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ABSTRACT: Mycobacterium tuberculosis, the causative agent of tuberculosis, accounts
for 1.5 million human deaths annually worldwide. Despite efforts to eradicate tuberculosis,
it still remains a deadly disease. The two best characterized strains of M. tuberculosis,
virulent H37Rv and avirulent H37Ra, provide a unique platform to investigate biochemical
and signaling pathways associated with pathogenicity. To delineate the biomolecular
dynamics that may account for pathogenicity and attenuation of virulence in
M. tuberculosis, we compared the proteome and phosphoproteome profiles of H37Rv
and H37Ra strains. Quantitative phosphoproteomic analysis was performed using high-
resolution Fourier transform mass spectrometry. Analysis of exponential and stationary
phases of these strains resulted in identification and quantitation of 2709 proteins along
with 512 phosphorylation sites derived from 257 proteins. In addition to confirming the
presence of previously described M. tuberculosis phosphorylated proteins, we identified
265 novel phosphorylation sites. Quantitative proteomic analysis revealed more than five-fold upregulation of proteins belonging to
virulence associated type VII bacterial secretion system in H37Rv when compared to those in H37Ra. We also identified 84 proteins,
which exhibited changes in phosphorylation levels between the virulent and avirulent strains. Bioinformatics analysis of the proteins
altered in their level of expression or phosphorylation revealed enrichment of pathways involved in fatty acid biosynthesis and
two-component regulatory system. Our data provides a resource for further exploration of functional differences at molecular level
between H37Rv and H37Ra, which will ultimately explain the molecular underpinnings that determine virulence in tuberculosis.
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B INTRODUCTION

Mycobacterium tuberculosis, the causative agent of tuberculosis
(TB) has evolved successful mechanisms to overcome the host
defense system and survive against existing classes of antibiotics.
According to the global TB control report by the World Health
Organization, an estimated 9 million people developed TB and
1.5 million died from the disease during 2014. M. tuberculosis
H37Rv and H37Ra strains have been used in several investiga-
tions to understand the molecular mechanisms of virulence and
pathogenicity.' > Comparative genomic studies have revealed
53 insertions and 21 deletions in H37Ra genome with respect to
that of H37Rv. These differences could potentially cause its
virulence attenuation.” In addition, 76 SN'Vs affecting promoters
of 32 genes were found to be specific to H37Ra. Variations have
also been observed in the repetitive sequences in PE/PPE/
PE—PGRS family genes in H37Ra and H37Rv. These genes
have been reported to play an important role in evasion of host
immune response via antigenic variation.* However, elucidation
of large-scale differences at the level of functional proteome
between the two strains using high-resolution mass spectrometry
platform remains largely unexplored.

In addition to the changes in the expression of proteins,
it has been shown that variation in protein phosphorylation
also plays a vital role in regulating stress adaptation, adhesion
to host, virulence, and response to host immune system.s_7 The
M. tuberculosis genome encodes for 11 serine/threonine protein
kinases (STPKs) and 11 two-component systems. Prisic et al,,
have previously reported changes in phosphorylation patterns in
H37Rv under different culture conditions suggesting a vital
role of phosphorylation in the regulation of key physiological
processes.” Additionally, analysis of tyrosine phosphoproteome
in H37Rv by Kusebauch et al, revealed extensive tyrosine
phosphorylation on several M. tuberculosis proteins including
STPKs.” Phosphoproteomic analysis of M. tuberculosis Beijing
isolate,'® M. smegmatis, and M. bovis'! have also been carried out
to demonstrate the different phosphorylation patterns in
pathogenic and nonpathogenic strains. However, there has
been no effort to study quantitative changes in phosphorylation
levels of proteins between virulent (H37Rv) and avirulent
(H37Ra) strains of M. tuberculosis. Alterations in the protein
expression and phosphorylation patterns between the two strains
can serve as the basis to gain insight into the mechanism of
virulence attenuation in H37Ra strain.

In this study, we aimed at elucidating the differential expres-
sion patterns in the proteome and phosphoproteome of H37Ra
and H37Rv using tandem mass tag (TMT) labeling approach
coupled with high-resolution mass spectrometry. We identified
several proteins that are known to be involved in the virulence
and pathogenesis of M. tuberculosis. In addition to confirming the
presence of previously described M. tuberculosis phosphorylated
proteins, we also identified 268 sites of phosphorylation that have
not been reported so far. Our data provide a resource to further
explore the molecular changes on the growth and virulence of
M. tuberculosis, which may aid in the identification of new
biomarkers and therapeutic targets.

B EXPERIMENTAL PROCEDURES

M. tuberculosis Culture and Protein Extraction

M. tuberculosis H37Rv and H37Ra were grown in Middlebrook
7H9 culture medium (BD) supplemented with OADC (oleic
acid, dextrose, and catalase). Cultures were incubated at 37 °C in
aroller bottle shaker. The two strains were harvested at logarithmic
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(Agoo nm = 0.8) and stationary phases (15 days after log phase,
Agoo nm ~ S) and centrifuged for proteomic and phosphoproteo-
mic analysis. The cell pellets were washed thrice with chilled
phosphate buffered saline. Lysis was performed in 4% SDS in
Tris-HCI, pH 8.0 at 95 °C. Samples were incubated at 95 °C for
20 min followed by water bath sonication for 60 min. Lysates
were resuspended in twice the volume of buffer with phosphate
inhibitors (4% SDS in S0 Mm triethylammonium bicarbonate
(TEABC), 1 mM sodium fluoride, 1 mM sodium orthovanadate,
2.5 mM sodium pyrophosphate, 1 mM beta glycerophosphate).
Protein concentration was determined using bicinchoninic acid
assay (Pierce, Waltham, MA).

