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ABSTRACT A hallmark feature of Mycobacterium tuberculosis pathogenesis lies in
the ability of the pathogen to survive within macrophages under a stressful environ-
ment. Thus, coordinated regulation of stress proteins is critically important for an ef-
fective adaptive response of M. tuberculosis, the failure of which results in elevated
immune recognition of the tubercle bacilli with reduced survival during chronic in-
fections. Here, we show that virulence regulator PhoP impacts the global regulation
of heat shock proteins, which protect M. tuberculosis against stress generated by
macrophages during infection. Our results identify that in addition to classical DNA-
protein interactions, newly discovered protein-protein interactions control complex
mechanisms of expression of heat shock proteins, an essential pathogenic determi-
nant of M. tuberculosis. While the C-terminal domain of PhoP binds to its target pro-
moters, the N-terminal domain of the regulator interacts with the C-terminal end of
the heat shock repressors. Remarkably, our findings delineate a regulatory pathway
which involves three major transcription factors, PhoP, HspR, and HrcA, that control
in vivo recruitment of the regulators within the target genes and regulate stress-
specific expression of heat shock proteins via protein-protein interactions. The re-
sults have implications on the mechanism of regulation of PhoP-dependent stress
response in M. tuberculosis.

IMPORTANCE The regulation of heat shock proteins which protect M. tuberculosis
against stress generated by macrophages during infection is poorly understood. In
this study, we show that PhoP, a virulence regulator of the tubercle bacilli, controls
heat shock-responsive genes, an essential pathogenic determinant of M. tuberculosis.
Our results unravel that in addition to classical DNA-protein interactions, complex
mechanisms of regulation of heat shock-responsive genes occur through multiple
protein-protein interactions. Together, these findings delineate a fundamental regu-
latory pathway where transcription factors PhoP, HspR, and HrcA interact with each
other to control stress-specific expression of heat shock proteins.

KEYWORDS global regulation, heat shock repressors, heat shock response, M.
tuberculosis PhoP, protein-protein interactions

A hallmark feature of tuberculosis (TB) pathogenesis lies in the ability of the pathogen
to survive within macrophages under a stressful environment. One of the pathways by

which Mycobacterium tuberculosis survives exposure to unfavorable conditions encoun-
tered within the host involves the induction of a strong stress protein response following
phagocytosis (1, 2). During infection, heat shock proteins, as a member of the major stress
protein families, are induced in both the host and the pathogen to maintain cellular
integrity and to contribute to immune signaling for recognition of the pathogen (3). In fact,
elevated expression of heat shock proteins is necessary for bacterial adaptation to inhos-
pitable conditions during intracellular growth and for survival of the bacilli. Thus, the
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pathogenesis of M. tuberculosis is significantly influenced by the regulatory expression of
heat shock proteins. However, our knowledge of the underlying regulatory mechanism
which couples heat shock conditions with global gene expression in M. tuberculosis remains
superficial.

Although the pathogen does not encounter significantly increased temperature
following the uptake of M. tuberculosis by host cells, heat shock proteins are induced
possibly because bacterial adaptation to an inhospitable phagosome (during intracel-
lular survival and growth) requires their elevated expression (4). In keeping with
this, (i) heat shock proteins function to protect M. tuberculosis against stress
generated by host macrophages during infection (5, 6) and (ii) partial disruption of
heat shock regulation of M. tuberculosis strongly impacts virulence mechanisms,
disabling the bacterium’s ability to establish a chronic infection (4). Remarkably,
DNA microarray experiments demonstrate that acr2 (Rv0251c), which is a member
of the �-crystallin family of molecular chaperone genes and which shows the
highest activation during heat shock (4), is also the most upregulated gene follow-
ing phagocytosis of M. tuberculosis by macrophages (2). Importantly, acr2 expres-
sion remains essential for virulence in a murine model of tuberculosis (7). Thus, it
is of interest to understand the molecular mechanism of regulation of heat shock-
inducible gene expression of M. tuberculosis.

Although alternative sigma factors have been implicated in activation of hsp70
expression (8), the major control of heat shock protein-encoding genes such as
hsp70-dnaK is attributable to the release of transcriptional repression in a stress-specific
manner (6). While canonical annotation of the M. tuberculosis genome shows the
presence of two heat shock repressors, HspR and HrcA, deletion of hspR was of very
little consequence on expression of groE-hsp60 proteins (6). These results suggest that
a second repressor hrcA locus in the genome plays an important role in the M.
tuberculosis heat shock response. To investigate this, Stewart and coworkers compared
whole-genome expression profiles of a ΔhspR strain and the double mutant ΔhrcA
�hspR strain (4). Their results suggest that transcription control of a large number of
heat shock-responsive genes is likely regulated by the hrcA locus as the major regulator.
However, to date, the mechanism for regulating the heat shock-inducible genes of M.
tuberculosis remains unknown.

