
Deciphering the Proteomic Landscape of Mycobacterium
tuberculosis in Response to Acid and Oxidative Stresses
Eira Choudhary, Rishabh Sharma, Pramila Pal, and Nisheeth Agarwal*

Cite This: ACS Omega 2022, 7, 26749−26766 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The fundamental to the pathogenicity of Mycobacte-
rium tuberculosis (Mtb) is the modulation in the control mechanisms
that play a role in sensing and counteracting the microbicidal milieu
encompassing various cellular stresses inside the human host. To
understand such changes, we measured the cellular proteome of Mtb
subjected to different stresses using a quantitative proteomics
approach. We identified defined sets of Mtb proteins that are
modulated in response to acid and a sublethal dose of diamide and
H2O2 treatments. Notably, proteins involved in metabolic, catalytic,
and binding functions are primarily affected under these stresses.
Moreover, our analysis led to the observations that during acidic stress
Mtb enters into energy-saving mode simultaneously modulating the
acid tolerance system, whereas under diamide and H2O2 stresses, there
were prominent changes in the biosynthesis and homeostasis
pathways, primarily modifying the resistance mechanism in diamide-treated bacteria while causing metabolic arrest in H2O2-
treated bacilli. Overall, we delineated the adaptive mechanisms that Mtb may utilize under physiological stresses and possible overlap
between the responses to these stress conditions. In addition to offering important protein signatures that can be exploited for future
mechanistic studies, our study highlights the importance of proteomics in understanding complex adjustments made by the human
pathogen during infection.

■ INTRODUCTION
Even though tuberculosis (TB) is curable and preventable, it
remains one of the leading causes of mortality from a single
infectious agent.1 Because of COVID-19 pandemic, global TB
targets have experienced a major setback causing not only a huge
drop in the diagnosis, reporting, and treatment of new cases
worldwide, but also triggering an ominous rise in total deaths.
With 1.3 million TB deaths, as compared to 1.2 million in 2019,
in HIV negative individuals, and almost 15% reduction in the
treatment for drug-resistant TB between 2019 and 2020, there is
a rising demand for reversing these impacts and to work toward
resolving these shortfalls.1

The ability of several intracellular pathogens like Mycobacte-
rium, Salmonella, Shigella, and so on to reside and persist inside
phagocytotic cells largely depends on their mechanism to
neutralize host immune responses, reprogramming of the host’s
as well as pathogen’s metabolism, and resistance against the
hostile environment of activated macrophages and related
endocytic compartments.2,3 The adaptation of Mycobacterium
tuberculosis (Mtb) to extracellular conditions by surviving and
replicating inside the microbicidal milieu of macrophages is in
part responsible for its success as a deadly pathogen. Moreover,
there is compelling evidence of the presence of the bug inside the
heterogeneous lesions during infection, thereby pointing to its
ability to endure the plethora of host microenvironments.4 Once

phagocytosed by the resting macrophages, Mtb is exposed to
reactive oxygen intermediates generated by host phagocyte
oxidase (NOX2).5 After activation with IFN-γ, Mtb is inside the
acidic environment of phagolysosomes and encounters reactive
nitrogen intermediates from inducible nitric oxide synthase.6

This implies the highly potent environment of host cells to resist
the infection. Nevertheless, mycobacterial pathogens have
evolved a plethora of mechanisms to defuse host-inflicted
stresses such as oxidative and nitrosative stress and low pH in
combination with other stressors like nutrient deprivation, metal
toxicity, and iron deficiency. Several studies using genomics and
transcriptomics have unearthed the molecular factors governing
the adaptation of Mtb withstanding nitro-oxidative stresses and
acidic pH.7,8 It is shown that Mtb possesses the detoxification
system, including antioxidant enzymes superoxide dismutase
(SodA and SodC),9 catalase (KatG),10 alkyl hydroperoxide
reductase (AhpC),11 and a redox buffering system-mycothiol12
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among others. The cell wall components like peptidoglycan and
cell wall lipid lipoarabinomannan have been shown to
participate in resisting the acidic concentration of the
phagolysosomal compartment.13 Moreover, the role of OmpA
(outer membrane protein A),14 Mg2+ transporter MgtC,15 and
membrane-associated serine protease Rv3671c16 is well
documented for the maintenance of cell wall integrity during
acidic stress. However, these reports provide evidence that
resistance and adaptation to these stresses are well placed inMtb
facilitating the in vivo growth and persistence of the pathogen.
While these studies revealed an array of genes that are

regulated at transcript levels, changes in the expression of
mycobacterial proteins under different experimental conditions
have also been studied. Proteome analysis of Mtb during
normoxia,17 dormancy,18 reactivation,19 and nitrosative stress20

has provided insights into the molecular mechanisms that are
regulated at different stages of the pathogen’s life cycle inside the
host. However, we are yet to recognize the proteomic response
of Mtb under low-pH and oxidative conditions. To this fact,
understanding the global proteome of mycobacterium under
multiple stress conditions will serve as a functional complement
to data available from other omics approaches, and a more
holistic view of the molecular network of stressed mycobacte-
rium to a combination of stresses could be generated.
With an aim to understand how bacteria adapt to stresses,

herein we performed the global proteome profiling of virulent
MtbH37Rv upon exposure to acidic and oxidative stresses during
in vitro growth. Based on information from previous studies, we
exposed the bacterial culture to a sublethal dose of diamide as a
thiol oxidizer, hydrogen peroxide as an inducer of peroxide
stress21,22 and growth medium with pH 5.5 conferring acidic
stress.23 We employed iTRAQ (isobaric tags for relative and
absolute quantification) coupled with liquid chromatography
mass spectrometry (LC−MS) to identify differentially expressed
proteins (DEPs) in the stressed Mtb H37Rv. Analyses of
proteomic data using bioinformatic tools reveal the rewiring in
Mtb molecular networks during oxidative and acidic stresses
causing perturbations in metabolic and biosynthesis pathways,
which together suggest the intriguing function of cellular
proteins in regulating mycobacterium adaptation to host cell
stressors.

■ EXPERIMENTAL PROCEDURES
Bacterial Strains, Media, and Growth Conditions. All

experiments are performed with the Mycobacterium tuberculosis
H37Rv strain. For liquid culture, Mtb was grown with gentle
agitation at 37 °C inMiddlebrook 7H9 broth (MB7H9) (Difco)
supplemented with sterile 10% Oleic acid-albumin-dextrose-
saline (OADS) enrichment, 0.5% glycerol, and 0.05% tyloxapol.
For the CFU experiment, Middlebrook 7H11 (MB7H11)
(Difco) was supplemented with 10% OADS enrichment and
0.5% glycerol.
In Vitro Growth under Different Stress Conditions.

