to late 
exponential phase, pelleted by centrifugation at 6,000 x g for 20 min 
and washed once with Phosphate Buffered Saline (PBS, pH 7.4). 5 
grams of cells (wet weight) were re-suspended in 10 ml of Buffer 1 
(10mM HEPES, 5 mM MgCl2, 10 % glycerol, pH 7.5), including 
protease inhibitors (complete, EDTA-free; protease inhibitor cocktail 
tablets from Roche). 1.2 mg*ml-1 lysozyme, 1516.2 units of 
Deoxyribonuclease I (Invitrogen) and 12 mM MgCl2 were added and 
cells were incubated with stirring at 37 °C for 1 hour. The cells were 
broken by four passages through a pre-cooled French pressure cell at 
10,000 psi (Thermo Electron, 40K). The lysate was centrifuged at 
6,000 x g and 4°C for 20 min to remove unbroken cells. Two 
additional centrifugation steps at 6,000 x g and 4 °C for 20 min were 
done to remove residual cell wall components. The supernatant was 
centrifuged at 55,000 rpm and 4 °C for 1 hour and the pellet of 
membrane vesicles was dissolved again in an appropriate volume of 
Buffer 1. 
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Assay of proton motive force detection. 

 The proton motive force of membrane vesicles of M. bovis BCG was 
measured by decrease of 9-amino-6-chloro-2- methoxyacridine 
(ACMA) fluorescence32with a Cary Eclipse fluorescence 
spectrophotometer (Varian Inc, Palo Alto, USA). Inverted membrane 
vesicles (0.36 mg*ml-1were pre-incubated at 37 °C in 50 mM MES 
(pH 6.5 and pH 5.5), 100 mM KCl, 5 mM MgCl2, 2 μM ACMA and 
POA at varying concentrations, added in a volume of 20 µl from a 
stock solution in dimethylsulfoxide. The baseline was monitored for 
10 min, then the reaction was started by adding 5 mM succinate (final 
concentration). After 15 min, any proton gradient was collapsed by 
the addition of 1 μM SF6847. Excitation and emission wavelengths 
were 410 and 480 nm, respectively. 

 

Assay of ATP synthesis for mycobacterial membrane vesicles.  

ATP synthesis was measured as described30. Briefly, membrane 
vesicles (1 mg*ml-1) from M. bovis BCGwere incubated in 50 mM 
morpholino-ethanesulfonic acid (MES, pH 6.5 and 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 x g, 20 min) to remove denatured protein. In supernatants, the 
synthesized glucose-6-phosphate was quantified by NADP+ (2.5 mM) 
reduction in the presence of 3 U*ml-1  of glucose6-phosphate 
dehydrogenase (Roche). NADPH formation was monitored with a 
spectrophotometer at 340 nm. 
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Results 

POA directly interferes with the proton motive force. 

We isolated membrane vesicles from M. bovis BCG as reported 
previously32. In this sub-cellular system, the cytosolic fraction is 
removed, allowing for a more specific investigation of drug action on 
membrane components. First we confirmed that pyrazinoic acid (POA) 
directly interferes with the proton motive force. The proton motive 
force was monitored with the ACMA quenching method as described 
previously32. Addition of succinate caused fluorescence quenching, 
which was eased upon addition of an uncoupler (SF6847), proving 
that the observed quenching was caused by a proton motive force, 
being set up across the membrane (Figure 1). In the presence of POA 
the proton motive force decreased in a dose-dependent manner 
(Figure 1). This effect was more pronounced at pH 5.5 as compared to 
pH 6.5 (Figure 1A and B). The POA concentrations needed to 
significantly decrease the proton motive force are comparable to 
values reported earlier for M. tuberculosis at whole cell level22. This 
result indicates that POA directly interferes with membrane energetics. 

A 
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Figure 1: Pyrazinoic acid decreases the proton motive force in a 
sub-cellular assay. The proton motive force in membrane vesicles 
from M. bovis BCG was monitored in the presence of pyrazinoic acid 
at the indicated concentrations (μg/ml) by quenching of ACMA as 
fluorescence indicator at pH 6.5 (A) and pH 5.5 (B). Succinate and 
the uncoupler SF6847 were added to establish and collapse the proton 
motive force at the time point indicated by the arrows. Each 
experiment was carried out in three-fold, representative results are 
shown. 

 

POA decreases rates of respiratory ATP synthesis. 

Next, we investigated to which extend POA, by decreasing the proton 
motive force, interferes with respiratory ATP production. ATP 
synthesis rates by the mycobacterial membranes were determined as 
described6, 33. As depicted in Figure 2, POA inhibited ATP 
synthesisin a dose-dependent manner. The affinity for POA 
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significantly decreased at higher pH, with IC50 values of 200 μg/ml 
at pH 5.5 compared with 850 μg/ml at pH 6.5. (Figure 2A and B, 
closed bars). This result is consistent with the enhanced killing 
previously observed at acidic pH for PZA in vivo and for POA in 
vitro13, 22. As a control, for PZA only a minor effect was observed, 
with IC50 values exceeding 2000 μg/ml at both pH values tested 
(Figure 2A and B, open bars). These results strongly suggest that 
POA is the active entity, which diminishes rates of ATP synthesis. By 
interfering with both uptake of metabolites22and with respiratory ATP 
synthesis, POA thus exerts at least dual action, which potentially 
renders it an exceptionally powerful drug. This may hold in particular 
for bacteria in short energy supply, such as bacteria under nutrient-
starved or hypoxic conditions7, 28. 