Consistent with an overwhelming regulatory control by PhoP of approximately 2%
of the genome, including the ESX-1 secretion apparatus (a major pathogenic determi-
nant [9, 28]), mutations in phoP account for in vivo as well as ex vivo attenuation (9, 10).
Previously, we showed that expression of acr2, a gene encoding a member of the
widespread heat shock-inducible �-crystallin family of molecular chaperones which
stabilize proteins during stress conditions, is dependent on the phoP locus (11). In this
study, we wanted to investigate the impact of phoP on the M. tuberculosis transcrip-
tome under heat shock conditions. Our microarray data implicate expression of nu-
merous heat shock-responsive genes, including the essential chaperonin gene groEL2,
by the phoP locus. Further probing highlighted the critical importance of protein-
protein interactions involving PhoP as the nodal regulator and its mechanism of
controlling stress-specific regulation of heat shock-responsive gene expression. Taking
these findings together, we identify the most important regulatory circuits, showing
interactions of PhoP with two heat shock repressors (HspR and HrcA) and how they
coordinate mechanisms to transcriptionally control heat shock-responsive genes. Most
importantly, consistent with the major regulatory involvement of PhoP as the nodal
regulator, a ΔphoP variant displayed significantly higher heat shock-dependent cell
death than wild-type (WT) bacilli.

RESULTS
phoP plays a global role in heat shock response of M. tuberculosis. To examine

whether phoP plays a global role in controlling heat shock response of M. tuberculosis,
we performed microarray experiments using WT H37Rv and ΔphoP strains under both
normal and heat shock conditions. Notably, the ΔphoP strain showed differential
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expression of a large fraction of the heat shock-responsive genes (Fig. 1A). Our results
show that out of �643 heat shock-responsive genes, approximately 185 are regulated
by the phoP locus (Fig. 1B). Functional classification of these genes demonstrates a
major impact of the phoP locus on diverse physiological functions, with the most-
affected genes being for intermediary metabolism and respiration (see Fig. S1 in the
supplemental material).

FIG 1 phoP locus is required for expression of heat shock-responsive genes of M. tuberculosis. (A) Heat
shock-dependent levels of gene expression of WT and ΔphoP strains were compared by microarray
experiments showing 50 significantly regulated genes from the cells grown with a heat shock at 45°C for
1 h 30 min. Cyan and yellow signify elevated or lowered gene expression, respectively, relative to WT M.
tuberculosis grown under normal conditions (37°C). (B) Overlap of heat shock-responsive genes which
displayed a �2-fold change in their expression in WT M. tuberculosis as a function of heat stress with genes
which demonstrated �2-fold phoP-dependent differences of expression. Of the 643 heat shock-responsive
genes, 185 were differentially regulated in the ΔphoP mutant. (C and D) Expression of heat shock-
responsive genes in WT, ΔphoP, and ΔphoP complemented M. tuberculosis H37Rv grown with or without
heat shock was examined by RT-qPCR as described in Materials and Methods. *, P � 0.05; **, P � 0.01; ***,
P � 0.001. The average fold differences in expression levels with standard deviations from replicates were
determined for at least three independent RNA preparations. The data reported in this study have been
deposited in the NCBI’s Gene Expression Omnibus (38) and are accessible through GEO series accession
number GSE100596.
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To validate the microarray data, we next performed reverse transcriptase quantita-
tive PCR (RT-qPCR) of a few representative M. tuberculosis genes (see Fig. S2). Table S1
lists the page-purified oligonucleotide primers used in the RT-qPCR experiments. In
agreement with the microarray data, we observed significantly higher expression of
three heat shock-inducible genes (Rv2466, Rv3054, and groEL2) in the ΔphoP strain
relative to that in WT bacteria under normal conditions (Fig. 1C). We next compared the
expression of these genes relative to that in WT bacteria during heat stress (Fig. 1D).
Strikingly, we found significantly lower expression of fadE24, ethA, and groEL2 in the
ΔphoP mutant than in WT M. tuberculosis. These results suggest that phoP plays a major
role in heat shock-dependent activation of gene expression. Together, consistent with
the microarray data, the RT-qPCR experiments reveal that a large number of heat
shock-responsive genes are regulated by the phoP locus.