Different in vitro stress conditions were standardized based on
the growth analysis of Mtb in the presence of stress agents. The
wild-type H37Rv was harvested at 0.7 OD600 and washed twice
with 1X PBS, before treating with different stressors. For acidic
stress, washed bacterial cells were suspended in MB7H9
medium set in various pH ranges viz. pH 7.0, pH 6.5, pH 5.5,
and pH 4.5 and incubated for 5 days at 150 rpm and 37 °C. For
thiol-mediated oxidative stress, bacterial cells were suspended in
7.5 mL of MB7H9 medium, and each tube was treated with
different diamide concentrations viz. 0.5, 1, 5, 10, and 20 mM,

whereas in the case of H2O2-mediated oxidative stress various
concentrations of H2O2 viz. 0.05, 0.5, 5, 10, and 50 mM were
added. The untreated (UT) culture was taken as a reference
control in both stresses. All the cultures were incubated at 150
rpm and 37 °C for different time intervals, that is, 0, 4, 16, 24, 48,
and 120 h. In vitro growth analysis was performed by measuring
optical density (OD) at each time point.
Whole Cell Lysate (WCL) Preparation. The WCL of Mtb

was prepared from three independent replicates of control and
stressed samples as follows: post-16 h of stress treatment, 40 mL
of Mtb culture at an OD600 of ∼0.70 was pelleted down and
washed three times with 1X PBS. The pellet was suspended in
lysis buffer containing 1X PBS and a protease inhibitor cocktail
(Sigma). Furthermore, Mtb cells were lysed by bead-beating
using 0.1 mm zirconia beads, and the cell lysate was centrifuged
at 12000 rpm. The supernatant was collected and filtered twice
with a 0.2 μm filter. For total protein quantification, BCA assay
was performed (Thermo Fisher Scientific, Waltham, MA) as per
the manufacturer’s instructions. The WCLs from all treated and
untreated samples were also run on 12% SDS-PAGE gel, for
quality check.
Experimental Design and Statistical Rationale: iTRAQ-

Based Mass Spectrometry. The iTRAQ study was typically
performed as described earlier in ref 24. The brief protocol for
proteome analysis is as follows: 25 μg of WCL proteins from
three independent sets each of control-pH 7.0, UT, and acidic
stress (pH 5.5) and oxidative stress (5 mM of diamide and
H2O2) treated samples were cleaned by acetone precipitation
and resuspended in 20 μL of iTRAQ Dissolution Buffer.
Subsequently, samples were denatured by adding 1 μL of 2%
SDS and 5 mM TCEP (Tris-(2-carboxyethyl) phosphine) and
were incubated for 1 h at 60 °C. Furthermore, the denatured and
reduced proteins from each sample were treated with cysteine
blocking reagent (8.4 mM of iodoacetamide) and incubated in
the dark for 30 min at room temperature. Afterward, each of the
above protein samples was digested by 1 μg of trypsin per 25 μg
of proteins in 1:25 ratio and incubated overnight at 37 °C for
efficient digestion. Peptides from three biological repeats each of
control and stressed samples from acid, diamide, and H2O2
stresses were labeled with 4-plex iTRAQ labeling reagents, in
proportion to the standard Applied Biosystems Kit protocol. In
biological replicate sets 1 and 3, we labeled control samples with
iTRAQ labeling dye 114, while stress-treated samples viz. acid,
diamide, and H2O2 were labeled with 115, 116, and 117 dyes,
respectively, while in set 2 we applied dye switching and labeled
the control with 117 and stress samples with iTRAQ dyes 116
(acidic stress), 115 (diamide stress), and 114 (H2O2 stress).
Labeled peptides of control and stress samples from respective
treatments were mixed followed by vacuum drying. The labeled
peptide mixture was fractionated by 5 μm particle size of the
cation exchange (SCX) column (2.1× 150 mm) using a
PerkinElmer Flexar HPLC system. After SCX fractionation,
eluted fractions were vacuum-dried and reconstituted for the
LC−MS/MS separation. Furthermore, for the second-dimen-
sional separation, spotting of peptides was performed on the
Chromolith Caprod RP-18e HR capillary column (150 × 0.1
mm; Merck Millipore). For the identification of proteins, raw
files were searched using the Paragon algorithmmediated search
mode in ProteinPilot software version 4.0 (AB SCIEX)25 against
the Uniprot Mycobacterium tuberculosis proteome database. A
decoy database search strategy was used to estimate the false
discovery rate (FDR). The proteomics data have been deposited
with PRIDE with the database identifier PXD015167.
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The total proteins were quantified using iTRAQ tags. For the
relative quantification of peptides in all three sets and samples,
only unique peptides were selected of a given protein and those
proteins that belong to the same family, or their isoforms were
excluded.Moreover, proteins detected with fewer than 1 peptide
and those where annotations was performed based on reverse
sequencing (RRRRR) were also excluded. The common set of
proteins present in all three biological data sets were taken
forward to prepare the final data set of individual stresses
showcasing fold-change (FC) values of proteins that qualified
the above two criteria. The threshold values FC≥ 1.29 and FC≤
0.77 were applied to the data to identify and classify the over-
and under expressed proteins, respectively. We further cross
checked the individual values for the consistency in the above-
mentioned cutoff across all biological replicates and removed
those outlier proteins where the FC value is varying in either of
three replicates.
Immunoblotting Analysis. The western analysis was

conducted using the same WCL samples that were used for
the labeled iTARQ-LC−MS/MS analysis; 20 μg of WCL were
dissolved in sample loading buffer containing β-mercaptoetha-
nol and heated at 98 °C for 5 min followed by electrophoresis-
based separation on 10% sodium dodecyl sulfate−polyacryla-
mide gel electrophoresis (SDS-PAGE). The gel was electro-
transferred to the nitrocellulose membrane. The blocking was
done using 5% nonfat-dried milk (NFDM) containing PBS and

0.1% (v/v) tween 20 (PBST) for 1 h. Afterward, the
nitrocellulose membrane was incubated with primary antibodies
specific to mycobacterial proteins and overnight at 4 °C. In
immunoblotting experiments, primary antibodies viz. anti-FadA
and anti-PknB were used at 5000-fold dilution while anti-HtpG
was used at 1000-fold dilution, prepared in PBST containing 5%
NFDM. After overnight incubation in primary antibodies,
membranes were washed three times with PBST buffer followed
by 1 h of incubation with 5000-fold diluted horseradish
peroxidase-conjugated IgG prepared in PBST containing 3%
NFDM. After 1 h of incubation, membranes were washed three
times with PBST buffer and blots were developed by
SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo). Signals were obtained using the ChemiDoc imaging
system. Densitometric analysis of the blots was carried out using
image processing software (Bio-Rad Laboratories), ImageJ.
Relative fold-expression of the proteins was calculated by
dividing the band intensities of untreated and treated samples.
Statistical analysis of band intensities was performed by
Student’s t-test.
Gene Ontology (GO) Analysis.The functional enrichment

analysis of DEPs identified under different stress conditions was
achieved using the ShinyGO (v0.741) application tool
(bioinformatics.sdstate.edu/go).26 The enriched GO biological
processes (BPs) andmolecular functions (MFs) were labeled for
all differential proteins, and only top 30 hallmark pathways were

