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ABSTRACT ATP/ADP depicts the bioenergetic state of Mycobacterium tuberculosis
(Mtb). However, the metabolic state of Mtb during infection remains poorly defined
due to the absence of appropriate tools. Perceval HR (PHR) was recently developed to
measure intracellular ATP/ADP levels, but it cannot be employed in mycobacterial cells
due to mycobacterial autofluorescence. Here, we reengineered the ATP/ADP sensor
Perceval HR into PHR-mCherry to analyze ATP/ADP in fast- and slow-growing mycobac-
teria. ATP/ADP reporter strains were generated through the expression of PHR-
mCherry. Using the Mtb reporter strain, we analyzed the changes in ATP/ADP levels in
response to antimycobacterial agents. As expected, bedaquiline induced a decrease in
ATP/ADP. Interestingly, the transcriptional inhibitor rifampicin led to the depletion of
ATP/ADP levels, while the cell wall synthesis inhibitor isoniazid did not affect the ATP/
ADP levels in Mtb. The usage of this probe revealed that Mtb faces depletion of ATP/
ADP levels upon phagocytosis. Furthermore, we observed that the activation of macro-
phages with interferon gamma and lipopolysaccharides leads to metabolic stress in in-
tracellular Mtb. Examination of the bioenergetics of mycobacteria residing in subvacuo-
lar compartments of macrophages revealed that the bacilli residing in phagolysosomes
and autophagosomes have significantly less ATP/ADP than the bacilli residing in
phagosomes. These observations indicate that phagosomes represent a niche for meta-
bolically active Mtb, while autophagosomes and phagolysosomes harbor metabolically
quiescent bacilli. Interestingly, even in activated macrophages, Mtb residing in phago-
somes remains metabolically active. We further observed that macrophage activation
affects the metabolic state of intracellular Mtb through the trafficking of Mtb from
phagosomes to autophagosomes and phagolysosomes.

IMPORTANCE ATP/ADP levels guide bacterial cells, whether to replicate or to enter non-
replicating persistence. However, tools for measuring ATP/ADP levels with spatiotempo-
ral resolution are lacking. Here, we describe a method for tracking ATP/ADP levels at
the single-cell and population levels. Using this tool, we have demonstrated that the
transcription inhibitor rifampicin induces metabolic stress. In contrast, the cell wall syn-
thesis inhibitor isoniazid does not alter the metabolic state of the bacilli, suggesting that
transcription is tightly intertwined with metabolism, while cell wall synthesis is not.
Furthermore, we analyzed the metabolic state of mycobacteria residing in different com-
partments of macrophages. We observed that Mtb cells residing inside phagosomes
have healthy ATP/ADP levels. In contrast, the bacteria residing inside phagolysosomes
and autophagosomes face depletion of ATP. Interestingly, the activation of macrophages
facilitates the trafficking of mycobacterial cells from metabolism-conducive phagosomes
to metabolism-averse phagolysosomes and autophagosomes. We believe that this tool
holds the key to the identification of inhibitors of mycobacterial metabolism.
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ATP/ADP is central to the bioenergetic state of cells (1, 2). ATP/ADP directly regu-
lates several metabolic pathways such as glycolysis (3), the tricarboxylic acid (TCA)

cycle, and respiratory flux of electrons (4). Low ATP/ADP levels stimulate the oxidation
of the TCA cycle’s substrates through isocitrate dehydrogenase (5). This ratio is also a
selective indicator of energy consumption and changes in energy metabolism in a cell
(6). ATP/ADP homeostasis also plays a crucial role in determining the physiological
state of Mycobacterium tuberculosis (Mtb) (7). Importantly, Mtb could shuttle between
an actively replicating drug-susceptible state and a nonreplicating drug-tolerant state
in response to environmental cues such as hypoxia, nitric oxide (NO), carbon monox-
ide, and nutrient starvation (8–11). Interestingly, these cues are associated with a
downshift in the metabolism of Mtb, characterized by inhibition of respiration, accu-
mulation of NADH, and depletion of ATP levels. Although the first-line antituberculosis
(anti-TB) drugs isoniazid (INH) and rifampicin (RIF) are unable to kill Mtb in the nonrep-
licating state, a recently identified inhibitor of ATP synthase, bedaquiline (BDQ) (12), is
capable of killing these metabolically quiescent cells, suggesting the importance of
ATP synthesis in persister cells (13).

Given the significant role of ATP/ADP in regulating metabolism and bacterial physi-
ology, several methods are employed to estimate ATP/ADP. Traditional methods rely
upon the disruption of cells and measurement of the ensemble average of a popula-
tion and ignore intrinsic cellular heterogeneity (14). Emerging literature suggests that
even under growth-promoting conditions, some bacterial cells stochastically behave
similarly to cells from the stationary phase, have depleted levels of ATP, and could tol-
erate bactericidal concentrations of antibiotics (15, 16). These studies delineate the im-
portance of cellular heterogeneity in a population. Therefore, a reporter with spatial re-
solution is required to measure cellular ATP levels. For this purpose, firefly luciferase is
widely used, and it utilizes ATP for the production of quantifiable luminescence. This
enzyme is genetically encoded (17, 18). However, its use is limited due to weak signals.
Furthermore, luciferase consumes cellular ATP, which could affect cellular physiology,
and thus, it is not suitable for temporal measurements. Notably, the metabolic state
and intracellular oxygen levels are known to interfere with luciferase bioluminescence
(19). Furthermore, the bioluminescence of luciferase is influenced by the luciferase
structure and assay conditions (20). To mitigate these problems, an array of genetically
encoded biosensors were developed.

ATeam is a fluorescence resonance energy transfer (FRET)-based biosensor of ATP
wherein the ATP-responsive epsilon subunit of the bacterial FoF1-ATP synthase is sand-
wiched between cyan fluorescent protein and yellow fluorescent protein (YFP) (21).
The epsilon subunit of the bacterial FoF1-ATP synthase was inserted in enhanced green
fluorescent protein (eGFP) for the engineering of QUEEN (22) or in superfolder green
fluorescent protein (GFP) for the engineering of iATPSnFRs (23). In another approach,
GlnK1, an ATP binding trimeric protein of the PII family, was fused with cpmVenus to
create the sensor dubbed Perceval (24). However, Perceval suffered from saturation at
low ATP/ADP (,5) and was thus reengineered to Perceval HR (PHR) through extensive
mutagenesis in the ATP binding pocket of Perceval (25). PHR is capable of measuring a
higher dynamic range of ATP/ADP levels (25). One of these genetically encoded FRET-
based ATP sensors, ATeam, was also employed for tracking the metabolic state of
Mycobacterium smegmatis (Msmeg) (26). Since mycobacteria possess autofluorescence
(27), the optimal usage of this sensor in Msmeg required dilation of the fluorescence
through a deletion mutation in coenzyme F420 encoded by the fbiC gene (26).
However, the measurement of ATP/ADP levels in Mtb remains a daunting challenge.