Repression of heat shock-inducible genes. Next, we utilized “mycobacterial re-
combineering” (12) to construct ΔhrcA and ΔhspR strains (see Fig. S3A and B) to probe
the mechanism of regulation. The mutants were verified by gene-specific PCR using
corresponding genomic DNA as PCR templates (Fig. S3C and D, respectively; Table S2
lists relevant oligonucleotide primers used in cloning, and Table 1 shows the plasmid
constructs used in this study). The genomic DNA of the ΔhrcA strain showed the unique
presence of a 1.3-kb hyg cassette, while the hrcA gene product was absent (Fig. S3C,
compare lane 3 and lane 2). In contrast, the complemented mutant, which utilized the
integrative pSTKi (13) harboring a copy of the hrcA gene, showed the presence of both
the gene-specific product and the hyg cassette (lane 4). Likewise, hspR-specific ampli-
fication from the genomic DNA of the ΔhspR strain yielded similar results (Fig. S3D).
Furthermore, we verified the mutant constructs by Southern blot analyses (Fig. S3E). In
the Southern blot analysis, WT M. tuberculosis showed two specific bands of approxi-
mately 10 and 8.3 kb when probed with hrcA- and hspR-specific probes, respectively.
Hybridization of ΔhrcA genomic DNA using identical probes detected an hspR-specific
band (�8.3 kb) only. In contrast, only the hrcA-specific product (�10 kb) was detectable
in the ΔhspR mutant-derived genomic DNA. Our additional RT-qPCR experiments

TABLE 1 Plasmids used in cloning reported in this study

Plasmid Characteristic(s) Source or reference

pET15b E. coli cloning vector, Ampra Novagen
pET-hspR HspR residues 1–126 cloned in pET15b This study
pET-hrcA HrcA residues 1–343 cloned in pET15b This study
pET15b-hspRΔ10 HspR residues 1–116 cloned in pET15b This study
pET15b-hrcAΔ18 HrcA residues 1–325 cloned in pET15b This study
pGEX-4T-1 E. coli cloning vector, Ampr GE Healthcare
pGEX-hrcA HrcA residues 1–343 cloned in pGEXT-4T-1 This study
pGEX-hspR HspR residues 1–126 cloned in pGEXT-4T-1 11
pGEX-phoP PhoP residues 1–247 cloned in pGEX-4T-1 32
p19Kpro Mycobacterial expression vector, Hygrb 14
p19Kpro-phoP PhoP residues 1–247 cloned in p19Kpro 15
p19Kpro-hrcA HrcA residues 1–343 cloned in p19Kpro This study
pSTKi Integrative mycobacterial expression vector, Kanrc 13
pSTKi-hrcA HrcA residues 1–343 cloned in pSTKi This study
pSTKi-hspR HspR residues 1–126 cloned in pSTKi This study
pSTKi-hrcAΔ18 HrcA residues 1–325 cloned in pSTKi This study
pSTKi-hspRΔ10 HspR residues 1–116 cloned in pSTKi This study
pUAB300b Episomal mycobacteria-E. coli shuttle plasmid 16
pUAB300-hrcA HrcA residues 1–343 cloned in pUAB300 This study
pUAB300-hspRΔ10 HspR residues 1–116 cloned in pUAB300 This study
pUAB300-hrcAΔ18 HrcA residues 1–325 cloned in pUAB300 This study
pUAB400c Integrative mycobacterium-E. coli shuttle plasmid 16
pUAB400-phoP PhoP residues 1–247 cloned in pUAB400 11
pUAB400-phoPN PhoP residues 1–141 cloned in pUAB400 This study
pUAB400-phoPC PhoP residues 141–247 cloned in pUAB400 This study
aAmpr, ampicillin resistant.
bHygr, hygromycin resistant.
cKanr, kanamycin resistant.
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showed that while mRNA levels of hrcA and hspR remained undetectable in the
corresponding mutants (Fig. S3E and F), their expressions in the correspondingly
complemented strains were largely restored to the WT level. Table S3 lists the strains
used in this study.

Previous studies by Stewart and coworkers showed that while HrcA functions as a
regulator of groEL2 and Rv0991, HspR controls expression of acr2 and dnaK expression
in M. tuberculosis (4). In agreement with these results, we observed a significant
activation of groEL2 and Rv0991 expression in the ΔhrcA strain under normal conditions
(Fig. 2A); however, the WT and ΔhspR strains showed comparable groEL2 expression.
Further corroborating our previous results (11), we observed a strong upregulation of
acr2 and dnaK expression in the ΔhspR strain but not in the WT and the ΔhrcA mutant
(Fig. 2B). Thus, genes which were not repressed in the ΔhrcA mutant showed WT-like
repression in the ΔhspR mutant, and genes which were not repressed in the ΔhspR
mutant showed WT-like repression in the ΔhrcA mutant. These results confirm that (i)
the two genome-encoded heat shock repressors function independently of their
respective regulons and (ii) the genes belonging to either HspR or HrcA regulon are
targets of PhoP. In line with the general mechanism of repressor function, under heat
shock conditions, both the WT and the mutants showed comparable levels of expres-
sion of heat shock-inducible genes (Fig. 2C).