Figure 1. Stress conditions encountered by Mtb inside host and its survival under in vitro stress conditions. (A) Cartoon representing the type of
stressors experienced by Mtb inside macrophages during host infection, created with BioRender.com. (B) Growth curve of mycobacteria cultured
under different in vitro stress conditions. Mtb was exposed to acidic medium, diamide, and oxidative stress and growth was monitored by OD600
estimation at different time points.
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selected. An FDR cutoff of <0.05 was used to mark the
functional categories as significant.
Protein Interaction and Network Analysis. The DEPs

were assessed for protein−protein interaction (PPI) analysis

using STRING (11.0) web server.27,28 The PPI network was
performed at a high confidence level of 0.700 allowing all active
interaction sources including direct (physical) and indirect
(functional) associations. The evidence of these predicted

Figure 2. Experimental procedure of proteomic analysis and distribution of total identified proteins. (A) Schematic workflow of iTRAQ mass
spectrometry for quantitative proteome analysis of cultured samples. (B) Bar graphs showing upregulated (≥ 1.29-fold) (UP), downregulated (≤ 0.77-
fold) (DN), and unaltered (<1.29-fold to >0.77-fold) proteins, identified under different stress conditions and present across three biological
replicates. (C) Pie chart distribution of differentially regulated proteins across three biological sets.
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interactions is presented via genomic context, coexpression,
prior knowledge, and high-throughput experiments. The
clustering of the association network, based on K-means, was
conducted to identify the active functional units present among
the target proteins, and only 10 clusters existing within the
network were visualized.

■ RESULTS
Culturing of Mtb H37Rv under Conditions Mimicking

theHost Environment.Mtb faces multiple stresses inside host
macrophages (Figure 1A). The ability to sense the intracellular
hostile conditions and appropriately respond by regulating the
expression of a specific set of genes and proteins provides an
extended survival benefit to the mycobacterial pathogen.29 With
an objective to identify Mtb proteins that are differentially
expressed under a variety of stress conditions, we exposed
bacteria to acidic and oxidative (induced by diamide and H2O2)
stresses that provide the first line of host defense against the
infection. For this, we first tested different concentrations of
stress agents for a considerable time of exposure to identify the
permissible dose with no or minimal effect on the in vitro growth
profile of Mtb. In case of acidic stress, cells were grown in 7H9
medium adjusted to pH 7.5, 6.5, 5.5, and 4.5, respectively.
Growth was estimated by recording OD600 over a period of 120
h. As shown in Figure 1B, Mtb grown in the culture medium at
pH 6.5 shows a similar growth pattern to that of culture adjusted
to normal pH 7.5. Marginal (16%) reduction in growth is
observed upon further reducing the pH of the culture medium to
5.5, whereas substantial (36%) reduction in growth is recorded
at pH 4.5, after 16 h of inoculation. In case of culturing at pH 4.5,
bacterial growth shows considerable defects of up to 73% until
120 h of treatment; however, at pH 5.5 reasonable growth is seen
even after 120 h of growth. Likewise, redox stress was induced by
diamide treatment at different concentrations ranging from 0.5
to 20 mM for 120 h. While no discernible deviation in the
growth phenotype is observed at 0.5 and 1 mM diamide
concentrations in comparison to the untreated control, ∼10%
reduction in Mtb growth is seen when bacteria were cultured in
the presence of 5 mM diamide. This decline in the in vitro
growth is more pronounced in cultures treated with 10 and 20
mM diamide, where up to 22−28 and 36−90% growth arrest is
noticed between 16 and 120 h of growth. A similar trend is also
noticed when Mtb was grown in culture medium containing
different concentrations of hydrogen peroxide (H2O2).
Shortened (16 h) and prolonged (120 h) exposure to H2O2
leads to ∼50 and 90% reduction at the highest (20 mM)
concentration of H2O2 (Figure 1B). Even 10 mM H2O2 also
shows lethality ranging from 12 to 50% at these time points.
However, bacteria are able to tolerate 5 mM H2O2 treatment
without showing any substantial cellular death and exhibit only
∼12% reduction until 120 h (Figure 1B). From these results, it is
indicative that acidic medium at pH 5.5 and oxidative stress with
5mMdiamide or 5mMH2O2 for 16 h are well tolerated without
causing any substantial effect on bacterial proliferation and are
therefore ideal for studying the Mtb response to these stresses at
the whole cell proteome level.
Global Proteomic Analysis of Mtb in Response to

Different Stress Conditions. To gain an insight into the
response mechanism of Mtb to a range of conditions mimicking
the intracellular stressed host environment, global quantitative
proteome analysis was performed. Quantitative proteomics
utilizing iTRAQ was carried out to examine the DEPs of Mtb
after exposing to multiple in vitro stress conditions, by following

a scheme as presented in Figure 2A. Total bacterial lysates were
prepared from three different batches (biological repeats), after
16 h of culturing in 7H9 medium at pH 5.5 (acidic stress), in the
presence of 5 mM diamide (oxidative stress) or 5 mM H2O2
(oxidative stress). To examine any visible change in the
expression pattern of proteins across biological replicates,
WCLs prepared from different samples were first resolved by
10% SDS-PAGE followed by Coomassie Brilliant Blue staining.
From Figure S1, it is evident that the electrophoretic pattern of a
variety of proteins ranging from 10 to 120 kDa of both control
(C) and the respective treated samples is consistent across all
three biological replicates. These samples were subsequently
used for identification and quantitation by 4-plex iTRAQ-
coupled LC−MS/MS analysis, as described in the Experimental
Procedures. Analysis of spectra data identified total 2060
proteins in the replicate-1, 2026 proteins in the replicate-2, and
1907 proteins in the replicate-3.
To identify the stress-responsive proteins, the FC in the

expression levels of total proteins obtained from stress-treated
samples compared to untreated samples was determined and
those exhibiting equal to or less than 0.77-fold change in
expression were considered as downregulated, whereas those
with equal to or more than 1.29-fold change in expression were
considered upregulated. Our results reveal that during acidic
stress 424, 390, and 430 proteins are upregulated and 484, 584,
and 510 proteins are downregulated in comparison to their
levels in the untreated control samples in the three biological
replicates, respectively.
During oxidative stress upon diamide treatment, 368, 352, and