Trypsin Digestion and Fractionation

Equal amounts of lysate (1 mg) from each condition were
processed using modified filter aided sample preparation (FASP)
protocol as described earlier.'> Briefly, the cell lysates were
reduced and alkylated using S mM dithiothreitol (DTT) and
20 mM iodoacetamide, respectively. The SDS concentration was
reduced to <0.001% using 8 M urea. Prior to trypsin digestion,
the samples were buffer exchanged with S0 mM TEABC to
remove urea. The samples were then incubated with trypsin
(1:20) (Worthington Biochemical Corp.), and digested over-
night at 37 °C. The extracted peptides were vacuum-dried and
stored at —80 °C until further analysis.

TMT Labeling

Equal amounts of peptides from each condition were used for
8-plex TMT labeling (Thermo Scientific). Prior to labeling, the
peptides from each condition were reconstituted in 50 mM
TEABC (pH 8.0) and split into two parts to serve as technical
replicates. TMT labeling was carried out as follows: H37Ra
log phase replicates were labeled with channels 126 and 127N,
H37Ra stationary phase-replicates with 127C and 128N, and
H37Rv log phase replicates and H37Rv stationary phase replicates
with 128C, 129N, 129C, and 130C, respectively. The labeling was
carried out as per manufacturer’s protocol. The reaction was
quenched by adding 8 pL of 5% hydroxylamine and incubated at
room temperature for 15 min and dried."*

Basic pH RPLC (bRPLC) and TiO,-Based Phosphopeptide
Enrichment

TMT-labeled peptides were fractionated using high pH reverse
phase LC as described earlier.'* Briefly, the labeled peptides
were resuspended in 1 mL of bRPLC solvent (10 mM TEABC
pH 8.4) and fractionated using high pH reverse phase XBridge
CI18 column (5 um, 250 X 4.6 mm?®) (Waters Corporation,
Milford, MA) by employing an increasing gradient of bRPLC
solvent B (10 mM TEABC in 90% ACN, pH 84). The
fractionation was carried out using Agilent 1100 LC system with
a flow rate of 1 mL/min. A total of 96 fractions were collected in
96-well plate containing 0.1% formic acid. The fractions were
then concatenated to 12 fractions and vacuum-dried. One-tenth
volume from each fraction was transferred to microcentrifuge
tubes and evaporated to dryness for total proteome analysis.
The remaining 90% volume from each fraction was dried and
then subjected to TiO,-based phosphopeptide enrichment.'”
The enriched phosphopeptides were eluted thrice with 40 uL of
2% ammonia solution into microfuge tubes containing 10 uL of
20% TFA on ice. The peptides were dried and resuspended in
30 L of 0.1% TFA and desalted using C g Stage tips. The eluted
peptides were subjected to LC—MS/MS analysis.
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LC—MS/MS Analysis

The fractions for phosphoproteomic and total proteomic analyses
were analyzed on Orbitrap Fusion Tribrid mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) interfaced with
Easy-nLC II nanoflow liquid chromatography system (Thermo
Scientific, Odense, Denmark). The peptide digests were
reconstituted in 0.1% formic acid and loaded onto trap column
(75 pym X 2 cm) packed in-house with Magic C,s AQ (Michrom
Bioresources, Inc., Auburn, CA, USA). Peptides were resolved
on an analytical column (75 gm X 20 cm) at a flow rate of
300 nL/min using a linear gradient of 5—40% solvent B (0.1%
formic acid in 95% acetonitrile) over 90 min and total run time
of 120 min. Data-dependent acquisition with full scans in 350—
1500 m/z range was carried out using an Orbitrap mass analyzer
at a mass resolution of 120000 at 200 m/z. Most intense pre-
cursor ions were selected at top speed data dependent mode with
maximum cycle time of 3 s. Peptides with charge 2—5 were
selected, and dynamic exclusion was set to 45 min. Precursor ions
were fragmented using higher-energy collision dissociation (HCD)
set to 34%, and MS/MS ions were detected using Orbitrap at
a mass resolution of 30000 at 200 m/z. Internal calibration was
carried out using lock mass option (m/z 445.1200025) from
ambient air.

Database Searches for Peptide and Protein Identification

Raw data files were processed to generate peak list files using
Proteome Discoverer software version 2.0.1 (Thermo Fisher
Scientific, Bremen, and Germany). The protein databases used
for MS/MS search for H37Rv and H37Ra were downloaded
from Tuberculist (Release 27- March 2013) and NCBI (updated
December 12, 2012), containing 4031 and 4034 protein
sequences, respectively. Reciprocal protein BLAST was carried
out using M. tuberculosis H37Rv protein database updated
with H37Ra proteins containing one or more mismatches with
H37Rv proteins. Tryptic peptides were generated from these
proteins in silico and were mapped to H37Rv protein database.
Only unique tryptic peptides from H37Ra proteins were
included in the database. A combined database consisting of
H37Ra unique tryptic peptides, proteins from Tuberculist, and
common contaminants was created (containing 6466 entries
with common contaminants).