In vivo recruitment of regulators. Although by chromatin immunoprecipitation
(ChIP)-qPCR we were unable to observe significant recruitment of PhoP within a
majority of its target promoters, our results showed effective PhoP recruitment within
the groEL2 promoter, under both normal and heat shock conditions (Fig. 3A). These
results are consistent with the presence of a likely PhoP binding motif (�127 to �112,
relative to the translational start site) within the groEL2 regulatory region. While we
presume an indirect role of the phoP locus for other heat shock-responsive genes, in
vivo binding results are in agreement with regulation data under both normal and
stress conditions (Fig. 1). Next, to determine HrcA recruitment, the repressor was
expressed as a FLAG-tagged protein, and ChIP experiments were carried out using an
anti-FLAG antibody (Thermo) (as described in Materials and Methods). As expected, we
found considerable recruitment of HrcA within the groEL2 promoter of WT M. tuber-
culosis (Fig. 3B). However, HrcA recruitment was insignificant under heat shock condi-
tions, suggesting derepression of promoter activity during stress (Fig. 2C). Figure 3C
shows a schematic presentation of the groEL2 regulatory region comprising newly
identified PhoP and previously reported HrcA binding sites (4). Note that our attempt
to examine the formation of a ternary (PhoP-groEL2up-HrcA) complex was unsuccess-

FIG 2 Both HrcA and HspR function as major heat shock repressors. mRNA levels of indicated genes were
determined by RT-qPCR in WT and mutant bacteria under normal (A and B) and heat shock (C) conditions of
growth, as described in the legend for Fig. 1C and D. The results unambiguously demonstrate specific regulatory
effects of the repressors; panel C shows comparable levels of expression of heat shock-inducible genes under heat
stress. In all cases, the average fold differences in expression levels with standard deviations from replicate
experiments were determined from at least three independent RNA preparations.*, P � 0.05; **, P � 0.01; ***, P �
0.001.
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FIG 3 In vivo recruitment of regulators. (A) Recruitment of PhoP within heat shock-responsive genes,
under both normal and heat shock conditions, was investigated by ChIP-qPCR using anti-PhoP antibody
(Alpha Omega Sciences) as described previously (24). (B) To examine HrcA recruitment within groEL2up,
FLAG-tagged HrcA was expressed in WT M. tuberculosis (see Materials and Methods), and ChIP-qPCR was
carried out using anti-FLAG antibody (Thermo Scientific). (C) Schematic presentation of the newly
identified PhoP and previously reported HrcA binding sites (4) within the groEL2 regulatory region. The
locations of binding sites are indicated by nucleotide positions relative to the translational start site of
groEL2. The transcription start site (�1) is shown by an arrow. (D and E) To compare in vivo recruitments
of PhoP in WT and ΔhrcA strains (D) and HrcA in WT and ΔphoP strains (E), fold enrichments were
determined relative to the PCR signal from mock IP sample without adding antibody. Insets show
comparable PhoP and HrcA expression in crude cell lysates of indicated mutants containing 10 �g of
total protein; RpoB was used as the loading control. (F) To examine PhoP-HrcA interaction in vitro, crude
extract expressing His6-tagged HrcA was incubated with glutathione-Sepharose previously immobilized
with GST-PhoP. Fractions of bound proteins (lane 1) were analyzed by Western blotting using anti-HrcA
(top) or anti-PhoP (bottom) antibody. As controls, glutathione-Sepharose was immobilized with GST
alone (lane 2) or the resin alone (lane 3); lanes 4 and 5 resolved purified HrcA and GST-PhoP, respectively.
(G) To confirm PhoP-HrcA interaction in vivo, crude cell lysates of the ΔphoP mutant expressing
His6-tagged PhoP (p19Kpro-phoP) (Table 1) were incubated with preequilibrated Ni-NTA and eluted with
250 mM imidazole; left lane, input sample; middle lane, control elution from the crude lysate of cells
lacking phoP expression; right lane, M. tuberculosis HrcA showing coelution with PhoP. (H) M-PFC

(Continued on next page)
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ful, since PhoP and/or HrcA was ineffective in forming a complex stable for gel
electrophoresis.