397 proteins show upregulation and 436, 451, and 466 proteins
show downregulation, whereas in the presence of H2O2,
expression levels of 333, 313, and 363 proteins are increased
and those of 317, 415, and 439 proteins are reduced when
compared with untreated control samples, in the three biological
sets, respectively (Figure 2B). Taken together, these results
highlight that Mtb exhibits modulation of a range of proteins
under acid and oxidative stress conditions. Further evaluation of
all data sets reveals that 88, 44, and 12 upregulated proteins are
consistent across the three biological replicates upon exposure
to acid, diamide, and H2O2 treatments, respectively. We also
observe that 167, 91, and 23 proteins are consistently
downregulated in each of the three replicates under the
influence of acid, diamide, and H2O2 treatments, respectively
(Figure 2C and Table S1). Overall, these results signify the
physiological impact of stress environments on the global
expression pattern of Mtb proteins.
Defining the Proteomic Profile of Mtb Treated with

Different Stressors. To gain an insight into the function of
regulated proteins, proteome was classified into functional
categories as predicted in the Mycobrowser database (https://
mycobrowser.epfl.ch/). Of the total 255 proteins showing
differential abundances during acidic stress conditions, 28%
proteins belong to intermediary metabolism and respiration,
17% to information pathways, 16% to lipidmetabolism, and 14%
are involved in cell wall and cell processes and remaining 25%
are involved in other miscellaneous functions. Likewise, under
diamide stress a large proportion of 135 proteins are involved in
intermediary metabolism and replication (32%) and lipid
metabolism (23%). Furthermore, functional analysis classified
the 35 candidate proteins identified under H2O2 stress into
intermediary metabolism and respiration (34%), conserved
hypothetical (23%), information pathways (14%), lipid
metabolism (14%), cell wall and cell processes (12%) and
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virulence, detoxification, and adaptation (3%). These analyses
further reveal that during acidic stress at pH 5.5, functional
categories that largely comprised upregulated proteins include
intermediary metabolism and respiration (n = 35/88), whereas

maximum proteins that are repressed belong to information
pathways (n = 42/167). Likewise, under diamide stress most
induced proteins are those involved in intermediary metabolism
and respiration (n = 16/44) or some unknown functions (n =

Figure 3.Quantitative global proteome analysis of mycobacteria treated with different stress agents. (A−C) Heat map depicting the fold-difference in
the expression of proteins that are differentially regulated upon bacterial exposure to acid (A), diamide (B), and H2O2 (C) compared to untreated
bacteria across the three biological replicates. (D) Percentage distribution of DEPs corresponding to various functional categories under multiple
stresses. (E) Pie chart showing Mtb proteins that are commonly regulated in response to acidic, diamide, and oxidative stresses. Total proteins altered
under each of these conditions were used for comparative analysis.
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14/44), whereas proteins undergoing downregulation are
primarily those related to the lipid metabolism function (n =
30/91) or intermediary metabolism and respiration (n = 27/
91). In contrast to the acid and diamide stresses, H2O2 treatment
resulted in upregulation of a small set of 12 proteins uniformly
distributed across six functional classes, whereas proteins
involved in intermediary metabolism and respiration (n = 9/
23) are primarily downregulated. Overall, these data reveal a
distinct set of proteins modulated under different in vitro
conditions of Mtb growth simulating the intracellular environ-
ment (Figure 3A−D).
To find out the integrative stress response of mycobacterium,

we also determined the common proteins that are regulated
under physiological changes brought by acidic, diamide, and
H2O2 stresses. A considerable number of proteins common
between acid and diamide stress are noticed. Of these, 33
proteins are downregulated in both stresses, while 13 proteins
are commonly upregulated (Table S2). In addition, we find few
proteins (MoeB1, Rv3205c, ClpB, InfB, GroEL1, FadD26, and
Rv2971) that are commonly present but show a distinct
expression pattern between both stresses. Interestingly, three
proteins viz. probable lipase LipE (Rv3775) related to lipid
metabolism, conserved protein Rv1429, and uncharacterized
protein Rv0863 are found to exhibit a similar pattern of
expression under all three stress conditions (Figure 3E). While

LipE and Rv1429 are downregulated, expression of Rv0863 is
upregulated upon exposure to all three stress agents (Table S1).
Next, we validated the expression profile of a few candidate
proteins under these stresses by immunoblotting. We randomly
probed PknB which is induced by 2.1-fold by acid and 1.6-fold
by H2O2 treatments and HtpG and FadA exhibiting 0.16-fold
and 0.42-fold reduction following exposure to acid and diamide,
respectively (Table S1). As shown in Figure S2, immunoblotting
with the help of specific antibodies shows a similar trend, as
observed by mass spectrometry, in all three replicates, thus
corroborating the proteomic data.
Overall, these findings suggest a well-coordinated and

condition-specific response of mycobacterium to varied in
vitro stresses leading to global remodeling of proteome.
Functional Annotation and Enrichment Analysis of

Identified Differential Proteins. To further comprehend the
functional annotation and properties of these regulated proteins,
we analyzed the data sets using the ShinyGO v0.741 online
server based on annotations from STRING-db(v.11). To
ascertain the GO classification, terms BP and MF were utilized.
The differentially regulated proteins were considered over-
represented with a positive fold enrichment value (p < 0.05) and
were linked with different BPs and MFs, as classified by GO
annotation.

Figure 4. GO enrichment analysis of stress-regulated proteins. GO enrichment analysis of DEPs was performed using ShinyGO v0.741 based on the
BP and MF identified under different stress conditions. Shown are the number of DEPs as spots belonging to top 30 hallmark pathways. The spot size
represents the number of genes corresponding to regulated proteins and spot color indicates FDR as p-values. X-axis denotes the enrichment factor of
differentiated proteins.
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Figure 5. PPI network of mycobacterial proteins under stress conditions. Network plot of up- and downregulated proteins, identified during acidic
stress (A), diamide stress (B), and oxidative stress (C), predicted by STRING. Lines represent linkages that exist between proteins, having a confidence
score of 0.7 and identical colored bubbles represent the local network cluster of proteins.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c03092
ACS Omega 2022, 7, 26749−26766

26756

https://pubs.acs.org/doi/10.1021/acsomega.2c03092?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03092?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03092?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03092?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The top 30 GO terms based on BP and MF, ranked by the
number of genes present in the high-level GO category and fold-
enrichment score, are presented in Figure 4. By enrichment
analysis, we observe that under acidic and diamide stresses, the
set of maximum regulated proteins predominantly belong to
metabolic BP (n = 153 for acid and n = 77 for diamide stress)

and catalytic activity MF (n = 136 for acid and N = 71 for

diamide stress) (Figure 4). Likewise, a distinct pattern of

enrichment is observed under the oxidative stress conditions,

where proteins are highly associated with metabolic BP (22) and

binding MF (17) (Figure 4).