MS/MS spectra were searched against the combined protein
database using SEQUEST and Mascot search algorithms through
Proteome Discoverer software suite. The search parameters
included trypsin as the proteolytic enzyme with one missed
cleavage allowed. Oxidation of methionine was set as dynamic
modification, whereas carbamidomethylation of cysteine and
TMT modification at peptide N-terminus and lysine were set as
static modifications. For phosphoproteomic data, phosphoryla-
tion of serine, threonine, and tyrosine was considered as
additional dynamic modification. Precursor ion mass tolerance
and fragment ion mass tolerance were allowed with 10 ppm and
0.05 Da, respectively, and all the PSMs were identified with 1%
FDR. Reporter ions quantifier node of Proteome Discoverer was
used for relative quantitation of proteins. The total proteomic and
phosphoproteomic data were median-normalized. The proba-
bility of phosphorylation at each residue was calculated using
PhosphoRS3.1 node in Proteome Discoverer. Phosphopeptides
with >75% localization probability were considered for further
analysis. Proteins and phosphopeptides with ratios greater
than 2-fold were considered as regulated and used for further
bioinformatics analysis.
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The mass spectrometry proteomics data were deposited to the
ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository with
the data set identifier PXD004161.

Bioinformatics Analysis

The differentially expressed or phosphorylated proteins identified
in our study were considered for Gene Ontology analysis. The
proteins were categorized according to their molecular function,
biological process, and cellular components using Tuberculist—
M. tuberculosis H37Rv database.

The total and differentially phosphorylated sites were
considered for motif analysis using Motif-X algorithm."
The parameters used have been described elsewhere,'” and
a significance threshold level was set to 0.001. The substrates
and phosphorylated sites of 11 known Ser/Thr kinases of
M. tuberculosis were curated from the literature. Thereafter, the
phosphorylation levels of identified phosphosites and their
motifs were overlaid with the known kinases of M. tuberculosis
using in-house Python script.

Network Analysis of Differentially Expressed and
Phosphorylated Proteins

We performed network analysis using DAVID Bioinformatics
Resources 6.7.'° Proteins that showed 2-fold or more differential
expression or phosphorylation at log and stationary phases
between the two strains were considered for this analysis.
Pathway analysis was performed to group the proteins into
different functional categories and enrich particular biological
pathways that may serve as the determinants for virulence in
M. tuberculosis.

B RESULTS AND DISCUSSION

Proteomic and Phosphoproteomic Profiles of Virulent and
Avirulent Strains of M. tuberculosis

To identify phosphoproteins and signaling networks of
M. tuberculosis that may be potentially associated with its
virulence and pathogenesis, we compared the proteome and
phosphoproteome of H37Rv with its avirulent counterpart
H37Ra using 8-plex TMT-labeling-based quantitative proteomic
approach. The proteomic and phosphoproteomic profiles of
both the strains, harvested at their logarithmic and stationary
phases in two technical replicates, were analyzed using LC—
MS/MS. TiO,-based enrichment strategy was followed to enrich
the phosphopeptides. The combined workflow for proteomic
and phosphoproteomic analyses is outlined in Figure 1. We
identified 14209 peptides (Table S-1) corresponding to
2709 proteins (Table S-2), of which 627 proteins were found
to be differentially expressed among the two strains as per the
arbitrary minimum cutoff of two-fold change (Figure 2A). Of the
2709 proteins, 2698 proteins were identified in proteomic
analysis. An additional 11 proteins were identified uniquely in
the phosphoproteomic analysis. Using PhosphoRS probability
cutoff of >75%, we identified 512 phosphosites mapping to
257 proteins of M. tuberculosis (Table S-3a), 417 of which were
nonredundant and unique phosphorylation sites (Figure 2B). Of
the 257 proteins, 243 proteins were found to be phosphorylated
at a single site on protein sequence, and 14 proteins were
phosphorylated at two or more sites. As expected, in line with
previously published reports, we observed the distribution of
phosphorylation to be highest on threonine residues (68%)
followed by serine (29%) and tyrosine residues (3%). The
overall difference and overlap in differentially expressed
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Figure 1. Schematic workflow for quantitative proteomic and phosphoproteomic analysis of H37Ra and H37Rv strains of M. tuberculosis. The cultures
were harvested at the indicated phases, and protein samples were digested with trypsin followed by TMT labeling. Samples were pooled after bBRPLC
fractionation and phosphopeptides were enriched using TiO, beads. The resulting samples were analyzed on an Orbitrap Fusion mass spectrometer.

proteins between the two strains and growth phases is shown in
Figure 2C.

Comparison of our findings with previously published
mycobacterial phosphoproteomic studies revealed 265 novel
and 152 previously known phosphosites from M. tuberculosis.
Of the 215 phosphorylation sites reported by Prisic et al.,, we
identified 102 phosphorylation sites in common (Table S-3b).
Furthermore, we also identified high-confident localization for
75 phosphorylation sites that have been reported as ambiguous
phosphosites in the previous study.” Similarly, 117 phosphor-
ylation sites were found to be common to phosphorylation sites
identified in M. tuberculosis Beijin$ isolate, and 13 sites were
found to be common to M. bovis'”"' (Figure 2D). Although we
did not specifically enrich for phosphotyrosine modifications,
we observed nine novel phosphotyrosine sites in our study when
compared to those in a previous phosphotyrosine analysis of
M. tuberculosis."”