Having shown recruitment of both PhoP and HrcA within the groEL2 promoter, we
investigated whether that recruitment of the regulators is linked. In ChIP experiments,
we observed a significant reduction of PhoP recruitment within the groEL2 regulatory
region of the ΔhrcA strain relative to that for the WT bacteria (Fig. 3D). However, PhoP
recruitments within the pks2 promoter (regulated by PhoP but not by HrcA) remained
comparable between the WT and the mutant. The inset in the figure shows comparable
levels of phoP expression in WT and the ΔhrcA M. tuberculosis. Likewise, HrcA recruit-
ment within the groEL2 regulatory region but not Rv0991 (which is regulated by HrcA
but not by PhoP) was significantly reduced in the ΔphoP mutant relative to that in WT
bacteria (Fig. 3E). Thus, we conclude that the presence of both hrcA and phoP is
necessary for effective recruitment of PhoP and HrcA, respectively, within the target
promoter. Unfortunately, this experiment could not be extended to other heat shock-
responsive promoters, as we were unable to observe a significant fold enrichment in
ChIP-qPCR studies using anti-PhoP antibody (Fig. 3).

Having noted this link, we attempted an in vitro pulldown assay to investigate
whether HrcA interacts with PhoP. In this experiment, glutathione transferase (GST)-
PhoP was immobilized on glutathione-Sepharose followed by incubation with purified
recombinant HrcA. Upon elution of column-bound proteins, we detected the presence
of both proteins in the same fraction (Fig. 3F, lane 1). However, an identical experiment
with only the GST tag (lane 2) or the resin alone (lane 3) did not detect HrcA, suggesting
that PhoP interacts with HrcA. In an in vivo experiment, His-tagged PhoP was expressed
in the ΔphoP mutant using the p19Kpro expression vector (14) as described previously
(15). The cell lysate (Fig. 3G, input sample, left lane) was incubated with Ni-
nitrilotriacetic acid (Ni-NTA) beads, and following multiple washings with the binding
buffer, bound proteins were eluted with imidazole. While the eluent showed the clear
presence of HrcA (third lane), we were unable to detect HrcA from the cell lysate of the
ΔphoP mutant carrying p19Kpro (empty vector control, second lane), suggesting
specific interactions between PhoP and HrcA in vivo. We next utilized a previously
reported mycobacterial protein fragment complementation assay (M-PFC) (16), in
which the bait and prey plasmids were prepared as C-terminal fusions with comple-
mentary fragments of mDHFR (Table 1; see Materials and Methods). Next, Mycobacte-
rium smegmatis transformants were selected on 7H10-kanamycin (Kan)-hygromycin
(Hyg) plates either in the presence or in the absence of 15 �g/ml trimethoprim (TRIM).
Although cells harboring empty vectors did not show any growth on 7H10-TRIM plates,
cells coexpressing PhoP/HrcA grew well in the presence of TRIM (Fig. 3H). Together, the
M-PFC results are consistent with the above in vitro and in vivo data to suggest that
PhoP interacts with HrcA.

Probing PhoP-heat shock repressor protein-protein interactions. As structural
data are not available, HspR and HrcA structures were predicted using the Phyre2 Web
portal (17) (see Fig. S4 and S5, respectively). Using PDB identifier (ID) 3D6Z (18) as the
template, Phyre2 predicted an HspR structure with 99.85% confidence, and a HrcA
structure was predicted at a 90% confidence level using the PDB ID 1STZ (19) as the
template. To probe the interaction(s) further, we docked HspR and HrcA structures
individually onto the complete PhoP-DNA complex (PDB ID 5ED4) using the ZDock
server (20). Based on the score, the ZDock predicted 10 different conformations of the
PhoP-DNA-HspR complex. Strikingly, the structural analysis revealed that 7 of 10
conformations show a common binding site of HspR to the PhoP-DNA complex (see

FIG 3 Legend (Continued)
experiment to examine the PhoP and HrcA interaction involved coexpression of indicated fusion
constructs in M. smegmatis. Growth of transformants on 7H11-Kan-Hyg in the presence of TRIM indicated
in vivo protein-protein association between PhoP and HrcA. Coexpression of empty vectors and the
esat6-cfp10 pair were included as negative and positive controls, respectively. All of these strains grew
well in the absence of TRIM. **, P � 0.01; *, P � 0.05.
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Fig. S4), thus generating a consensus binding pattern (Fig. 4A). However, despite
predicting 10 different conformations, a consensus binding model was not apparent
upon structural docking of HrcA onto the PhoP-DNA complex (Fig. S5). Considering the
structural complexity of the macromolecular complex and limitations of “rigid body
docking,” the above failure might be attributable to limitations of the prediction
method. However, a closer inspection of the structural model of the HspR-PhoP-DNA
complex suggests that the C-terminal region of HspR interacts with the N-terminal
region of PhoP (Fig. 4A).