Figure 6. Meta-analysis of regulated proteins. (A) Venn diagram representing the mycobacterial proteins that are commonly regulated (up- or
downregulated) during in vitro stress conditions and in vivoMtb challenge is shown. The protein data set from the 30- and 90-day guinea pig infection
study is compared with differential protein signatures captured under stress conditions in this study. (B) Locus and gene identification of DEPs
common to the guinea pig infection study are listed.
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The enrichment analysis ranked by fold-enrichment reveals
that acidic stress-defining proteins are related to Actino-
bacterium-type cell wall biogenesis BP (fold = 5.48) and MF
viz. cyclopropane-fatty-acyl-phospholipid synthase activity (fold
= 15.79) (Figure 4). Similarly, in the diamide protein set, the
top-ranked BP and MF based on fold-enrichment are the glycol
metabolic process (fold = 25), glycol biosynthetic process (fold
= 25), phthiocerol biosynthetic process (fold = 25), and
thioredoxin-bisulfide reductase activity (fold = 29.8) and acyl-
[acyl-carrier-protein] desaturase activity (fold = 29.8), respec-
tively (Figure 4). The top-ranked BPs associated with H2O2
stress are cell wall organization (fold = 9.3) and cell wall
macromoleculemetabolic process (fold = 9.9), and enrichedMF
terms include acyl (acyl-carrier-protein) desaturase activity,
basal transcription machinery binding, DNA binding activity,
prephenate dehydrogenase activity, lysozyme activity, ribose
phosphate diphosphokinase activity, and isoleucine-tRNA ligase
activity (fold = ∼111) as well as other functions (Figure 4).
Overall, these results suggest that proteins inflicted in
mycobacterium stress response majorly participate in an array
of metabolic processes, and catalytic and binding functions.
Interaction Network Analysis of DEPs Identified

during Stress in Mtb. The PPI networks were constructed
for DEPs using STRING, and all the up- and downregulated
proteins from different stresses were mapped to the interaction
database (Figure 5). The association among seed proteins was
predicted at a high confidence level of >0.70, based on
functional-physical correlation, lab experiments, and knowledge
derived from curated databases, and is represented by the edges.
As shown in Figure 5, closely linked proteins grouped as clusters
were interpreted within these networks.
During acidic stress (Figure 5A), the upregulated proteins

involved in amino acid metabolic and catabolic processes
(brown bubbles); oxidative phosphorylation and t-RNA
processing activity (light green bubbles); tricarboxylic acid
(TCA) cycle, pentose phosphate pathway, oxidation of organic
compounds, drug metabolic process, precursor metabolite and
energy generation (light blue bubbles); antioxidant activity,
cellular detoxification and response to toxic substance (yellow
bubble); cellular response to starvation, external stimuli and
nutrient levels (red bubbles); efflux transporters, lipid homeo-
stasis, cell activation involved in immune response and amino
acid metabolic process (crystal green bubbles); regulation of T-
cell function and phospholipids, glycolipid binding (dark green
bubbles); peptide metabolic and biosynthetic process, trans-
lation, and purine nucleotide salvage (purple bubbles) are highly
interconnected. Among the downregulated proteins under acid
treatment, most of the clusters found in PPI network analysis are
related to BPs such as the nucleotide biosynthetic process, DNA
metabolic process, and cellular macromolecule process (yellow
bubbles); zinc ion and inorganic cation homeostasis, toxin
protein secretion and virulence (crystal green); response to
stress, superoxide and temperature stimulus, proteolysis and
nucleoid organization (light green bubbles); fatty acid, lipid
biosynthetic and metabolic process, cell wall biogenesis and
cellular developmental process (purple bubbles); nucleotide
metabolic and biosynthetic process (red bubbles); iron−sulfur
cluster assembly and protein processing (light blue); cellular
macromolecule and nucleic acid metabolic process, organelle
organization and DNA conformation change (dark green);
peptide metabolic and biosynthetic process, translation and
macromolecule biosynthetic process (dark blue); and TCA

metabolic process, cellular respiration and glutamate catabolic
process (brown bubbles), respectively (Figure 5A).
Furthermore, network analysis of upregulated proteins from

diamide stress (Figure 5B) reveals that protein folding, response
to extracellular stimulus and cell communication (light blue);
cellular response to oxidative stress, toxic substance and
chemical stimulus, cellular detoxification and homeostasis (red
bubbles); and cysteine, serine, and sulfur amino acid
biosynthetic and metabolic process (light green bubbles)
proteins are interconnected (Figure 5B). Also, the clusters of
downregulated proteins were correlated with fatty acid, lipid,
and organic acid biosynthetic process, fatty acid and lipid
metabolic process (white bubbles); TCA, pentose phosphate
and oxidative phosphorylation pathways and malonyl-CoA
metabolic process (white bubbles); glycol, diol, and polyol
biosynthetic and metabolic process, and cell wall layer assembly
and cell wall biogenesis (red-blue bubbles) related responses
(Figure 5B). In case of the oxidative process, no specific
backbone of the interaction network is revealed, suggesting that
the target proteins share no overlapping function (Figure 5C).
Collectively, the above PPI network analyses illuminate major
BPs that are modulated in the virulent Mtb pathogen during its
confrontation with multiple stress conditions and provide
adaptive capacity to face the intracellular hostile conditions.
Proteome-Wide Prediction of Mtb Proteins That Are

Significant in Host Stress Response. To further identify
proteins that are modulated (up- or downregulated) during in
vitro stress as well as in the intracellular pathogen during
infection, we compared the Mtb proteome data sets obtained
from mammalian lungs30 with the expression signatures
acquired as a response to stresses on the in vitro cultured Mtb
in this study. We find that 29 DEPs identified in the guinea pig
30-days infection model are common to our acidic stress
condition analysis. Likewise, 21 proteins overlap with the 90-
days guinea pig infection model. Similar comparison led to the
identification of 18 and 22 proteins regulated under diamide
stress that are common to 30- and 90-days guinea pig infection
models, respectively. In addition, two and five proteins specific
to H2O2-mediated oxidative stress are also found in the in vivo
data set of 30-and 90-days guinea pig infection models,
respectively. An overlap between the in vitro model of stress
conditions and in vivo infection studies reveals the apparent set
of proteins that are critical for maintaining the physiology of
intracellular pathogens to rapidly adapt and survive in hostile
host conditions (Figure 6A,B).