Protein phosphorylation is an important mechanism involved
in the widespread regulation of cellular function. Levy et al,
have shown that the protein abundance correlated with the
level of phosphorylation.'®'” We calculated Pearson’s correla-
tion coefficient to determine the correlation between phosphor-
ylation levels and protein abundance for the proteins identified in
our study. The analysis revealed correlation between the two,
with a correlation coefficient (r) of 0.6 (Figure 3).

Enrichment Analysis Revealed Pathways Enriched for
Virulence

Studies have shown that M. tuberculosis switches different meta-
bolic pathways to consume fatty acids in place of carbohydrates
during persistent infection.'”*® Further, the lipid composition of
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bacterial cell wall may contribute to virulence.”' Using micro-
array technology, Gao et al,, have shown that genes involved in
lipid metabolism and cell wall synthesis were enriched in H37Rv
when compared with H37Ra. This indicates that the cell wall and
cell membrane may be major sites for differences between the
two strains.”” It has also been previously reported that the two-
component regulatory system and bacterial secretion system play
an important role in mycobacterial virulence.*** We performed
network analysis using DAVID Bioinformatics Resources 6.7"°
and identified the enrichment of pathways that belonged to
(i) two-component system, (ii) oxidative phosphorylation,
(iii) bacterial secretion system, and (iv) fatty acid biosynthesis
and ribosomal proteins related pathways. We identified the highest
enrichment of ribosomal proteins with a total representation
of 44 proteins. Proteomic expression patterns of most of the
30S ribosomal proteins identified (e.g, Rps J-N1) were found
to be overexpressed by more than two-fold in the log phase of
H37Rv when compared with H37Ra log phase. In this category,
the phosphorylation pattern of RpsD was also found to be
up-regulated in H37Rv log phase. M. tuberculosis uses various
secretion systems to secrete proteins, which are essential for
mycobacterial virulence or viability.”> We observed differential
expression and phosphorylation of several bacterial secretion
system-associated proteins among the two strains.

Alterations in Virulence Associated Type VIl Secretion
System

Type VII secretion system, also known as T7SS, encodes for
several virulence associated genes in M. tuberculosis. ESAT-6
and CFP-10, secreted by T7SS, have been earlier described as
dominant antigens recognized by T-cells in humans and bovine.”**

DOI: 10.1021/acs jproteome.6b00983
J. Proteome Res. 2017, 16, 1632—1645


http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b00983/suppl_file/pr6b00983_si_005.xls
http://dx.doi.org/10.1021/acs.jproteome.6b00983

Journal of Proteome Research

B H37Ra Log/H37Ra Stationary Phase

B H37Rv Log/H37Rv Stationary Phase

Bl H37Rv Log/H37Ra Log Phase

I H37Rv Stationary/H37Ra Stationary Phase

500 1000 1500 2000

Fold change (log,)

Number of proteins

h b b NV A o0 R N WA OO

H37RvLog/H37Ra

log phase

H37RvLog/H37Rv
Stationary phase

H37Ra Log/H37Ra 270
Stationary phase
99
18
74
38
H37Rv Stationary /H37Ra

Stationary phase

B H37Ra Log/H37Ra Stationary Phase

B H37Rv Log/H37Rv Stationary Phase

Bl H37Rv Log/H37Ra Log Phase

Il H37Rv Stationary/H37Ra Stationary Phase

4
o 3
e 1
= 2
[4)
2
£ o
S _
3 1
(<)
[
-3 4
-4
-5 J
D
MTB-H37Rv MTB-Beijing strain
(Prisic et al,) (Fortuin et al,)
MTB-H37Rv

Mycobacterium

& bovis (Nakedi et al,)

(Verma et al,)
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between the two strains and growth phases in differentially expressed proteome. (D) Overall difference and overlap between H37Ra and H37Rv strain of
M. tuberculosis compared with the published phosphoproteomic data from M. tuberculosis H37Rv strain, M. tuberculosis Beijing strain, and M. bovis.

Genes encoding these antigens are located on Region of
differencel (RD1) a 9.5 kb fragment absent in M. bovis BCG
strain.”® Jhingan et al.,, in an ESAT-6 antibody based treatment of
infected THP-1 cell line, have shown that the elevated levels of
ESAT-6 protein in M. tuberculosis provide survival advantage. We
observed a 2.4-fold hyperphosphorylation of CFP-10 in H37Rv
log phase in comparison to H37Ra log phase. Two proteins earlier
reported to be integral component of membrane and cell wall
were found to be overexpressed in H37Rv compared to H37Ra-
Rv3615c (EspC) (9.8-fold) and Rv3616¢ (9.5-fold) (Figure 4).
These proteins belong to Rv3614c-Rv3616¢ gene cluster specific
to mycobacteria and close relatives.”” A recent study by Sassetti
et al,, has demonstrated that mutations in any of these genes result
in virulence attenuation in M. tuberculosis.”® Studies have also
identified Rv3615c¢ as a highly immunodominant antigen in latent
and active TB. Additionally, T-cell responses to Rv3615c are
highly specific (93%) for M. tuberculosis infection suggesting the
role of this antigen in TB infection®’ (Figure S). Furthermore,
we found secretion-associated proteins EspA, EspC, and EspR to
be overexpressed more than S-fold in H37Rv log phase. We also
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observed 2.8-fold hyperphosphorylation of EspR protein at S111
in H37Rv log phase when compared with H37Ra log phase.