To examine the accuracy of the predicted structural model, we analyzed the in vitro
interactions between recombinant His-tagged HspRΔ10, lacking C-terminal 10 residues
(residues 126 to 143) of HspR, with the GST-PhoP as described previously (11). Upon
elution of column-bound proteins, we were unable to detect the presence of both PhoP
and HspRΔ10 proteins in the same fraction (Fig. 4B, lane 1). However, under identical
conditions, we detected both PhoP and full-length HspR in the same fraction (lane 2),
suggesting that the PhoP-HspR interaction involves C-terminal residues of HspR. In vitro
DNA binding assays with the purified WT and truncated proteins (as shown in Fig. S6A)
suggested structural integrity of the truncated variant (Fig. S6B). As expected, in the
M-PFC experiments, PhoP failed to demonstrate protein-protein interaction with
HspRΔ10, the truncated repressor (Fig. S6C). From these results, we speculate that not
a few residues in a stretch but possibly a constellation of amino acids contribute to
protein-protein interactions.

FIG 4 Docking of HspR structure on PhoP-DNA complex. (A) The docking of HspR structural model on
PhoP-DNA complex utilized a submission of the respective structural coordinates to the docking server
ZDock (20) as detailed in Results. (B) To examine the role of the C-terminal 10 residues of HspR (shown
in red in panel A) in PhoP-HspR interactions, crude lysates of cells expressing His6-tagged HspRΔ10 were
incubated with glutathione-Sepharose, previously immobilized with GST-PhoP. Fractions of bound
proteins (lane 1) were analyzed by Western blotting using anti-His (top) or anti-GST (bottom) antibody.
Control sets include glutathione-Sepharose immobilized with GST alone (lane 3) or the resin alone (lane
4); lanes 5 and 6 resolve purified HspRΔ10 and HspR, respectively. (C) In vitro interactions of HspR and
indicated PhoP domains (PhoPN and PhoPC) were investigated by incubating crude cell lysates of
His6-tagged PhoP domains with glutathione-Sepharose previously immobilized with GST-HspR. The
results suggest that the PhoPN, and not PhoPC, retains the ability to interact with HspR (see Results for
more details). Note that PhoP N and PhoP C domain constructs, used in this study, were previously shown
to be fully functional on their own (21).
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Having confirmed the accuracy of the model showing possible interaction between
PhoP and the C-terminal end of HspR, we next assessed the role of different stretches
of the PhoP N domain in PhoP-HspR interactions. During in vitro pulldown assays with
GST-HspR, mutant PhoP proteins (each with three potential HspR-contacting residues
replaced with Ala) showed protein-protein interactions as effectively as WT PhoP (Fig.
S7A). We next sought to probe the PhoP-HspR interaction using truncated PhoP
domains, previously shown to be functional on their own (21). During in vitro experi-
ments, PhoPN, comprising N-terminal PhoP residues 1 to 141, showed an effective
protein-protein interaction with HspR (Fig. 4C, lane 1); however, PhoPC (comprising
C-terminal PhoP residues 141 to 247), under identical conditions, failed to show an
effective interaction with HspR (lane 2). To further confirm these results, we performed
M-PFC experiments. As expected, cells coexpressing PhoPN and HspR but not PhoPC/
HspR (Fig. S7B) supported M. smegmatis growth in the presence of TRIM. Taking these
results together, we conclude that PhoPN interacts with the C-terminal end of HspR. It
is noteworthy that the C-terminal hydrophobic tail of HspR is also known to be required
for DnaK-assisted HspR functioning as a DNA binding transcriptional repressor (22).