Mtb is an intracellular pathogen. Mtb primarily infects macrophages and could re-
side in several intracellular compartments such as phagosomes, autophagosomes,
phagolysosomes, and autophagolysosomes (28). However, the metabolic state of Mtb
residing inside macrophages has remained poorly understood in the absence of suita-
ble tools with spatial resolution. In this study, we have modified PHR to a new ATP/
ADP ratiometric biosensor termed “PHR-mCherry.” This novel probe is capable of
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monitoring ATP/ADP of Mtb and Msmeg. We validated the PHR-mCherry sensor (ATP/
ADP sensor) in vitro and in vivo. PHR-mCherry was then used to measure ATP/ADP in
mycobacteria upon exposure to antibiotics or other physiologically relevant stresses.
Importantly, we have studied the metabolic state of mycobacteria residing in different
subvacuolar niches inside macrophages. We observed that Mtb cells residing inside
phagosomes maintain high ATP/ADP levels. In contrast, Mtb cells residing inside phag-
olysosomes or autophagosomes face metabolic stress as depicted by reduced ATP/
ADP levels.

RESULTS
Intrinsic mycobacterial autofluorescence prevents the use of a known ATP/ADP

reporter, PHR. Previously, we utilized the Peredox sensor (29) to engineer reporter
strains of fast- and slow-growing mycobacterial species for spatiotemporal measure-
ment of NADH/NAD1 (30, 31). We intended to create reporter strains of fast- and slow-
growing mycobacteria using the PHR sensor on the same lines. The excitation spec-
trum of PHR with an emission maximum (Emimax) of 525 nm has two distinct peaks at
420 nm and 500 nm that increase in response to ADP and ATP, respectively (25). Thus,
the 500/420 ratio depicts the ATP/ADP. We cloned the genetic region encoding the
sensor PHR in pMV762 and transformed it into Mtb. An excitation spectrum was
recorded using a fluorimeter with an Emimax of ;525 nm. Incidentally, we observed a
weak peak at 420 nm and a sharp peak at 500 nm (see Fig. S1A and B in the supple-
mental material). To ensure that these peaks are due to ATP/ADP, we utilized the ATP
synthase inhibitors BDQ and N,N-dicyclohexylcarbodiimide (DCCD). BDQ inhibits ATP
synthesis by inhibiting ATP synthase, and DCCD also inhibits ATP synthesis by covalent
binding with protonated carboxylates of the C-ring ion binding site of ATP synthase
(32). Unfortunately, we did not observe a significant and consistent decrease in the
500/420 ratio in response to BDQ or DCCD, suggesting that the sensor PHR is not func-
tional in Mtb (Fig. S1C). However, closer scrutiny of the data indicated that the 500-nm
peak in the excitation spectrum decreased upon treatment of mycobacterial cells with
both BDQ and DCCD (Fig. S1D). We observed similar spectral properties of PHR overex-
pressed in Msmeg using pMV762. Since Mycobacterium has strong intrinsic fluores-
cence with an excitation maximum (Exmax) at ;420 nm and an emission maximum at
;480 nm (27), we analyzed the autofluorescence of Msmeg and Mtb at an Emimax of
525 nm (Fig. S1E and F). These observations suggest that the 420-nm peak observed in
the Mtb cells’ excitation spectrum with PHR is due to autofluorescence. Given the
requirement of a ratiometric probe for the normalization of expression and because
only one of the two peaks responded to cellular ATP/ADP levels, we concluded that
PHR is not useful for measuring ATP/ADP levels in mycobacterial cells.

Reengineering of PHR for measurement of ATP/ADP in Mycobacterium. As
described above, the major ATP/ADP-responsive excitation peak of PHR at 500 nm was
amenable to cellular ATP/ADP. To utilize this property of PHR, we fused mCherry at the
C terminus of PHR through a linker, as shown in Fig. 1A. mCherry has single excitation
and emission peaks at 587 nm and 610 nm, respectively, and is not known to respond
to nucleotides. Since this novel sensor protein resulted from PHR fusion with mCherry,
we named it PHR-mCherry (Fig. 1A).

Since PHR-mCherry is a new sensor, we overexpressed the sensor in Escherichia coli
and purified it to analyze whether it responds to ATP and ADP. As expected, spectral
analysis using a fluorimeter revealed that PHR-mCherry possesses three excitation
peaks. Two of the excitation peaks (Emimax, ;525 nm) at 420 nm and 500 nm arise due
to PHR, and one excitation peak (Emimax, 610 nm) is due to mCherry (Fig. 1B). It also
possesses two emission peaks: one emission peak (Exmax, 500 nm) at 525 nm for PHR
and another at 610 nm for mCherry (Fig. 1C). Importantly, incubation of this sensor
with ATP resulted in an increase in the excitation peak at 500 nm, while incubation
with ADP led to a decreased excitation peak at 500 nm (Fig. 1D). As expected, incuba-
tion of PHR-mCherry with ATP or ADP does not affect the fluorescence spectra of
mCherry (Fig. 1D and E). Relevantly, the ratio of excitation of PHR at 500 nm and

Imaging Bioenergetics of Mycobacteria during Infection ®

May/June 2021 Volume 12 Issue 3 e01088-21 mbio.asm.org 3

https://mbio.asm.org


mCherry at 587 nm (500/587 ratio) could be effectively utilized for the measurement of
ATP/ADP (Fig. 1F). Next, we analyzed whether other nucleotides such as CTP, UTP, GTP,
AMP, and cAMP modulate PHR-mCherry. We did not observe any considerable effect
of CTP, UTP, GTP, AMP, and cAMP on PHR-mCherry (Fig. S2A to C). We also analyzed
the dynamic range of PHR-mCherry and observed that it could sense ATP within the
range of 0.1 to 5 mM ATP (Fig. S3A). It was further seen that the sensor could sense
ADP within the range of 0.1 to 2mM ADP (Fig. S3B). We also analyzed if an increase in
the sensor probe concentration affects the probe’s ratiometric behavior (500/587 ratio).
Importantly, we observed that the increased protein concentration does not affect the
500/587 ratio (Fig. S3C). Finally, we analyzed the ability of the new sensor to respond

FIG 1 PHR-mCherry sensor responds to ATP/ADP levels. (A) Cartoon depicting the design of the new
sensor protein PHR-mCherry. (B) PHR-mCherry was overexpressed in E. coli and purified using a Ni-
NTA column. The excitation spectra were recorded with 10 mM PHR-mCherry. (C) Fluorescence
emission spectra of 10mM PHR-mCherry. (D) PHR-mCherry at 10 mM was treated with 25mM ATP or
ADP, and the excitation spectra were recorded. (E) Emission spectra of PHR-mCherry treated with
ATP, ADP, and the no-treatment control. In panels D and E, red, green, and black spectra represent
PHR-mCherry treated with ATP, PHR-mCherry treated with ADP, and PHR-mCherry alone, respectively.
(F) Bar graph representing the ratiometric responses of sensor proteins to 25mM ATP and 25mM
ADP. Data presented here are representative of results from three independent experiments
performed in technical triplicates. Data were plotted using GraphPad Prism software and are
presented as means (6SEM). The statistical significance of the data was determined by using a two-
tailed unpaired t test. **, P, 0.01; ***, P, 0.001.
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to a range of ATP/ADP levels. Toward this, the ADP level was kept constant, and the
ATP level was increased progressively. It was observed that similar to PHR, PHR-
mCherry responded to ATP/ADP linearly within the range of 0.5 to 15 mM (Fig. S3D).
Thus, the dynamic range of PHR-mCherry is similar to that of PHR (24, 25). These obser-
vations suggest that PHR-mCherry could work in mycobacterial cells to measure ATP/
ADP, wherein the PHR domain will act as a sensory module, while mCherry is suitable
for normalization.