In addition, proteins associated with two other secretion-
associated systems, general secretion pathway (Sec-pathway)
and the twin arginine translocation (Tat-pathway), were also
identified in our analysis. Sec system is involved in translocation
of unfolded proteins across the mycobacterial cell membrane.
It is responsible for the secretion of proteins associated with
diverse functions such as metabolism, substrate uptake, and cell
communication.””** Tat system on the other hand is involved in
transporting folded proteins across the membrane.”* We identified
seven proteins involved in Sec secretion system, of which two
proteins, SecE1 and SecF1, were found to be phosphorylated in
both the strains. SecE2 was more than 2-fold overexpressed in
H37Rv log phase when compared with H37Ra log phase. SecE2
had a unique calcium binding site and was involved in sequestering
small ligands.”® In Tat system, we identified three major Tat
components, TatA, TatB, and TatC. Expression of TatC was
found to be elevated in H37Rv log phase when compared with
H37Ra log phase. Three phosphosites corresponding to TatA
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Figure S. Type VII secretion system in M. tuberculosis. Proteins that are upregulated in H37Rv log phase with respect to H37Ra log phase are represented
with red arrow. Proteins downregulated are represented as green arrow. Yellow circle is used for representing the phosphorylated proteins. The level of

expression or phosphorylation of proteins is represented in heat map.

protein were found to be phosphorylated in our study in both
the strains, of which T60 on Tat protein was more than 3-fold
hyperphosphorylated in H37Ra log phase than H37Rv log phase.
Overall, our data suggest that proteins with altered expression
and phosphorylation identified in this study may have important
biological roles in infection and virulence of M. tuberculosis.

Differential Expression and Phosphorylation of Proteins between
H37Ra and H37Rv Strains during Log and Stationary Phases

We observed differential expression and phosphorylation of
proteins within and among the two strains at log and stationary

1638

growth phases (p-value <0.05) (Table S-1 and Table S-3a).
In H37Ra strain, 325 proteins were differentially expressed,
whereas in virulent H37Rv strain, 649 proteins were found to
be differentially expressed. Between the log phases of H37Rv
and H37Ra, 240 proteins were overexpressed and 183 proteins
were downregulated in H37Rv. We also observed alterations in
the level of expression in H37Rv and H37Ra stationary phase.
In all, 204 proteins showed altered expression pattern.
Eighty-two proteins were overexpressed and 122 proteins were
downregulated in H37Rv stationary phase when compared with
H37Ra stationary phase.
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Interestingly, eight proteins, Rv1766, GIbN, PE1S, Rv0141c,
Rv3175, Cypl41, DrrB, and TatC, were not expressed in one of
the stages among the two strains. For instance, ABC transporter
permease DrrB, which is involved in active transport of antibiotic
and phthiocerol dimycocerosate (Dim) across the membrane,*®
was not expressed in H37Rv log phase. On the contrary, Rv1766,
Cypl41, and TatC were not expressed in H37Rv stationary
phase.

We also observed differences at phosphorylation levels between
the two strains at log and stationary phases. Of the 417 unique
phosphorylation sites identified in our study, phosphorylation
patterns of 152 phosphorylation sites on 94 proteins were found
to be differential (arbitrary minimum cutoff of two-fold change)
across the two strains in log and stationary phases. Fifty-five
phosphosites were hyperphosphorylated and 97 hypophosphory-
lated in virulent H37Rv strain as compared to avirulent H37Ra
strain.

Using label-free quantification analysis, Jhingan et al,, have
recently compared the proteome of H37Ra, H37Rv, and
M. tuberculosis clinical isolates.”” The analysis led to the identifi-
cation of 2161 proteins, of which we identified 1990 proteins
in common. Several proteins were downregulated in H37Ra
including Rv308S (oxidoreductase), acyl carrier protein AcpA,
and esterase/lipase LipF. We also observed a similar trend in
H37Ra protein expression suggesting the role of these proteins
in changed phenotype of H37Ra. Upregulation of Esx family
proteins was also observed in H37Rv and M. tuberculosis clinical
isolates.”” Esx proteins are known to be associated with virulence
of M. tuberculosis. The level of expression can be correlated with
increased virulence in clinical isolates as observed in the JAL
clinical isolate.”® We further observed upregulation of Rv1446
(OpcA) and Rv214Sc (Wag31) in H37Rv log phase compared
to H37Ra log phase. Additionally, we also observed hyper-
phosphorylation of Wag31 in H37Rv compared with H37Ra
strain. These proteins have been previously reported to be
expressed at higher levels in M. tuberculosis isoniazid drug
resistant strains’’ and are known to be involved in peptidoglycan
biosynthesis and oxidative stress.””*’ Altered phosphorylation
and expression of these proteins therefore implicate their role
in pathogenesis.

Functional Classification of the Identified Proteins Reveals
Marked Differences between the Two Strains

To determine whether proteins that are differentially represented
in any particular cellular process, Gene Ontology enrichment
analysis for differentially expressed and differentially phosphory-
lated proteins was performed using PANTHER classification
system.”’ The comparison was done within the individual strain
and between the two strains across log and stationary phases.
Significantly enriched cellular processes (p-value < 0.05) among
differentially expressed/phosphorylated proteins are provided in
Figure S-1.