With the evidence showing the N domain of PhoP interacts with HspR, we next
probed the PhoP-HrcA interaction more closely. Based on the HrcA structural model
(Fig. 5A), we designed HrcAΔ18, a C-terminal truncated mutant of HrcA comprising
amino acid residues 1 to 325 (Table 1). In vitro pulldown studies using GST-PhoP and
truncated HrcA (His-tagged) (as described in Fig. 4B) suggest the C-terminal 18 residues
of HrcA are essential for PhoP-HrcA interactions (Fig. 5B). These results were further
confirmed by additional M-PFC experiments (Fig. 5C). Together, these results establish
the specificity of PhoP-HrcA interactions. To examine the effect of C-terminal truncation
of HrcA on its regulatory activity, we compared expression of groEL2 and that of Rv0991
(target genes of HrcA) (Fig. 2G) in a ΔhrcA strain complemented with truncated HrcA
and the full-length HrcA, respectively (Fig. 5D). Strikingly, HrcAΔ18, unlike full-length
HrcA, only partially complemented groEL2 expression. However, Rv0991 expression,
which remains independent of PhoP-HrcA interactions, was restored by either of the
two proteins. Thus, in conjunction with the above results, we conclude that the
regulation of groEL2 expression requires PhoP-HrcA interaction, the lack of which
accounts for the failure to restore groEL2 expression level in the ΔhrcA::hrcAΔ18 mutant
(but not in the ΔhrcA::hrcA strain). Taken together with in vitro, ex vivo, and in vivo
findings, these results suggest a pathway in which the interaction between a pair of
repressors with a common nodal regulator controls the expression of specific heat
shock-dependent genes.

To further probe the PhoP-HrcA interaction, we next used purified PhoP domains
(His tagged) and GST-HrcA (as described in Fig. 4C). Our results unambiguously prove
that similar to HspR (11), PhoPN shows effective protein-protein interaction with HrcA
(Fig. 5E). The results were also validated by M-PFC experiments using the full-length
regulator pair as positive control (Fig. 5F). Taking these results together, we conclude
the PhoP N domain also interacts with the C-terminal end of HrcA, the other M.
tuberculosis heat shock repressor. An effort to quantify interaction affinity using ala-
marBlue at multiple TRIM concentrations yielded confusing results, possibly because of
interference from HrcA and/or HspR homologs of M. smegmatis.

With a global impact of the phoP locus on the M. tuberculosis transcriptome (related
to heat shock-responsive genes), we next investigated the impact of phoP on M.
tuberculosis physiology under heat stress. Thus, we studied the role of the phoP locus
on survival of the tubercle bacilli under heat stress. We exposed WT M. tuberculosis and
the ΔphoP and complemented mutant strains to 45°C for various lengths of time and
examined their survival by CFU plating (Fig. 6). We observed that the ΔphoP mutant was
significantly more susceptible to heat shock than the WT strain (compare 48% � 2%
survival of the mutant versus 71% � 5% survival of the WT bacilli grown under 6 h of
heat shock). However, the ΔphoP complemented strain, under identical conditions,
showed comparable survival to that of the WT bacilli. In keeping with the regulatory
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role of the phoP locus, these results demonstrate that phoP plays a major role in the
survival of M. tuberculosis under heat shock conditions.

DISCUSSION

The results reported in this study provide new biological insights into how virulence-
associated phoP plays a global role in the regulation of heat shock-responsive gene
expression. We identify a new protein-protein interaction between PhoP and one of the
heat shock repressors, HrcA, which is required for the repression of heat shock-

FIG 5 C-terminal end of HrcA interacts with the N-terminal domain of PhoP. (A) The HrcA structural
model showing the C-terminal truncation (shown in red) was generated as described in Results. (B) To
assess the importance of the C-terminal 18 residues of HrcA in PhoP-HrcA interactions, crude lysates of
cells expressing His6-tagged HspRΔ10 were incubated with glutathione-Sepharose previously immobi-
lized with GST-PhoP, and samples were analyzed as described in the legend for Fig. 4B. (C) M-PFC
experiment to examine interaction between PhoP and truncated HrcA involved coexpression of indicated
fusion constructs (including PhoP and HrcA as the positive control) in M. smegmatis as described in the
legend for Fig. 3G. (D) Restoration of expression of indicated genes in the ΔhrcA mutant was examined
via RT-qPCR by complementing with either the full-length or the truncated hrcA gene. The results
suggest in vivo relevance of the C-terminal end of HrcA, a region involved in protein-protein interactions
with PhoP. As a control, regulation of phoP-independent Rv0991 expression by the truncated HrcA
remained unaffected. (E) In vitro interactions of HrcA and indicated PhoP domains (PhoPN and PhoPC)
were investigated by incubating crude cell lysates of His6-tagged PhoP domains with glutathione-
Sepharose previously immobilized with GST-HrcA. The results suggest that PhoPN, and not PhoPC,
retains the ability to interact with HspR (see Results for more details). (F) M-PFC experiments to examine
the interaction between HrcA and indicated PhoP domains involved coexpression of indicated fusion
constructs (including PhoP and HrcA as the positive control) in M. smegmatis as described in the legend
for Fig. 3G.
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inducible genes under normal conditions. These results are not merely an extension of
the previously studied heat shock-specific acr2 regulation for the following reasons.
First, our results comprise the first account of global regulation of the heat shock
response in M. tuberculosis. Second, independent functioning of the two genome-
encoded heat shock repressors (HspR and HrcA) has been shown clearly. The third and
perhaps most interesting finding highlights the role of the virulence regulator PhoP as
a common requirement for effective functioning of both heat shock repressors via
specific protein-protein interactions. We further demonstrate that effective interactions
involve the N-terminal domain of PhoP and the C-terminal end of heat shock repres-
sors. We postulate that PhoP-repressor protein-protein interactions, in addition to their
respective DNA binding functions, regulate the expression of specific heat shock-
inducible genes in M. tuberculosis. Together, these results account for the lowered
survival of the ΔphoP strain relative to the WT bacilli under increasing heat stress.