■ DISCUSSION
In this study, we aim at identifying the specific changes
associated with in vitro acidic and oxidative stress environments
in Mtb H37Rv by using iTRAQ-based quantitative proteomics.
The quantitative proteomics approach has been instrumental in
understanding the sensitivity and adaptive potential of different
pathogens to the imposed stresses during intracellular
infection.31−34

The most enticing fact about mycobacterium as an intra-
cellular pathogen is its ability to manage metabolic and
environmental adversities tossed by the host. These diverse
host conditions trigger survival and adaptive responses within
mycobacterium, making it important to understand the stress
responses and their regulation and pathological relevance. There
are a plethora of conditions inside infected macrophages such as
hypoxia, nutrient scarcity, low pH, and reactive oxygen and
nitrogen species that stimulate mycobacterium physiological
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adaptive responses and resistance mechanisms toward these
immune pressures.35 To understand the intracellular context of
strategies used by Mtb for its survival and persistence inside the
host, several studies have been conducted in recent years using
transcriptomics.36−39 However, due to inconstancy in the
turnover ratio of mRNA and protein, primarily because of
post-transcriptional modifications,40 it is vital to characterize the
bacterial proteomic response to different intracellular stress
conditions. To fill the knowledge gap from prior studies where
emphasis was largely on quantitation of transcripts, herein we
performed a comprehensive study in which we opted for in vitro
stress models mimicking oxidative and acidic intracellular
environments. Our focus was mainly to delineate the protein
signatures that are distinctive for defense against these stresses,
and hence to create a theoretical basis for future mechanistic
studies. The proteomic data from three biological replicates for
all three stress conditions reveal only a fraction of total proteins
that are consistently modulated (Figure 2C). The apparent
variability among the biological replicates could be due to the
transient change in the expression profile of several of the Mtb
proteins. Nonetheless, we found a significant number of proteins
that were consistently altered across the three biological
replicates, thus indicating their specific response to the
respective stress condition. Such proteins were considered for
further analysis to construe the landscape of Mtb proteome
upon exposure to acidic and oxidative stress environments.
Mtb H37Rv Proteomic Response to Acidic Stress. Mtb

resides in the acidified environment during infection and
experiences different pH as it is trafficked through mildly acidic
phagosomes of resting macrophages (pH 6.1−6.4) and fully
acidic phagolysosomes in activated macrophages (pH 4.5−
5.4).41 We chose the experimental condition of pH 5.5 in acidic
stress (Figure 1B) to mimic the possible early infection stage
inside macrophages. There is evidence suggesting survival
competence of mycobacterium in acidic and degradative
environment of vacuoles.13,42 Mtb regulates its growth at acidic
pH under different culture conditions like in the presence of
Sautons medium or different carbon sources.13 Our results
showed optimal growth in rich medium viz. 7H9 containing
oleic acid and glycerol until day 4 postinoculation at pH 5.5,
indicating the physiological flexibility of Mtb against growth
restrictions known to be imposed by phagolysosome acidic
conditions (Figure 1B). Several studies have demonstrated the
physiological changes in the transcriptome of Mtb following
phagocytosis, supporting the notion of resistance and adaptive
mechanisms active against pH-driven antimicrobial properties of
macrophage phagosomes.43,44 The global profile of Mtb H37Rv
proteome under acidic pH, in the current study, serves as an
extensive node to these earlier data sets that bore testimony of
the dynamic response of Mtb during this stress.
The iTRAQ-based mass spectrometry reveals that acidic

stress majorly induces multilayered responses inMtbH37Rv that
are specific to metabolism, cellular respiration, macromolecule
biosynthesis and repairing, cell wall biogenesis, proteolysis,
translation, and virulence (Figures 3 and 4). We observed
modulation in the expression of proteins that are part of
branched chain fatty acid metabolism. The activation of Icl and
GlcB that are attributed to anaplerotic node45 of TCA suggests
that under an acidic environment, Mtb undergoes metabolic
shift to allow utilization of fatty acids for cellular growth. The
upregulation of glyoxylate cycle enzymes during the macro-
phage46 and mouse infection model47 further strengthens the
essentiality of these enzymes during host infection. Moreover,

the increased expression of SucD, SdhA, and Mdh (Figure 3A)
suggests that Mtb utilizes the reductive TCA cycle (rTCA) for
anaerobic carbon fixation and to support its intracellular growth
under low-pH conditions.48 This survival strategy is also
adopted by other intracellular pathogens, including Helicobacter
pylori and Salmonella enterica to facilitate their persistence and
distribution across host niches during oxygen-limiting con-
ditions.49 The suppression of methylcitrate dehydratase-PrpD
protein (Figure 3A), involved in propionate metabolism via
methyl citrate cycle, alleges that low pH triggers rewiring of
central carbon metabolism and supports that fatty acid
catabolism is required by Mtb for in vivo growth and
pathogenesis.46,50

The acidic pH condition in the extracellular milieu causes a
change in proton flux through the cell membrane thereby
demonstrating acid tolerance response.51 It is also shown that
Mtb at acidic pH experiences reduced cytoplasmic potential52

whichmay cause enhanced generation of reactive oxygen species
(ROS) and induction of oxidative stress.53 Remarkably, the
release of antioxidant molecules triggered by acidic stress has
been demonstrated in Staphylococcus aureus,54Streptococcus.
mutans,55Lactococcus lactis,54Vibrio vulnificus,56 and Bacillus
cereus57 together suggesting the possible overlap in the
physiology of acid and oxidative stresses across different
bacteria. Interestingly, we also observed the activation of
superoxide dismutases, SodA and SodC proteins under acidic
pH, thus implying the detoxification of free radicals generated
during acidic stress inMtb (Figure 3A). In addition, induction of
alkylhydroperoxide reductases viz. AhpC and AhpD in our data
set, identified as key elements of Mtb antioxidant defense
system,58 emphasizes on the role of these enzymes in conferring
survival advantage to Mtb against acidic stress. Another
interesting class of proteins found activated under acidic pH
conditions belongs to cellular iron homeostasis. Sensing the in
vitro low pH as acidic and hydrolytic conditions similar to those
impounded by phagolysosome, Mtb responds by regulating the
iron acquisition and storagemachinery. Our data show increased
expression of membrane protein MmpS5, which facilitates
internalization of ferric iron from the host by assisting the export
of iron chelators called siderophores across the cell envelope.59

Altered expression of iron storage protein BfrB, a bacterioferri-
tin,60 and heme storage protein MhuD, an oxygenase,61 upon
acidic stress suggests their role in instigating the acidic stress
response during intracellular growth, as reported earlier.39