Validation of PHR-mCherry in mycobacterial cells. To test whether the sensor
could be useful for measuring ATP/ADP in mycobacterial cells, codon-optimized PHR-
mCherry was cloned into the integrating shuttle vector pMV761 (33). pMV761 is
derived from pMV361; this vector utilizes integrase from mycobacteriophage L5, and
its integration site is well defined (34). Constitutive overexpression in this vector is
derived through the hsp60 promoter. pMV761-PHR-mCherry was transformed into
slow-growing Mtb and fast-growing Msmeg. Transformed colonies of Mtb and Msmeg
appeared pink on 7H10 agar in visible light due to the presence of mCherry. The same
bacterial colonies appeared green in UV light due to YFP (Fig. 2A) and were subse-
quently used for monitoring mycobacterial ATP/ADP levels. To further confirm the
expression of the ATP/ADP reporter (PHR-mCherry) strain of Mtb, we acquired fluores-
cence spectra. As expected, we observed an excitation peak at 500 nm and one emis-
sion peak at 525 nm due to PHR (Fig. 2B and C). Additionally, excitation/emission peaks
of mCherry were observed (Fig. 2B and C). The same excitation and emission profiles
were also observed in the reporter strain of Msmeg (Fig. S4A and B). Notably, the over-
expression of PHR-mCherry did not affect mycobacterial growth (Fig. S5A and B). To
determine whether PHR-mCherry responds to cellular ATP/ADP levels, we exposed
Mtb cells overexpressing PHR-mCherry to the ATP synthase inhibitors BDQ and DCCD.
BDQ- and DCCD-mediated ATP reduction was also confirmed by measuring ATP levels
in crude cell extracts using the luciferase assay (Fig. S6). A considerable decrease in the
500/587 ratio was observed in the newly constructed reporter strain upon exposure to
BDQ and DCCD, suggesting that the sensor PHR-mCherry is responsive to cellular ATP/
ADP (Fig. 2D). Since these were fluorometric analyses that reflect the population’s en-
semble average, we utilized confocal laser scanning microscopy (CLSM) for measuring
ATP/ADP at the single-cell level. CLSM confirmed the functionality of the newly devel-
oped reporter strain of Mtb and divulged the ATP/ADP levels to the single bacterial
cell (Fig. 2E and F). CLSM analysis also revealed a broad heterogeneity in ATP/ADP in
the population of bacteria in the same culture (Fig. 2E and F) that has not been consid-
ered in previous studies. Similar observations were made in Msmeg (Fig. S7A to C).
These observations thus suggested that the reporter strains of Mycobacterium are
functional.

To further confirm the probe’s suitability for measuring ATP/ADP levels, we exposed
the PHR-mCherry-overexpressing Mtb cultures to arsenate V (AsnV). Interestingly, AsnV
could be used as a substrate by ATP synthase, and thus, treatment of cells with arse-
nate V results in the formation of ADP-AsnV instead of ATP (35, 36). ADP-AsnV is a
structural analogue of ATP, and many enzymes cannot differentiate between ADP-
AsnV and ATP (36). Noticeably, we observed that treatment of Mtb with AsnV resulted
in a significant depletion of ATP/ADP levels (Fig. S8A and B). Expectedly, the level of
ATP/ADP depletion was similar to those with BDQ and DCCD (Fig. S8A and B). These
findings suggest that the new probe is highly specific for ATP and does not sense ADP-
AsnV. In summary, the above described observations indicate that PHR-mCherry is a
highly specific probe that could monitor the metabolic state of mycobacteria.

Effects of antimycobacterial drugs on bioenergetics of Mtb in vitro. Next, we
used this reporter strain to examine the temporal effect of BDQ on ATP/ADP of Mtb.
Toward this, we exposed Mtb cells to BDQ and analyzed them for ATP/ADP levels at
1 h, 2 h, 3 h, 6 h, 12 h, and 24 h using CLSM. After about 3 h of BDQ treatment, the ATP/
ADP levels of the population as a whole became significantly lower than those of the
control population (Fig. 3A and B). After this time point, the ATP/ADP levels of Mtb
remained lower at least until 24 h (Fig. 3C to H). Interestingly, some cells maintained
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higher levels of ATP/ADP at all time points. These observations point toward the inher-
ent heterogeneity in a bacterial population.

Previous studies suggest a critical connection between antimycobacterial drugs
and the metabolic state of Mtb (37–39). ATP homeostasis is crucial for the survival of
mycobacteria. Thus, we analyzed whether the frontline antimycobacterial drugs INH
and RIF affect the metabolic state of Mtb using the ATP/ADP reporter strain of Mtb.
Mtb cultures were independently exposed to INH and RIF for 3 h, 6 h, and 12 h, and the
ATP/ADP levels of the bacilli were accessed by confocal microscopy. We chose these
time points to avoid the effects of drug-mediated killing on metabolism. No change in
the ATP/ADP levels was observed after 3 h of treatment with both drugs (Fig. 4A and
B). Interestingly, we observed that RIF exposure leads to a consistent and significant
decrease in ATP/ADP levels after 6 h (Fig. 4C and D), and this effect on metabolism can

FIG 2 Validation of the ATP/ADP reporter strain of Mtb. (A) The Mtb reporter strain overexpressing PHR-mCherry was
cultured on a 7H10 agar plate, and pictures of the colonies were taken in the presence of normal light and UV light.
Colonies of Mtb overexpressing PHR-mCherry are pink. The pink color due to the overexpression of the ATP/ADP reporter
was better visualized in UV light. WT, wild type. (B and C) Excitation spectra (B) and emission spectra (C) of the Mtb
reporter strain in the log phase of growth. (D) A log-phase culture of the reporter strain of Mtb was independently treated
with 0.35mM BDQ and 100mM DCCD for 6 h, and the 500/587 ratio was determined using a fluorimeter. The 500/587 ratio
corresponds to the cellular ATP/ADP levels. (E and F) The samples described above were also subjected to confocal
microscopy, followed by analysis using NIS-elements. Confocal images were captured using lasers of 488 nm and 561 nm
by CLSM. These images were processed to generate images depicting pseudocolor fluorescence to present the individual
cells’ ATP/ADP levels. The color scale for the ratio values indicates high and low ATP/ADP ratios. The scatterplot of the
ATP/ADP ratios in bacteria was plotted using GraphPad Prism software. Each dot represents ATP/ADP levels in an
individual bacterium. The color bar represents green/red ratios. The data are expressed as the means 6 SEM from three
independent experiments performed in triplicates (n= 100 bacteria). A two-tailed unpaired t test was performed to
determine the statistical significance of data. **, P , 0.01; ***, P, 0.001.
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be observed at 12 h as well (Fig. 4E and F). On the contrary, the cell wall synthesis in-
hibitor INH could not alter ATP/ADP of Mtb (Fig. 4C to F). It is worth noting that the
ATP synthase inhibitor was able to change the ATP/ADP levels quickly, but the tran-
scription inhibitor RIF needs a longer time to deplete the ATP/ADP levels (Fig. 3 and 4).
These results are interesting, although the molecular mechanism underlying the differ-
ence remains unknown.