Previous studies on comparative genomics of H37Ra and
H37Rv strains have reported SNVs and indels in PE/PPE/
PE—PGRS gene family that led to gross genetic changes.” It has
been previously reported that certain members of this gene
family impact the process of anti§en presentation and involved
in generating antigenic diversity.”” We observed 24-fold over-
expression and four-fold hyperphosphorylation of PE family
protein PE31 in H37Rv log phase when compared with H37Ra.
We also found 4.5-fold overexpression of extracellular region
protein PE1S (Rv1386) in H37Rv log phase when compared
with H37Ra log phase. PE1S is known to evade the host immune
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response and favor in vivo survival of bacteria.”> Additionally,
we found 12-fold overexpression of PE1S protein in H37Rv log
phase when compared with H37Rv stationary phase. PE15 on
the other hand was not expressed in H37Ra stationary phase.
This suggests that the transmembrane proteins may play a
potential role in virulence.

We identified six major clusters of proteins, which showed
considerable changes in phosphorylation patterns between
two strains across log and stationary phases. The trend in the
phosphorylation pattern across various stages and between
the two strains is represented in heat map (Figure 6). Many of the
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Figure 6. Heat map depicting phosphorylation changes in H37Ra and
H37Rv strains of M. tuberculosis across log and stationary growth phases.
A global color gradient ranging between green for proteins with fold
change < 0.5 to yellow for values between 0.6 and 2 and red for
values > 2.0 was applied on the clustered data set.

proteins falling in these clusters, including EspR, FabG4, and
Rv1543, are known to be involved in protein secretion, fatty acid
biosynthesis, and fatty acid oxidation, respectively.**~*° Interest-
ingly, we observed more than 2-fold hyperphosphorylation
of chaperonin GroEL2 and chaperonin GroES in the stationary
phase of H37Rv without any significant changes in their expres-
sion levels. GroEL is an essential chaperonin and is responsible
for cellular processes such as de novo folding and macro-
molecular assembly. Immunochemical and mass spectrometry-
based analyses have shown that GroEL1 exists in multiple forms.
The switch between single ring and double ring oligomer is
controlled by phosphorylation of GroEL indicating the role of
phosphorylation in activity of GroEL.”’ Regulated oligomeriza-
tion between the M. tuberculosis chaperonin helps in controlled
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utilization of ATP under suboptimal nutrient conditions, ** which
suggests its role in persistence of M. tuberculosis in host cell.
Furthermore, immunity and pathogenicity to M. tuberculosis
infection in the host are mediated by the recognition of a range
of mycobacterial antigens. GroEL2 is one such antigen, originally
identified as a highly immunoreactive protein in M. leprae
extracts.”” This candidate class of GroEL (cpn60 or Hsp60)
molecular chaperones contain epitopes shared among various
species of mycobacteria. However, their phosphorylation
pattern(s) has been suggested to be species dependent.”’
Described as an essential gene for in vitro growth of H37Ry,”"
GroEL2 protein levels have been reported to be upregulated in
response to multiple conditions.”* " This protein is a substrate
of M. tuberculosis STPKs in vitro."”>* In the current study, we
observed phosphorylation of GroEL at T47, T49, S54, and T479.
Interestingly, all the four sites were hyperphosphorylated in
H37Rv stationary phase as compared to that of H37Ra. Apart
from their conventional roles, chaperones have been predicted to
serve as immunodominant antigens upon infection in the host.”*
Rv3269 is another protein with predicted chaperoning activity
that showed altered expression between virulent and avirulent
strains. Although described as a nonessential gene,”" it is required
for bacterial survival in primary murine macrophages. Phosphor-
ylation pattern of this protein was also found to be altered across
the growth stages of H37Ra and H37Rv. We also observed
3.8-fold hyperphosphorylation of integration host factor MihF in

log phase of H37Rv when compared with log phase of H37Ra.
Furthermore, we observed 5.5- and 7.6-fold hyperphosphoryla-
tion at S258$ in fructose-bisphosphate aldolase protein at H37Rv
log and stationary phase, respectively, when compared with that
of H37Ra.

Proteases or peptidases have been shown to play an important
role in the virulence and pathobiology of infectious micro-
organisms.”>~>" M. tuberculosis has more than 100 genes
encoding proteases or peptidases.” We identified 28 proteases
including PpepA, HtpX, PepR, and ClpC2. Probable zinc
protease PepR belongs to peptidase family M16. This protease
is required by M. tuberculosis for its survival and pathogenicity.*®
We observed 2-fold downregulation of PepR in H37Rv stationary
phase when compared with H37Ra stationary phase. Membrane-
associated serine protease (Rv3671c) was found to be down-
regulated by 0.5-fold in the log phase of H37Rv when compared to
H37Ra log phase.

A partial set of other differentially expressed or phosphorylated
among the two strains in log and stationary phases is provided in
Tables 1 and 2.

M. tuberculosis Kinome Reveals Differential Expression and
Phosphorylation Patterns across the Growth Phases in Their
Substrates

The activities of cellular kinases and phosphatases are often
regulated through post translational modifications (PTMs).
We identified all 11 known STPKs of M. tuberculosis, of which

Table 1. List of Differentially Phosphorylated Proteins among Two Strains That Are Known To Play an Important Role in

Virulence or Pathogenesis of M. tuberculosis

H37Ra Log/
protein ID description H37Ra Stationary
Rv0163  acyl-CoA thioester hydrolase 1.0
Rv3864  ESX-1 secretion-associated protein EspE 0.3
Rv2031c  heat shock protein HspX 0.4
Rv3822  membrane-associated acyltransferase 1.1
Rv0981  mycobacterial persistence regulator MRPA 0.9
Rv3085  oxidoreductase 0.6
Rv3477  PE family protein PE31 0.5
Rv316lc  oxidoreductase 0.3
Rv0033  acyl carrier protein AcpA 13
Rv0077c  oxidoreductase 0.7
Rv1397¢  Toxin VapC10 0.8
Rv0299  toxin 1.1
Rv2775  N-acetyltransferase 0.2