Altogether, the differential regulation of iron homeostasis under
acidic conditions implies activation of iron-mediated regulatory
circuits as a strategy to adapt the stressful environment (Figure
3A). Because oxidation of the endogenous iron pool is an
environmental cue for pathogens to initiate the adaptive
response, it would be interesting to know that oxidative stress
initiated by acidic pH is directly responsible for activating
molecular components involved in iron homeostasis.
Furthermore, we observed the induction of Rv3671c,

annotated as MarP, under low-pH conditions (Figure 3A),
which provides resistance to acidic stress and helps pathogen
survive inside phagolysosomes and during infection in macro-
phages and mice.13,62 The induction of MarP, thereby, suggests
that the acid tolerance system is intact in Mtb at this time point.
Interestingly, we also discovered the differential expression of
response regulator PhoP, a member of PhoPR regulon (Figure
3A). Studies have proven the role of this two-component system
in carbon-source-mediated slow growth at acidic pH, in
maintaining redox homeostasis,63 in inducing expression of
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acidic pH-responsive virulence factors, and in lipid anabolism.64

In contrast to these roles of PhoPR-dependent low-pH
adaptation, we find repression of the PhoP component at pH
5.5. The activation of the glyoxylate shunt pathway under acidic
conditions (Table S1) and downregulation of PhoP together
suggest the involvement of PhoPR-independent adaptation to
acidic pH conditions by promoting remodeling of metabolism
for sustainable growth.
The acidic pH is detrimental for the structural stability of

cellular macromolecules. The condition of acidic pH causes
disruption of protein folding due to high protonation of amino
acid residues.65 In addition to protein, DNA is also vulnerable to
the attack by acidic pH at low pH.66 We noticed downregulation
of proteins majorly involved in repairing and maintaining the
integrity of these macromolecules. A number of proteins
involved in DNA conformational change (GyrA and GyrB)
and DNA damage repair (RecA, RuvA, and DnaE1) were found
to be downregulated. In addition, proteins participating in
proteolysis (ClpP1, ClpP2, ClpX, and ClpC1) and proteostasis
(GroEL1, ClpB, and htpG) machinery were also repressed
(Figure 3A). The role of chaperonins in maintaining stable
proteome under numerous stresses, including acidic pH, is
widely studied in E. coli,67S. mutans,68Listeria monocytogenes,69

and S. pneumoniae.70 Surprisingly, downregulation of cytoplas-
mic chaperones and Clp machinery in Mtb that are
quintessential for proteome homeostasis under stress indicates
that acidification does not result in protein unfolding or
denaturation, directly. In addition, a considerable number of
ribosomal proteins that constitute 50S (RplN, RplI, RplD and
RplT) and 30S (RpsL, RpsD, RpsE, RpsB, RpsA, RpsR1, RpsC,
RpsP, RpsG, RpsH, and RpsS) ribosomal subunits showed
reduced expression (Figure 3A), which is in line with the
transcriptional response of Mtb toward NO and ROS stress.37,71

This might be due to the cessation of the ribosome production
thereby repressing the translational process. Not only this,
proteins involved in DNA replication (DnaA, DnaG, and
DnaZX) were also seen repressed in our study. It is anticipated
that mycobacterium ensures the accurate DNA synthesis and
replication under the stressful conditions.72 The slowdown of
translational and transcriptional machinery indicates that after
sensing the environmental cues, Mtb undergoes physiological
adaptation and creates an energy balance by switching its
metabolism. Altogether these observations represent that
bacterium is in a state of adaptive trends, most likely on an
energy-saving mode.
Whole Cell Proteomic Response of Mtb H37Rv to

Oxidative Stress. Here, we defined the broader notion of
oxidative stress by identifying the regulatory proteins in
response to both H2O2 and disulfide stress. Diamide, a known
oxidant for thiols,73 was used to mimic the physiological
scenario during infection where mycobacterium is exposed to
the toxic environment of host-generated reactive species via
oxidative burst.74 The differential set of proteins exclusive to
diamide treatment signify that disulfide stress is not only the
branch of oxidative stress, but it also affects a complex of
molecular networks.75 Interestingly, we found activation of
antioxidant enzymes viz. TrxB1, TrxB2, and TrxC that are key
players of the thioredoxin system in Mtb (Figure 3B)76 and are
implicated in thwarting the oxidative stress in several
organisms.77,78

As shown in a previous transcriptomic study,37 here we have
seen the stimulation of GroEL1, GrpE, ClpB, and Hsp proteins
along with SigE sigma factor, which reveals the involvement of a

repertoire of chaperonins under the oxidative stress condition as
a resistance mechanism against proteotoxic stress (Figure 3B).
Remarkably, GroEL1 and ClpB were downregulated in our
study during acidic pH conditions implying the stress-specific
functional modality in regulators of host-adaptive mechanisms.
Not only in diamide stress, GrpE is shown to be actively involved
in Mtb under heat shock and hypoxia stresses as well, thus
indicating the overlap of effector molecules in protecting Mtb
against different stressors.79

We also report the induction of proteins viz. Thiocarboxylate
CysO, a member protein in mcc operon which is involved in the
cysteine biosynthesis salvage pathway80 and MoeB1 a
rhodanese-like protein involved in molybdopterin synthesis
(Figure 3B).81 Our results are in coherence with a previous
study which showed differential expression of moeB1 and cysO
Mtb transcripts under redox stress in a clgR-dependent
manner.82 It is interesting to find out that MoeB1 (also
annotated as MoeZR) also participates in the sulfuration of
CysO,81 thus suggesting a possible link between cysteine
biosynthesis, molybdenum biosynthesis, and sulfur homeostasis
pathways under redox conditions. The fact that cysteine has a
role in Mtb pathogenesis via immunity against reactive species83

creates premises for role of these proteins in maintaining the
redox homeostasis during macrophage survival.
When it comes to survival under an adverse host environment,

cell envelope architecture of Mtb plays a significant role.84−86

The proteomic profile of stressed Mtb shows that proteins
belonging to PDIM operon viz. FadD26, PpsA, PpsB, PpsC,
PpsD, PpsE, Mas, and FadD28 are downregulated upon
exposure to diamide (Figure 3B).87 A similar pattern of
downregulation was observed at the transcript level of these
genes in the nutrient starvation model.88 It is conceivable that
like starvation conditions, diamide-mediated thiol oxidative
stress also causes modulation in the cell wall lipid composition
via differential expression of these polyketide and nonribosomal
peptide synthesis-based proteins. In a study by Singh et al., it was
revealed that synthesis of virulence lipids inMtb is dependent on
the redox atmosphere inside macrophages. The differential lipid
profiles were observed after exposure to diamide orDTT and the
metabolic shift was seen toward poly acycl trehaloses (PAT),
PDIM, and TAG synthesis under respective treatment
conditions.89 While we observe downregulation of PDIM
synthesis and transport during diamide treatment, we do not
find activation of an alternative pathway for the synthesis of
other cell wall components such as PAT, di-acyltrehaloses, or
sulfolipids (SL-1), suggesting that either additional factors are
involved in fatty acid anabolism during redox imbalance or Mtb
is under nonreplicating conditions shutting down its lipid
anabolism in response to disulfide stress.
In addition, enzymes required in mycolate biosynthesis,