FIG 3 Dynamics of BDQ-mediated ATP depletion in Mtb cells. A log-phase culture of the reporter strain of Mtb
was treated with 0.35mM BDQ for 3 h (A and B), 6 h (C and D), 12 h (E and F), and 24 h (G and H) and
subjected to confocal microscopy followed by analysis using NIS-elements. Confocal images were captured
using 488-nm and 561-nm lasers and processed by CLSM. Panel A depicts representative confocal images of
the Mtb reporter strain exposed to BDQ for 3 h. The ATP/ADP (green/red) ratio was calculated from captured
images and expressed as pseudocolored fluorescence ratiometric images (green/red) representing intracellular
ATP/ADP corresponding to the scale bar. ATP/ADP levels in the bacterial population are depicted as
scatterplots generated using GraphPad Prism software. Each dot in panels B, D, F, and H represents the
intracellular ratio of ATP/ADP of an individual bacterium. Data are presented as means 6 SEM and are
representative of results from three independent experiments performed in triplicates (n= 100 bacteria).
Statistical significance was determined using a two-tailed unpaired t test. ***, P, 0.001.
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Phagocytosis leads to depletion of ATP/ADP levels in Mycobacterium. Next, we
utilized the new reporter strain of Mtb to monitor the effect of phagocytosis on the
ATP/ADP level of the bacterium during infection. For this purpose, we infected RAW
264.7 cells with the Mtb reporter strain overexpressing PHR-mCherry at a multiplicity
of infection (MOI) of 1:10 and then measured the ATP/ADP ratio in intracellular Mtb
and compared it with the ratio in extracellular Mtb in Dulbecco’s modified Eagle’s me-
dium (DMEM) as a control. We observed significantly lower ATP/ADP levels in intracel-
lular Mtb than in extracellular Mtb (Fig. 5A and B). These observations were also vali-
dated using the traditional method of ATP/ADP estimation (Fig. S9). The reason for the
decrease in ATP levels of intracellular Mtb could be the environmental stress and nutri-
ent starvation faced by Mtb inside infected macrophages.

Effects of antimycobacterial drugs on ATP/ADP levels of intracellular Mtb.
Several studies have reported that antimycobacterial drugs induce metabolic stress in
intracellular Mtb (40–43). Subsequently, we studied the effect of antimycobacterial
drugs on the ATP/ADP homeostasis of intracellular Mtb. For this purpose, we infected
the RAW 264.7 cells with an ATP/ADP reporter strain of Mtb. Infected macrophages
were treated with BDQ, INH, and RIF for 6 h, and ATP/ADP of intracellular Mtb was then
determined using CLSM. As expected, we observed that BDQ induced a significant
depletion of ATP/ADP levels in intracellular Mtb (Fig. 5C and D). Surprisingly, INH and
RIF were able to cause ATP/ADP level depletion, similarly to BDQ in intracellular Mtb

FIG 4 Effects of isoniazid and rifampicin on ATP/ADP levels in Mtb. A log-phase culture of the ATP/
ADP reporter strain of Mtb was treated with RIF and INH. The samples were fixed at 3 h (A and B), 6 h
(C and D), and 12 h (E and F), followed by confocal microscopy. Confocal images were captured using
488-nm and 561-nm lasers. These images were used for the calculation of green/red ratios and are
depicted as pseudocolored fluorescence ratiometric images. Scatterplots of single-cell ratios in panels
B, D, and F were drawn using GraphPad Prism software. Each dot in panels B, D, and F represents the
intracellular ratio of ATP/ADP of an individual bacterium. Data are presented as means 6SEM and are
representative of results from three independent experiments performed in triplicates (n= 100
bacteria). Statistical significance was determined using a two-tailed unpaired t test. ***, P, 0.001.
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(Fig. 5C and D). These observations were in contrast to in vitro observations and sug-
gest that inside macrophages, Mtb is faced with metabolic stress, and inhibition of
other vital processes such as transcription or cell wall synthesis leads to a further
downshift in metabolism. Alternatively, lowering ATP/ADP levels could be one of the
mycobacterial ways of intracellular Mycobacterium to respond to a plethora of different
types of stresses, including antibiotic stress.

Activation of macrophages by interferon gamma leads to decreased ATP/ADP
levels in intracellular Mtb. Interferon gamma (IFN-g) and bacterial lipopolysaccharides
(LPS) are known to activate macrophages (44, 45), which leads to the production of

FIG 5 ATP/ADP levels in intracellular Mtb. (A and B) ATP/ADP ratios of Mtb cells residing inside macrophages
(RAW 264.7) for 3 h or extracellular bacilli in DMEM. (A) Images of extracellular (DMEM) and intracellular Mtb.
(B) Images acquired using confocal microscopy and plotted as a scatterplot using GraphPad Prism software. (C)
RAW 264.7 macrophages were infected with the reporter strain of Mtb and then independently treated with
BDQ, RIF, and INH (5� MIC each) for 6 h. Confocal images were acquired using 488-nm and 561-nm lasers. The
pseudocolored fluorescence images depict the ATP/ADP levels of the intracellular bacteria. (D) Scatterplots of
the ATP/ADP ratios. Data in panels B and D are presented as means 6 SEM and are representative of results
from three independent biological experiments performed in technical triplicates (n=100 bacteria). Each dot in
panels B and D represents the intracellular ratio of ATP/ADP of an individual bacterium. Statistical significance
was determined using a two-tailed unpaired t test. ***, P, 0.001.
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reactive oxygen species (ROS) and reactive nitrogen species (RNS) and facilitates
phagosome maturation. ROS and RNS inhibit the growth of intracellular Mtb in acti-
vated macrophages (46). To understand the effect of macrophage activation on the
bioenergetics of intracellular Mtb, we activated the macrophages using IFN-g and
infected them with the reporter strain. ATP/ADP levels of Mtb residing in IFN-g-acti-
vated macrophages and resting macrophages were measured using confocal micros-
copy. We found that the ATP/ADP ratio of Mtb residing in activated macrophages
(RAW 264.7 cells) was lower than that in naive macrophages (Fig. 6A and B). To better
understand the metabolic heterogeneity in the metabolic state, we divided the bacte-
rial population among three fractions according to their metabolic state: (i) bacteria
having high ATP/ADP levels, (ii) bacteria with moderate ATP/ADP levels, and (iii) bacte-
ria with low levels of ATP/ADP. We found that a significant fraction of the bacterial
populations residing inside naive macrophages has a high ATP/ADP ratio (Fig. 6C).
Interestingly, IFN-g treatment leads to a significant reduction in this population and
leads to an increase in the fraction with low ATP/ADP levels (Fig. 6C). A similar effect
on the metabolic state of Mtb was seen upon treatment of RAW 264.7 cells with LPS
(Fig. 6D to F).