A 
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Figure 2: Pyrazinoic acid inhibits ATP synthesis. ATP synthesis 
activity by membrane vesicles was determined by quantifying 
produced ATP with the glucose-6- phosphate method32. The reaction 
was carried out in the presence of the indicated concentrations of 
pyrazinoic acid (closed bars) or pyrazinamide (open bars) at pH 6.5 
(A) or pH 5.5 (B). Each graph shows mean values of three 
independent experiments with standard deviation. 

 

POA decreases cellular ATP levels. 

We studied the impact of ATP synthesis inhibition by POA on 
cellular ATP levels. Addition of POA to M. bovis BCG grown in 
liquid culture significantly decreased cellular ATP levels in both time 
dependent and dose-dependent manner (Figure 3). As control, PZA 
did not significantly change ATP levels. The concentrations of POA 
needed to reduce cellular ATP levels correlate well with those 
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required for ATP synthesis inhibition, e.g. 800 μg /ml POA (IC50 in 
ATP synthesis assay) decreased cellular ATP by ~ 40 % after 1 day 
and > 60% after 5 days. These results suggest that POA interference 
with respiratory ATP synthesis has a significant impact on cellular 
ATP levels, which in turn may be the cause of bacterial killing. 
Consistent with this view, addition of external ATP to nutrient-
starved M. tuberculosis cultures greatly diminished killing by PZA7. 

Figure 3: Pyrazinoic acid decreases cellular ATP levels. M. bovis 
BCG was grown in liquid culture (pH  6.5) as described by Haagsma 
et al32. Cellular ATP levels in the presence of pyrazinoic acid or 
pyrazinamide were determined at the indicated time points using the 
luciferase bioluminescent method31, based on cell volumes 
determined as described by Rao et al34. Bars represent the mean 
values and standard deviations of the results of three independent 
experiments. 
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Discussion 

Insight into the mode of action of antibacterial drugs is an important 
step in drug development. POA disrupts the proton motive force in 
membrane vesicles from M. bovis BCG. This finding confirms the 
mechanism of action of POA acting as a weak acid that in its 
protonated form passively can traverse the membrane. Our result 
demonstrates that the decreased proton motive force is due to direct 
action of POA on the membrane and supports the view that weak 
acids and/or their analogs may be used as efficient anti-tuberculosis 
drugs, as proposed earlier22. Lowering the proton motive force 
inhibits efficient uptake of nutrients as shown previously24 leading to 
reduced protein and nucleic acid synthesis and eventually to bacterial 
killing. By lowering the proton motive force POA also decreases 
respiratory ATP synthesis activity. POA thus exerts at least dual 
action, which potentially renders it an exceptionally powerful drug. 
This holds in particular for bacteria in short energy supply, such as 
old bacteria or bacteria under nutrient-starved or hypoxic conditions14, 

25, 26. 

Recently, a new series of ATP synthase inhibitors, the 
diarylquinolines, have been found, with the lead compound TMC207 
presently in phase II clinical trials1, 35. In contrast to POA, TMC207 
directly binds to ATP synthase31, 36. However, TMC207 and 
PZA/POA share several interesting characteristics, as follows. Both 
drugs show a delayed action in vitro and in vivo, the early bactericidal 
activity is low with hardly any killing observed within the first days 
of treatment, time-dependent killing is observed from day 3 - 4 on22, 37. 
Moreover, both drugs display a particularly strong effect on 
mycobacteria under (semi-) dormant conditions2, 7, 14, 38. Finally, 
similar to our data reported here for POA, TMC207 reduces cellular 
ATP levels18, 31, 37. Based on this similarity in signature we suggest 
that both drugs share the same predominant mechanism of killing by 
depleting the cellular ATP pool. It needs to be determined to which 
extend alternative targets are involved and contribute to the 
pronounced bactericidal action of pyrazinamide. Consistent with this 
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view, addition of external ATP to nutrient starved M. tuberculosis 
cultures greatly diminished killing by PZA26. The sub-cellular assay 
system for membranes from slow-growing myocbacteria may be used 
in pathway-directed screening systems for new anti-mycobacterial 
compounds, as recently proposed4. The optical read-outs for proton 
motive force and ATP synthesis activity facilitate utilization in high-
throughput assays. The system can be used under different conditions 
mimicking the environment mycobacteria are thought to experience 
during infection, e.g. acidic pH, nutrient–starved conditions or (low-
oxygen) dormancy conditions. 

Taken together, we show that POA acts directly on the 
mycobacterial cytoplasmicmembrane, interfering with both the proton 
motive force and with respiratory ATP synthesis, thus exerting a dual 
effect on bacterial metabolism. More importantly, POA significantly 
decreased cellular ATP levels, which may led to the bacteria killing. 
The sub-cellular membrane assay system described here may be used 
for screening of new compounds targeting respiratory ATP synthesis 
in pathogenic mycobacteria, thus further exploring the suitability of 
this metabolic pathway as target for novel antibacterials. 
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