H37Rv Log/ H37Rv Log/ H37Rv Stationary/
H37Rv Stationary H37Ra Log H37Ra Stationary

29 3.1 1.1

0.8 2.7 0.9

0.1 1.0 3.1

1.2 3.7 3.2

1.7 2.0 1.1

34 10.3 2.0

1.0 24.3 11.1

3.6 8.2 0.7

7.7 4.5 0.8

3.2 4.5 0.9

2.0 4.3 1.7

3.7 4.1 1.2

2.1 4.0 0.4

Table 2. List of Important Virulence Associated Proteins Differentially Expressed or Phosphorylated among the Two Strains in

Log and Stationary Phase

phosphosite in H37Ra Log/ H37Rv Log/ H37Rv Log/ H37Rv Stationary/

protein ID description protein H37Ra Stationary H37Rv Stationary H37Ra Log H37Ra Stationary
Rv3477  PE family protein PE31 T63 1.0 32 42 13
Rv2154c  cell division protein FtsW T29 1.3 34 0.6 0.2
Rv0933  phosphate-transport ABC transporter ATP- S266 1.0 1.0 4.4 42
binding protein PstB $252 0.6 0.6 17 16
Rv3817  aminoglycoside 3’-phosphotransferase $250 2.8 6.2 2.6 12
Rv1271c  hypothetical protein T90 0.2 8.1 10.2 0.3
Rv1388  integration host factor MihF T125 0.4 1.3 3.8 12
T169 0.8 1.6 1.7 0.9
S189 1.6 S.S 2.1 0.6
Rv1543  fatty-acyl-CoA reductase T322 0.7 2.8 3.5 0.9
Rv3849  ESX-1 secretion-associated regulator EspR S111 0.7 1.9 2.8 1.0
Rv2949¢  early secretory antigenic target EsxA S192 0.7 1.4 2.5 1.3
Rv3875 early secretory antigenic target EsxA T63 0.4 0.6 2.5 1.6
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six were found to be phosphorylated. For most of the kinases,
threonine was identified as preferred phosphoreceptor residue
and was in accordance with earlier studies on M. tuberculosis.*~"°
PknA is essential for the survival of the pathogen in the host and
phosphorylation in its activation loop has been reported to be
pivotal for bacterial growth.”” Transcript accumulation of PknB
has been previously demonstrated during bacterial growth in
alveolar macrophages,”’ whereas its protein level was reported to
be down-regulated under conditions of nutrient starvation,’’
indicating its role in bacterial growth. We observed decreased
phosphorylation (0.4-fold) in PknA T313 residue in H37Rv
when compared with H37Ra. PknD, like PknA and PknB, is a
transmembrane STPK with autophosphorylatable threonine
residues. We observed hyperphosphorylation at T277 and S332
in H37Rv stationary phase. An increased level of phosphor-
ylation of PknD maybe correlated with its requirement for
bacterial survival inside host. M. tuberculosis grotem kinase PknH,
described previously as a nonessential gene”” and reported to be
present only in H37Rv-infected guinea pig lungs at 90 days and
not 30 days,”> was found to be 3.5-fold hyperphosphorylated in
H37Rv stationary phase. Three mycobacterial kinases, PknA,
PknD, and PknH, identified in our analysis shared several
substrates such as FhaA, MmpL3, and Rv3910." These substrates
have been prev10usly reported to be involved in signal
transduction, ™ lipid biosynthesis,*”** and hypophosphorylation
of all the three proteins and were observed in H37Rv indicating
the role of phosphorylation in regulating mycobacterial signaling
and metabolism.

In addition, our data also revealed expression of protein
kinases involved in the two-component signal transduction
pathway. Sensor-type histidine kinase PrrB and sensor histidine
kinase MtrB showed differential expression between the two
strains. These kinases are part of two-component signaling
and are known to play an important role in mycobacterial
virulence and pathogenesis.””** The pathway essentially consists
of a membrane bound sensor kinase (that contains an auto-
phosphorylatable histidine residue) and a response regulator
(with a phosphorylatable aspartate) that transmits the signals
downstream. Two-component regulatory proteins act as sensory
and adaptive factors in response to a wide range of environmental
stimuli. PhoP/PhoQ two component system controls tran-
scription of v1rulence genes essential for survival of M. tuberculosis
in host cells.”> We observed 2-fold overexpression of PhoP in
H37Rv stationary phase compared with H37Ra stationary phase.