FIG 6 Macrophage activation leads to a decrease in ATP/ADP levels in intracellular Mtb. RAW 264.7 macrophages were activated with IFN-g
or LPS, and the cells were then infected with Mtb at a multiplicity of infection (MOI) of 1:10 for 3 h. At 3 h postinfection, the cells were fixed
and analyzed using confocal microscopy. (A) Confocal image of IFN-g-activated RAW 264.7 cells infected with the ATP/ADP reporter strain of
Mtb. (B) Scatterplot of ATP/ADP levels of mycobacteria inside IFN-g-activated or naive macrophages. The green/red ratios were calculated
using NIS-elements software. (C) Stacked bar graph representing intracellular Mtb distributions into fractions with high, moderate, and low
ATP/ADP levels. (D) Confocal images of intracellular Mtb cells residing inside LPS-activated cells. (E) Scatterplot of ATP/ADP ratios of
intracellular bacteria at the single-cell level in LPS-activated macrophages. (F) Stacked bar graph showing the distribution of Mtb in LPS-
activated macrophages into fractions with high, moderate, and low ATP/ADP levels. The data shown in panels B, C, E, and F are presented as
means 6 SEM and are representative of results from three independent biological experiments performed in technical triplicate (n= 100
bacteria). Statistical significance was determined using a two-tailed, unpaired t test. ***, P , 0.001.
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Localization of Mtb in different subvacuolar compartments dictates the
bioenergetic heterogeneity of intracellular Mtb. Mtb resides inside macrophages in
several subcellular niches such as early phagosomes, autophagosomes, and phagolyso-
somes. However, the metabolic state of Mtb in different subcellular niches is not
defined. We hypothesized that Mtb cells residing in separate subcellular compartments
might possess different ATP/ADP levels, which may alter their physiology. To test this
hypothesis, we infected bone marrow-derived macrophages (BMDMs) with ATP/ADP
reporter strains of Mtb for 3 h. We measured the ATP/ADP ratio of bacteria residing in
different subvacuolar compartments using CLSM. We specifically choose BMDMs for
these experiments as they closely resemble macrophages encountered during infec-
tion of mammalian hosts (47, 48). Furthermore, BMDMs are larger than RAW 264.7
macrophages and thus are more conducive to identifying a particular subvacuolar
compartment. Here, we used EEA1 for locating the Mtb bacteria residing in early endo-
somes/phagosomes (49). LAMP1 (lysosome-associated membrane protein 1) was used
as a marker for late endosomes/lysosomes (referred to here as phagolysosomes) (50),
and LC3 (microtubule-associated protein 1A/1B light chain 3) (51) was used for tracking
Mtb residing inside autophagosomes. Interestingly, we observed that the bacilli resid-
ing in phagosomes possess significantly higher ATP/ADP levels than the bacilli residing
inside autophagosomes and phagolysosomes at the ensemble population levels
(Fig. 7A and B). We binned the population into three categories as described above. It
was evident that a significant fraction of bacilli residing inside early endosomes/phago-
somes has high levels of ATP (Fig. 7C). The fraction with high ATP/ADP levels is signifi-
cantly decreased in the population of bacilli residing inside autophagosomes and
phagolysosomes (Fig. 7C). Notably, a large fraction of the bacilli residing inside auto-
phagosomes and phagolysosomes possess moderate or low ATP/ADP levels (Fig. 7C).
These observations indicate differences in the bioenergetic states of Mtb cells residing
inside different subvacuolar compartments.

Activation of macrophages impacts the bioenergetics state of bacilli residing
inside autophagosomes and phagolysosomes. Consequently, we analyzed the meta-
bolic state of the bacilli residing in separate compartments of IFN-g-activated macro-
phages. Interestingly, we observed that the Mtb cells residing in early phagosomes
had higher ATP/ADP levels than bacilli residing in autophagosomes and phagolyso-
somes (Fig. 8A and B). Binning-based analysis suggested that the fractions of Mtb cells
possessing low and moderate ATP levels were higher in autophagosomes and phago-
lysosomes (Fig. 8C). These observations were similar to those for naive macrophages.
We also compared the metabolic states of the mycobacteria residing inside early
phagosomes, autophagosomes, and phagolysosomes between the activated and naive
macrophages using data from the above-described experiments. We observed that the
ensemble population levels in the metabolic state of Mtb residing in the early phago-
somes (Fig. S10A and B) and autophagosomes (Fig. S10C and D) in naive and activated
macrophages are similar. However, we observed significantly lower ATP/ADP levels in
the Mtb cells residing inside the phagolysosomes of the activated macrophages than
in the naive macrophages (Fig. S10E and F). Further data analysis using ATP/ADP level-
based binning suggests that the proportion of Mtb cells with lower ATP/ADP levels
increases inside Mtb cells residing in the autophagosomes/phagolysosomes (Fig. S10D
and F). We also analyzed the distribution of Mtb cells residing within these subcellular
compartments in naive and activated macrophages. We observed that the intracellular
bacteria are homogeneously spread in these three compartments in naive macro-
phages. However, interferon gamma-mediated activation of macrophages leads to the
maturation of Mtb-containing phagosomes into autophagosomes and phagolyso-
somes (Fig. 8D), wherein Mtb faces metabolic stress.

DISCUSSION

ATP/ADP plays a critical role in regulating the metabolic flux of bacterial cells,
including Mtb. Currently used methods are unable to provide spatiotemporal details of
changes in ATP/ADP levels and thus are unsuitable for monitoring the metabolism of
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Mtb during infection. In this study, we have reengineered PHR into a novel sensor
named PHR-mCherry that is capable of monitoring mycobacterial ATP/ADP levels with
spatiotemporal resolution. This sensor was utilized for tracking the temporal changes
in ATP/ADP upon treatment with the antimycobacterial drugs INH, RIF, and BDQ. The
use of this novel tool also revealed that Mtb cells residing in macrophages display
lower ATP/ADP levels than do extracellular Mtb cells. Interestingly, Mtb cells residing in
activated macrophages possess even lower levels of ATP/ADP. Most importantly, we
have established that Mtb cells residing inside phagosomes do not face metabolic
stress, while the bacilli residing in autophagosomes and phagolysosomes face meta-
bolic stress. Interestingly, even in activated macrophages, phagosomes may serve as a
growth-favoring niche. However, the activation of macrophages promotes the matura-
tion of phagosomes into autophagosomes and phagolysosomes and thus inhibits the
growth of intracellular bacilli.

FIG 7 The subcellular localization dictates the ATP/ADP levels of intracellular Mtb residing in naive
macrophages. BMDMs were infected with the ATP/ADP reporter strain of Mtb (MOI = 1:10) for 3 h. The
subcellular localization of intracellular Mtb was determined by staining with antibodies against EEA1,
LAMP1, and LC3, followed by confocal microscopy to mark the early endosomes, phagolysosomes,
and autophagosomes, respectively. (A) Representative confocal images showing the colocalization of
subvacuolar markers (blue) with bacteria (green) and their respective pseudocolored ratiometric
images of colocalized bacteria to depict the ATP/ADP levels in that particular bacterium. (B) Scatterplots
representing the ATP/ADP (green/red) levels of the bacteria residing inside the early endosomes/
phagosomes, phagolysosomes, and autophagosomes. Each dot represents the intracellular ratio of ATP/
ADP of an individual bacterium. (C) Stacked bar plots representing the distributions of populations with
low, moderate, and high ATP/ADP ratios of bacteria colocalizing with EEA1, LC3, and LAMP1. Data were
plotted using GraphPad Prism software after the analysis of captured images. Data shown are presented
as means 6 SEM and are illustrative of results from three independent experiments performed in
triplicates (n=100 bacteria). Statistical significance was determined by using a two-tailed unpaired t test.
***, P , 0.001.
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This study describes the development, validation, and utilization of new reporter
strains of fast- and slow-growing mycobacteria to monitor ATP/ADP levels. The method
described in the present study has several advantages over conventional assays, as it
provides details of ATP/ADP levels in a population with resolution to the level of the
single cell and possesses the ability to track populations over time. A critical compo-
nent of this study is the adaptation of the sensor PHR in Mycobacterium. Initial experi-
ments suggested that the 420-nm peak of the PHR sensor is masked by mycobacterial