transport, and modification were also regulated upon diamide
treatment.90 The expression of FadD32, Pks13, beta ketoacyl
synthases KasA and KasB, methyltransferase MmaA2 and
MmaA4, and cyclopropane synthase CmaA1 was found
suppressed (Figure 3B), which together suggest that Mtb
modulates the mycomembrane composition while responding
to thiol-stress conditions. Interestingly, the perturbations in the
intracellular levels of FabD, AccD6, MmaA2, MmaA3, MmaA4,
CmaA1 and CmaA2, PcaA, FadD32 and Pks13, and FbpC and
FbpD were also seen during acidic pH conditions in our study
(Figure 3B). It is indicative that the manipulation of cell wall
biogenesis under acidic and thiol oxidative stresses by decreasing
the expression of PDIMs and mycolic acid might support the
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pathogen in attaining the persister-like phenotype while still
preserving its virulence.91 These results are in agreement with
the transcriptome data showing suppression of mycolic acid
biosynthesis during prolonged infection of resting macrophages
by Mtb.38 The fact that mycolic acid molecules are stable even
after 96 h of starvation90 suggests that mycobacterium relies on
energy-saving mode by slowing down the mycolic acid
biosynthesis, which serves as a righteous approach for adaptive
response to acidic and thiol oxidative stress conditions.
Under aerobic growth conditions, the auto-oxidation of

enzymes containing flavins, quinones, and other respiratory
enzymes are the chief intracellular sources of ROS viz.
superoxide and peroxide.92 Upon infection, Mtb experiences
the inhibitory effect of reactive oxygen and nitrogen species
produced during oxidative burst inside macrophages.93

Hydroxyl radicals are the most reactive ROSs produced from
peroxides by the Fenton reaction, which causes oxidative
damage to macromolecules including lipids.94 Here, we studied
the proteomic response of Mtb to oxidative agent H2O2 to
identify the cellular consequences against ROS. Our data did not
show induction of many classic proteins that are known to
regulate the H2O2 response and have been identified crucial in
the oxidative stress detoxification mechanism.93 One of the
possible reasons could be the high basal expression levels of
several associated proteins, as depicted for KatG and AhpC.37 It
is quite evident that Mtb shows resistance against host immune
responses through its impermeable cell envelope. Lipoprotein
forms an important constituent of the bacterial cell envelope,

playing an essential role in drug export, antibiotics action, and
cell wall homeostasis.95,96 The role of lipoprotein-synthesis and
modifying enzymes in bacterial virulence is well documented in
S. aureus97and Enterococcus faecalis.98 Similarly, Mtb lipoprotein
signal peptidase (lspA) is essential not only in the virulence of
Mtb, but its expression is also regulated in the acidic and surface
stress.99 In support of the role of lipoproteins in intracellular
survival, we saw upregulation of LpqT and LppD proteins under
H2O2-mediated oxidative stress (Figure 3C). An upregulation of
lipoprotein LpqT is in agreement with a previous study with M.
smegmatis where lpqT was shown to be required for survival
under low pH and oxidative stress.100 Moreover, LpqT-
mediated defects in Mtb antigen presentation to CD4+-T cells
may provide a mechanism by which this protein supports the
pathogen for intracellular survival under stress conditions.100

Another interesting protein found regulated in H2O2 stress is
HupB. DNA binding proteins are crucial in maintaining the
structure and organization of chromosomal DNA in response to
genotoxic stress. In particular, nucleoid-associated proteins
including HU (histone-like proteins), H-NS (histone-like
nucleoid structuring protein), and IHF (integration host factor)
function as modulators in maintaining the nucleoid dynamics
under unfavorable conditions,101,102 either by regulating gene
expression or by maintaining topological changes in the
chromosome. HupB, a HU protein, manifests its effect in
virulence,102 SOS response, and stress response across bacterial
species.103 Many studies have shown the participation of HupB
in protecting DNA from free hydroxyl radicals in Francisella

Figure 7. Model depicting the physiological adaptation of Mtb under hostile environment inside phagolysosomes of infected macrophages. In vitro
stress treatment viz. acidic, diamide (thiol-oxidants), and H2O2 (OH·) causes differential regulation of many biological processes and adaptive
redirecting of the mycobacterium proteome. Created with Biorender.com.
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tularensis104 and its regulatory role in Heliobacter pylori against
acidic stress by preventing endonucleolytic cleavage of DNA.105

Contrary to these bacteria, expression of hupB along with a few
other NAP-encoding transcripts was unaffected in Mtb upon
oxidative stress.106 Notably, our proteomic data show down-
regulation of HupB after H2O2 treatment. Results from our
study provide credence to the idea that Mtb prefers metabolic
arrest overactive defense mechanism to combat oxidative stress.
Remarkably, among several DEPs, we identified three

proteins viz. Rv0863, Rv1429, and LipE that are modulated
upon exposure to all three stress conditions (Figure 3E). It is
assumed that putative lipases encoded by Mtb genome may be
involved in hydrolysis of long-chain acylglycerols in order to
release fatty acids from stored host lipids.107 Mtb relies on the
activity of these lipases that are part of the Lip family, during the
course of infection. Studies have shown that lipases are required
byMtb for infection and persistence in the host.108,109 However,
our data showed suppression of LipE protein upon exposure to
acid and oxidative stresses. Taking into consideration the role of
LipE in lipid catabolism and the downregulation of fatty acid and
lipid synthesis as well as transport under multiple stresses
(Figure 3), it appears that mycobacterium adapts to these
extracellular conditions by slowing down the metabolic and
synthesis pathways and eventually undergoes dormant-like
conditions. The upregulation of conserved hypothetical proteins
Rv0863 and downregulation of conserved protein Rv1429 under
all three stress conditions warrants future studies to characterize
their role in Mtb pathogenesis and intracellular survival. In
addition, our data set includes a small subset of stress proteins
including the general stress protein Rv0863 that are also
modulated during the guinea pig infection model at both early
and late time points of infection (Figure 6A,B).30 Future studies
are warranted to establish a direct role of some of these in Mtb
virulence and growth inside host cells, which can further help us
identify potential anti-TB drug targets.
Overall, this study offers a global proteome profile of Mtb

under acidic-, diamide-, and H2O2-mediated stress conditions.
As summarized in Figure 7, differentially regulated proteins
present a dynamic response ofMtb to acidic and oxidative stress.
Moreover, the overlap between acidic and oxidative stresses is
suggestive of the adaptive response of the pathogen to
intracellular stresses and preparing itself to face multitude of
forthcoming adverse host conditions. Our study provides a
comprehensive overview of remodeled proteome, which can be
taken forward to elucidate the pathways that perform dual
functions in stress-dependent adaptation as well as in Mtb
pathogenesis.
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