A remarkable number of kinases (ThiD, IspE, PknH, CysN,
P£kB, PfkA, and GIpK) were observed to be downregulated in
H37Rv log phase when compared with H37Ra log phase. All
these kinases except for PknH are involved in various metabolic
processes.”"°>” PfkA, PfkB, and GlpK are all involved in central
C metabolism,”®® ThiD is involved in thiamine synthesis,”" and
IspE is annotated to be involved in isoprenoid biosynthesis.’”
Downregulation of key metabolic enzymes between virulent and
avirulent strains suggests that virulence may also be linked to
nutrient sensing and metabolized by the intracellular pathogen.”
An opposite trend was observed for PyrH, which showed
an upregulation pattern in H37Rv compared to H37Ra. This
protein was earlier reported to be specific to H37RV when
compared with two attenuated strains of M. tuberculosis.”® Our
data also suggest that proteins reported earlier as missing/absent
in a given strain were actually low abundant and not identified
during previous analyses. High-resolution mass spectrometry
enabled us to identify and quantify these proteins in both the
strains.
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Phospho-Motif Analysis of Differentially Phosphorylated
Proteins in H37Ra and H37Rv Strains

To gain insight into the potential categorization of mycobacterial
kinase substrates, which are differentially phosphorylated among
H37Ra and H37Ry strains, we performed phospho-motif analysis
using Motif-X algorithm."”” We identified predominantly three
phospho-motifs, EXXpT, PpT, and pTXp (Figure 7). Twenty-one
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Figure 7. Phosphorylation site motif analysis using differentially
phosphorylated proteins for the mycobacterial kinase substrates in
H37Ra and H37Rv strains. Weblogo A, B, and C generated using
Motif-x algorithm. The motifs show the relative statistical significance of
the logo generated with respect to M. tuberculosis background.

substrates shared EXXpT motif, of which nine proteins were
hypophosphorylated in H37Rv log phase and four proteins were
hyperphosphorylated in H37Rv stationary phase. In this category,
the MmpL3 protein involved in lipid metabolism was found
to be five-fold hypophosphorylated in H37Rv. Furthermore,
we observed hyperphosphorylation in 7 out of 14 proteins in
H37Rv sharing PpT motif. Interestingly, 28 kinase substrates
shared pTXp, of which nine were hypophosphorylated in H37Rv
stationary phase. Most of the proteins that vary in phosphorylation
in this category belonged to cell wall or cell membrane component.
It has been previously shown that cell wall and cell membrane play
an important role in virulence of mycobacterium.”"

Differences in Growth Phases and Their Significance in
Tuberculosis Pathogenesis

One of the important aspects of tuberculosis pathogenesis is

latency stage where M. tuberculosis maintains an asymptomatic
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Figure 8. Growth phase-specific expression and phosphorylation of proteins in both H37Ra and H37Rv strains.

state in the host. The majority of tuberculosis cases result due to
reactivation of latent bacteria, which are quiescent within the
host. Studies on tuberculosis pathogenesis suggest that initial
event of mycobacterial infection involves entry in macropha%e
followed by rapid growth phase and granuloma formation.”*~"*
The bacilli attain stationary phase inside primary granuloma. The
environment inside granuloma, such as low pH, low oxygen, and
nutrients, toxic oxygen species directs mycobacteria toward
dormancy. Studies have shown that actively dividing bacteria at
their log phase are killed at the beginning of antitubercular
therapy. However, bacteria in their stationary, nonreplicating
stage have reduced susceptibility to antitubercular drugs. These
bacteria usually require a prolonged treatment for complete
pathogen clearance.”> Moreover, it has been previously shown
that in vitro-grown M. tuberculosis that has reached stationary
phase is more resistant to high temperature than exponentially
growing bacteria.”® Several studies have earlier demons-
trated increased tolerance to stress in stationary phase of
M. tuberculosis.”” Efforts to identify proteomic changes specific
to log and stationary phase would allow better understanding
of latency and M. tuberculosis pathogenesis. We identified
81 proteins overexpressed only in log phase of both H37Ra
and H37Rv strains irrespective of their virulence properties.
Fifty proteins on the other hand were overexpressed only in
stationary phase of both the strains suggesting the role of these
proteins in different growth phases of mycobacteria. Interest-
ingly, we observed overexpression of Universal stress protein-
Rv2623 in stationary phase of both the strains. This protein is a
member of the dormancy regulon and is known to be induced
in hypoxia and low levels of nitric oxide.”** Additionally, we
identified four proteins, GrpE, SecEl, GatA, and MazE3,
overexpressed in log phase. These proteins are known to play
an important role in bacterial growth.”" We also observed hyper-
phosphorylation of four proteins, Rv3910, Rv2198¢, Rv0007, and
Rv3604c, which are components of mycobacterial cell wall
(Figure 8). Rv3910, an integral membrane protein, was more
than five-fold hyper-phosphorylated in H37Ra and H37Rv log
phase. This protein in phosphorylated form is known to control
cell wall synthesis.”® Differences in proteome expression and
phosphoproteomic profiles at log and stationary phases indicate
their association in switching from one growth phase to another.
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The candidate molecules identified in the current study
may further be considered for growth-specific studies in
M. tuberculosis.

B CONCLUSIONS

Through phosphoproteomic profiling of virulent and avirulent
strains of M. tuberculosis at different growth phases, we
demonstrate that the two strains are highly similar at protein
level. However, marked differences between the two strains at
expression levels and phosphorylation patterns could be
responsible for the difference in their phenotypes. Significant
differences in protein expression and phosphorylation in PE/
PPE/PE—PGRS gene family further support the genomic
findings reported earlier. Our results clearly indicate that not
only the proteins involved in pathways pertaining to bacterial
virulence and pathogenesis are affected, but also pathways for
lipid metabolism and ribosomal proteins that are involved in
various metabolic processes are dysregulated. This suggests that
there are hitherto unknown mechanisms that control the
virulence and pathogenesis of M. tuberculosis inside host cell.
Our data provide a valuable resource for investigating signaling
pathways that regulate pathogenesis in M. tuberculosis.
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