FIG 8 Activation of macrophages modulates ATP/ADP levels of intracellular Mtb through the
trafficking of bacilli into phagolysosomes and autophagosomes. IFN-g-activated BMDMs were infected
with the ATP/ADP reporter strain of Mtb for 3 h. The subvacuolar localization of intracellular bacilli
was defined using staining with antibodies specific for EEA1, LAMP1, and LC3, followed by confocal
microscopy to mark the early endosomes, phagolysosomes, and autophagosomes, respectively. (A)
Representative confocal images depicting the colocalization of subvacuolar markers (blue) with
bacteria (green) and their respective pseudocolored fluorescence ratiometric images of colocalized
bacteria to depict the bacterial ATP/ADP levels. (B) Scatterplots representing the ATP/ADP (green/red)
levels of the bacteria residing inside the early endosomes/phagosomes, phagolysosomes, and
autophagosomes. Every dot represents the intracellular levels of ATP/ADP in a bacterium. (C) Stacked
bar plots representing the distributions of the bacterial population having low, moderate, and high
ATP/ADP levels and colocalizing with EEA1, LC3, and LAMP1. Data shown are presented as means 6
SEM and are representative of results from three independent experiments performed in
triplicates (n = 100 bacteria). Statistical significance was determined by using a two-tailed unpaired
t test. ***, P , 0.001. (D) Distribution of intracellular Mtb residing in phagosomes, phagolysosomes,
and autophagosomes of naive and activated BMDM cells. The pie charts were plotted using
GraphPad Prism software after the analysis of captured images.
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autofluorescence. This led us to fuse PHR with mCherry. The fusion product selectively
responds to ATP/ADP and could measure ATP/ADP in fast- and slow-growing species
of Mycobacterium. We believe that this new methodology is better than the previous
method developed by Maglica and coworkers (26), wherein the ATP sensor ATeam was
adapted for measurement of the mycobacterial bioenergetics state (26). However, the
usage of ATeam in M. smegmatis requires the deletion of the fbiC gene to counter
mycobacterial autofluorescence. It is expected that the usage of ATeam in Mtb will
also require creating mutant strains with a deletion of the fbiC gene, as Mtb also pos-
sesses autofluorescence at 420 nm. The fbiC gene is involved in the biosynthesis of
coenzyme F420 (52). Cofactor F420 could act as an electron carrier and plays an impor-
tant role in the bioenergetics of Archaea. Cofactor F420 is known to protect Mtb cells
from ROS (53). Thus, the fbiC mutant does not represent an ideal tool for studying
mycobacterial physiology. Furthermore, we have used the novel reporter for monitor-
ing the ATP/ADP levels of slow-growing Mtb and fast-growing M. smegmatis. In con-
trast, the ATeaM1.03YEMK FRET-based sensor was used previously only for measuring
ATP/ADP in the fast-growing species M. smegmatis (26). Although in the current study,
we have utilized PHR-mCherry for measurement of ATP/ADP, we believe that other
next-generation sensors such as QUEEN (22) and iATPSnFRs (23) that respond to ATP
alone could also be utilized in the future.

Another interesting finding of this study was that the frontline drug RIF alters Mtb cells’
metabolism in vitro. In this study, we have explored the effect of antimycobacterial agents,
namely, BDQ, INH, and RIF, on mycobacterial metabolism. These antimycobacterial agents
have different killing efficiencies and kill kinetics. INH kills Mtb cells quickly but is primarily
effective against replicating mycobacterial cells (54). RIF kills slowly and in a time-depend-
ent manner but kills a larger population of bacilli (54). BDQ kills replicating and nonrepli-
cating cells but is bacteriostatic for 4 days and becomes bactericidal after this time point
(42). Importantly, BDQ, being an oxidative phosphorylation inhibitor, works through mod-
ulation of metabolism (55, 56). Whether INH and RIF alter the metabolism of Mtb has
been largely ignored since these agents are well known to inhibit cell wall synthesis and
transcription, respectively. In agreement with these results, we observed that BDQ alters
Mtb metabolism by as early as 3h while RIF alters metabolism after 6 h of treatment.
These findings are contrary to the well-described inhibition of transcription by RIF (57).
However, another frontline drug, INH, does not interfere with metabolism within 12 h of
exposure. It is plausible that the metabolism of Mtb will be altered upon treatment with
all antibiotics at later time points. Importantly, we also observed that RIF alters the metab-
olism of Mtb within 6h. However, the inhibition of metabolism by RIF early on indicates
that the transcription of several housekeeping genes is critical for maintaining an optimal
metabolic state. Alternatively, RIF could also perturb mycobacterial metabolism. These
observations are in agreement with a previous study suggesting that RIF treatment inhib-
its respiration (58). However, the molecular details of the mechanism of inhibition of me-
tabolism need to be delineated and will require further studies.

Another interesting observation of this study was heterogeneity in the Mtb cells’
metabolic state in vitro and in vivo. Such heterogeneity is not captured by conventional
approaches, which lack spatial resolution. Utilizing the spatial resolution of the engi-
neered reporter strains, we created an ensemble energetics profile of intracellular Mtb.
It is worth pointing out that we observed a “nonuniformity” in the intracellular ATP/
ADP levels in several images. In several images, we observed that higher ATP/ADP lev-
els accumulated at one of the poles. The concentration gradient of ATP is very well
described in mammalian cells such as liver, kidney, and neuronal cells (59–61).
Although spatial ATP heterogeneity within single bacteria has been observed previ-
ously (22), it is not well defined. The observation of higher ATP levels at one of the
poles seems conceivable in the light of the observation that respiratory complex III
and complex IV associate together to form a respirasome-like complex in mycobacte-
rial cells (55, 62, 63). Furthermore, respirasomes are known to physically interact with
the oligomeric ATP synthase (64). In the light of these data, such a respiratory complex
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could localize at a particular subcellular position on the bacterial membrane. But the
unequivocal demonstration of such a complex and its subcellular localization in myco-
bacteria requires more research.

This study’s additional exciting finding was observing reduced ATP/ADP levels in in-
tracellular Mtb compared to extracellular Mtb cells. These observations align with our
previous study that suggests a higher level of NADH/NAD1 in Mtb residing inside mac-
rophages (31). Notably, the ATP/ADP level further decreases upon the activation of
macrophages with IFN-g. These findings provide an energetics insight into the observa-
tion that Mtb cells replicate within naive macrophages, while their growth is retarded
inside activated macrophages (65). However, it must be noted that intracellular myco-
bacteria have much higher bioenergetic heterogeneity than extracellular bacilli. These
observations align with the previous view that intracellular Mtb cells exhibit higher
metabolic heterogeneity ascertained through NADH/NAD1 (31) and intracellular redox
heterogeneity as determined by estimating mycothiol redox potential (66).

Another significant outcome of this study is the measurement of ATP/ADP levels of
Mtb residing within subcellular compartments, namely, phagosomes, autophago-
somes, and phagolysosomes. For the first time, this study reports that Mtb cells resid-
ing inside phagosomes maintain relatively high ATP/ADP levels. These observations
suggest that phagosomes could represent a replicative niche for intracellular Mtb. On
the other hand, Mtb cells living within autophagosomes and phagolysosomes experi-
ence a depletion of ATP. Such a depletion of ATP could lead to persister formation in
these subvacuolar compartments, suggesting that autophagosomes and phagolyso-
somes may harbor drug-tolerant bacilli. These findings align with previous observa-
tions wherein Mtb residing inside autophagosomes and phagolysosomes faces thiol
oxidative stress (66). It is important to note that only a minor fraction of bacterial cells
within these compartments display high ATP/ADP levels. It remains unknown how a
few bacilli can maintain sufficient ATP/ADP levels in these hostile subcellular compart-
ments. Interestingly, the Mtb cells’ metabolic states within all three compartments
remain comparable and are not much affected by the activation of macrophages.
However, IFN-g-mediated macrophage activation effectively reduces bacterial growth
by increasing the turnover of phagosome maturation into autophagosomes and phag-
olysosomes, thereby reducing the overall population with optimal metabolism for rep-
lication. These findings point toward a scenario suggesting that intracellular Mtb cells
modulate their metabolism to adjust to the particular subcellular niche, with phago-
somes allowing sufficient metabolism to maintain high ATP/ADP levels and autopha-
gosomes and phagolysosome representing a niche wherein Mtb metabolism is altered
to decrease ATP/ADP levels.

MATERIALS ANDMETHODS
Chemicals and drugs. All chemicals were purchased from Sigma-Aldrich unless mentioned other-

wise. We procured BDQ from MedChem Express. 7H9, 7H10, and 7H11 media were acquired from BD
Biosciences.

Bacterial strains, media, and cell culture conditions. In this study, we utilized nonpathogenic
Msmeg mc2155 and pathogenic Mtb H37Rv (ATCC 27294). Both strains were transformed with either
pMV762-PHR-mCherry or pMV761-PHR-mCherry using a standard electroporation protocol (67).
Transformed bacteria were selected on a 7H10 agar plate containing 10% oleic acid-albumin-dextrose-
catalase (O-ADC) and 50mg/ml of hygromycin B in the case of pMV762-PHR-mCherry and 25mg/ml
kanamycin in the case of pMV761-PHR-mCherry. A single colony of transformed bacteria was inoculated
in 7H9 medium supplemented with 10% O-ADC–Tween 80 (0.1%) with an appropriate selection marker.
The episomal plasmid (pMV762) and the integrative plasmid (pMV761) utilize the constitutive hsp60 pro-
moter in mycobacteria.

Expression and purification of PHR-mCherry. The PHR-mCherry gene was cloned into the pET-28a
(kanamycin resistance) plasmid and then transformed into Rosetta(DE3) cells to express the protein. A
single positive colony was selected from plates and incubated overnight at 37°C in 10ml Luria broth as
a primary culture. The log-phase culture at an optical density at 600 nm (OD600) of 0.6 was induced with
1mM isopropyl-b-D-thiogalactopyranoside (IPTG) for 6 h at 24°C. The culture was kept on ice for 30min
and then centrifuged at 6,000 rpm (6,641 relative centrifugal force [rcf]) for 10min. The pellet was col-
lected and sonicated in protein purification buffer (PPB) containing 50mM Tris (pH 8.0), 300mM NaCl,
10% glycerol, and phenylmethylsulfonyl fluoride (PMSF). After sonication, the lysate was centrifuged for
15 min at 13,000 rpm (17,949 rcf) at 4°C. The supernatant was collected, and 10mM imidazole was added
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to the supernatant. One milliliter of Ni-nitrilotriacetic acid (NTA) beads was equilibrated with 10ml of
equilibration buffer (PPB and 10mM imidazole). The lysate was then loaded onto an equilibrated column
and incubated at 4°C for 1 h. Beads were then washed to remove unwanted proteins with 20ml PPB
with different imidazole concentrations (10mM, 20mM, and 30mM), and the desired protein was eluted
with 250mM imidazole. Excess imidazole was removed by dialysis.

Generation of mycobacterial reporter strains. The ATP/ADP biosensor PHR (25) was modified by
adding mCherry at the C terminus of PHR through a linker. The modified sensor of ATP/ADP was named
PHR-mCherry. The gene encoding PHR-mCherry was codon optimized for expression in Mycobacterium
and synthesized using services from GenScript. Codon-optimized PHR-mCherry was then cloned into the
mycobacterial shuttle vectors pMV761 and pMV762 at the NcoI and BstBI restriction sites. The orienta-
tion and organization of clones were confirmed by restriction digestion and sequencing.

Treatments. ATP/ADP reporter strains of Mycobacterium (Msmeg/Mtb) expressing the PHR-mCherry
sensor were cultured in 7H9 medium containing 10% OADC, Tween 80 (0.05 to 0.1%), and 50mg/ml of
hygromycin B in the case of pMV762 or 25mg/ml kanamycin in the case of pMV761. We treated the log-
phase cultures (OD600 = 0.5 to 0.8) of reporter strains of mycobacteria with different inhibitors/antibiot-
ics. All the stock solutions of inhibitors/antibiotics were prepared in dimethyl sulfoxide (DMSO) unless
mentioned otherwise. One milliliter of the log-phase culture was aliquoted into 12-well culture plates.
ATP inhibitors/antibiotics were then added to the culture dishes. Fast-growing Msmeg was exposed to
inhibitors/antibiotics for 3 h, while slow-growing Mtb was exposed to inhibitors/antibiotics for 3, 6, 12,
and 24 h. After incubation, the samples were fixed with 4% paraformaldehyde (PFA) for 15 min and then
washed three times with 1� phosphate-buffered saline (PBS). The samples were mounted on glass slides
after mixing with Slow Fade. Slides were subjected to confocal microscopy. The following antibiotics/
inhibitors were used: isoniazid (0.06mg/ml), RIF (0.03mg/ml), BDQ (0.35mM), and DCCD (100mM). The
MICs of these antibiotics were 0.06mg/ml for isoniazid, 0.03mg/ml for RIF, and 0.7mM for BDQ. Mtb cells
in the exponential phase (OD of 0.6) were also exposed to 5mM arsenate (catalogue no. RM2438-250G;
Hi-Media) (CAS no. 10048-95-0) for 3 h.

Fluorimetric assay. Two-hundred-microliter aliquots of mid-log-phase (OD600 = 0.5 to 0.8) cultures
of the reporter strain were added to the wells of 96-well flat-bottom plates. These cultures were then
exposed to the above-specified concentrations of inhibitors, and the fluorescence spectra were recorded
using a BioTek hybrid fluorimeter. The excitation wavelengths were 500 nm and 587 nm. The emission
was recorded at 525 nm and 610 nm. The ratio of the fluorescence at an excitation wavelength 500 nm
to that at 587 nm (500/587 ratio) was used to compute the ATP/ADP ratio.

Estimation of ATP of the bacterial population by a luciferase assay. Mtb cells (OD600 = 1.0) were
incubated with BDQ (0.35mM) and DCCD (100mM) along with the control (DMSO) for 3 h, and equal vol-
umes of cells from all samples in triplicates were then taken and centrifuged at 6,000 rpm (6,641 rcf) for
5 min, followed by washing of cells with Tris-EDTA (TE) buffer. Five hundred microliters of TE buffer was
added to the bacterial pellets. Cells were then lysed with a bead beater (8 cycles, with each consisting of
a 30-s pulse at a speed of 6.5 m/s2 followed by a 5-min incubation at ice). The cell lysate was centrifuged
at 10,000 rpm (9,384 rcf) for 10min. ATP was estimated using an ATP bioluminescence assay kit (cata-
logue no. 11699695001; CLS II) according to the manufacturer’s instructions. Briefly, 50ml of the super-
natant was mixed with reaction buffer containing luciferase in 96-well plates, and bioluminescence was
measured. Data were plotted using GraphPad Prism software.

CLSM imaging. Log-phase (OD600 = 0.5 to 0.8) cultures of ATP/ADP reporter strains of mycobacteria
were treated with different inhibitors or antibiotics for the specified time intervals. Aliquots were drawn
from the cultures and fixed with 4% PFA for 15 min, washed three times with PBS, and resuspended in PBS.
Fixed cells were mounted on coverslips. Images were then acquired using the Nikon A1R confocal laser
scanning microscope. Images were captured at a resolution of either 512 by 512 or 1,024 by 1,024 pixels
with a pinhole of 1.0 by exciting the fluorophore with a 488-nm laser and collecting the emission using a
525/50-nm filter. Also, images were captured by exciting the fluorophore with a 561-nm laser and collecting
the emission using a 625/50-nm filter. We utilized sequential scanning with different lasers to prevent
bleed-through between fluorescence channels. Both lasers (488 and 561 nm) were used in a sequential
manner (sequential line scanning) to reduce cross talk and florescence bleed among different channels. A
60� oil or 100� oil lens objective was utilized for scanning images using the following settings: laser selec-
tion channel 1 (Ch1) (488-nm laser), HV-135, offset of 0, and laser power of 8, and Ch2 (561-nm laser), HV-
120, offset of 0, and laser power of 4. For immunostaining, the third channel, Ch3 (647-nm laser), was used
with the following settings: HV-120, offset of 0, and laser power of 6. These parameters were kept largely
constant during all the experiments. The scan size was 512, while the scan speed was 1/2, and the average
scan count was 4. This helps in reducing noise, and a digital zoom of 2.5 was used. Before capturing the
images, pixel saturation indicators were used to adjust the laser’s sensitivity. Parallel to these, ratiometric
images (488/561 nm) were captured, and the ratio scale was generally kept fixed.

Ratiometric analysis. After acquiring the original images, ratiometric images were created by divid-
ing the image captured at 488 nm with the images captured at a 561-nm excitation wavelength (green/
red). NIS-elements software was used for the analysis of the ATP/ADP ratio of the bacterial population.
For this, the “ratio properties” option of NIS-elements was used. We selected the 488-nm channel (for
PHR) as the numerator and the 561-nm channel (mCherry) as the denominator. We adjusted the ratio
range as a minimum (min) of 0 to maxima (max) of 1, 1.5, 2, 2.5, and 3 depending upon the color of the
ratiometric bacterial population images. Next, under “analysis control,” we selected “automated mea-
surement” and “automated measurement results.” In “automated measurement,” we chose the “auto
detect” function of the software. After that, bacteria were selected one by one. Next, we choose “keep
update measurement” in “automated measurement results.” The data were then exported to an Excel file
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with all information such as the fluorescence intensity of PHR and mCherry and the mean ratio (PHR/
mCherry) of a single bacterium in a bacterial population. The mean ratio for 100 bacteria from each sample
was plotted as a scatterplot in GraphPad Prism software. Bacteria showing unusually high mean ratios
(.4.0) were excluded. The background of images was not subtracted during analysis and also in represen-
tation images. These ratiometric images depict the ATP/ADP ratio inside the bacterial cells. For each experi-
ment, ;100 bacteria were randomly selected from each sample. The bacterial cell population was binned
into populations with low, moderate, and high green/red ratios, depicting bacterial populations with low,
moderate, and high ATP/ADP levels. ATP/ADP levels for the control and treatments were compared by a
color scale (with violet representing less ATP/ADP and red representing high ATP/ADP levels). The ratiomet-
ric intensity was set using the control. This also helped to fix the cutoff for binning bacterial cells into popu-
lations with low, moderate, and high ATP/ADP levels. The same settings were used to analyze the bacterial
population in treated samples (test samples). Specific antibodies for EEA1, LC3, and LAMP1 were used for
detecting bacilli located in early phagosomes, autophagosomes, and phagolysosomes, respectively.

Infection and immunostaining. A total of 0.25 million macrophages were seeded on coverslips in
12-well plates. Macrophages were activated with IFN-g (400 U/ml) or LPS (50 ng/ml) (L2630-10MG from
Sigma) for 3 h. After activation, macrophages were infected with the ATP/ADP reporter strain of Mtb
H37Rv at a multiplicity of infection (MOI) of 1:10 for 3 h. Next, cells were washed three times with warm
PBS to remove the extracellular H37Rv. At 3 h postinfection (p.i.), cells were fixed with 4% PFA for 15
min, followed by three washes with PBS. These cells were then analyzed by confocal microscopy directly
or processed for immunostaining. For immunostaining, cells were permeabilized with digitonin (50mg/
ml) for 5 min, followed by three washes with PBS. The cells were incubated in 3% bovine serum albumin
(BSA) (blocking buffer) for 1 h and then incubated with primary antibody for 2 h at room temperature.
The anti-EEA1 antibody was used for labeling early endosomes/phagosomes (referred here as phago-
somes). Anti-LAMP1 and anti-LC3 antibodies were used for labeling the phagolysosomes and autopha-
gosomes, respectively. After 2 h of incubation with primary antibodies, cells were washed three times
with PBS. Cells were then incubated with the secondary antibody (dissolved in 3% BSA) for 1 h. Cells
were then washed three times with PBS to remove residual antibodies. The coverslips were mounted
onto a slide using a mounting reagent (Slow Fade) and then sealed with nail polish, and the ATP/ADP
levels were analyzed by using a confocal microscope.

Antibiotic treatments of intracellular bacteria. RAW 264.7 macrophages were seeded on cover-
slips in 12-well plates in triplicates for each drug. Macrophages were infected with the ATP/ADP reporter
strain at an MOI of 1:10 for 3 h. Cells were washed three times with warm PBS to remove extracellular
bacteria. One milliliter of antibiotic-free DMEM supplemented with 10% fetal bovine serum (FBS) was
added, and the cells were then treated with different antibiotics at 5� MIC for 6 h. The samples were
fixed with 4% PFA at room temperature for 15 min and then washed three times with PBS. The cover-
slips were mounted onto the slide using a mounting reagent (Slow Fade), followed by confocal micros-
copy and analysis.

Statistical analysis. The data shown are representative of results from at least three independent
experiments performed with technical triplicates. Data are presented as means 6 standard errors of the
means (SEM), and the significance was calculated using a two-tailed or one-tailed unpaired t test.
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