Having shown the roles of both PhoP and HrcA in regulating heat shock-responsive
genes (Fig. 1 and 2), we next considered whether these regulators are functionally
connected. Our results demonstrate that PhoP-HrcA protein-protein interaction ac-
counts for concomitant binding of both the regulators as corepressors of groEL2
expression (Fig. 3). These results take on more significance in light of the previous
finding that PhoP and HspR function as corepressors of heat shock-inducible acr2
expression (11). We further utilized ΔhrcA and ΔhspR mutants in our in vivo regulatory
studies to determine that phoP, hrcA, and hspR loci together coordinate a global role in
heat shock-inducible gene expression. What offers a new mechanistic insight is the
finding that the regulation of a specific set of heat shock-inducible genes is dependent
on multiple protein-protein interactions, with PhoP as the common transcriptional
regulator. We propose that the availability of repressor (HspR or HrcA) binding sites
within the target promoters most likely determines which interaction, at any given
time, is more relevant.

Notably, PhoP-HrcA-groEL2 regulation follows a hybrid model and is clearly different
from the PhoP-HspR-acr2 regulatory scheme. This is because while PhoP and HrcA
function as corepressors of groEL2 expression under normal conditions (Fig. 1C and 2A,
respectively), during heat shock, PhoP activates groEL2 expression (Fig. 1D) without any
assistance from HrcA (Fig. 2A). Although this model is consistent with PhoP binding to
the groEL2 promoter under both normal and stress conditions (Fig. 3A), this situation is
unlike the regulation of acr2 expression, where both PhoP and HspR bind and leave the
target site together (11). Therefore, PhoP appears to be interacting with HrcA only
under normal conditions. However, there are two apparent contradictions. First, while

FIG 6 Deletion of phoP from M. tuberculosis H37Rv reduces its survivability under heat stress. WT and
ΔphoP M. tuberculosis strains were compared for survival under increasing heat stress by CFU counting
(n � 3). Although the ΔphoP strain grew comparably well as the WT bacilli under normal conditions, it
remained significantly growth defective under heat stress. However, the growth defect of the mutant
was completely restored in the complemented mutant. Note that 100% survival of the bacilli is assumed
at the zero time point.
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the presence of HrcA is essential for PhoP recruitment under normal conditions (Fig.
3D), how is PhoP recruited within the groEL2 promoter under heat stress (Fig. 3A) in the
absence of HrcA (Fig. 3B)? The second related issue concerns the mechanism of
activation of gene expression by PhoP under heat shock conditions. The question
remains whether what we observed in the ΔphoP mutant is attributable to phoP-
dependent activation or whether it is due to the absence of a functional PhoP-HrcA
interaction leading to derepression of target promoter activity. From the observations
that (i) groEL2 is expressed at a significantly lower level in the ΔphoP strain (relative to
WT M. tuberculosis) only under heat shock conditions and (ii) PhoP shows recruitment
within groEL2 promoter under heat stress (even in the absence of HrcA), we propose
that PhoP functions as a specific activator of groEL2 expression during heat stress.
While we cannot rule out the possibility of PhoP functioning independently under
heat shock conditions, two explanations might account for PhoP functioning during
heat stress. Either there is involvement of another protein/factor along with PhoP
under heat shock conditions or the regulator during stress undergoes a conforma-
tional change which provides the binding energy so that it can now bind to the
target promoter(s) on its own.

While the DNA binding mechanism of PhoP is well known (23), our knowledge of
protein-protein interactions involving the major virulence regulator has been limited to
a few examples (15, 24). Thus, biochemical studies are required to identify newer
working partners of the regulator. Having identified HspR (11) and HrcA (this study) as
functional partners of PhoP, we attempted to decipher the origin of binding specificity.
Our structure-guided docking results provide new insights into the protein-protein
interaction that remain unavailable from the structural data alone. Although we cannot
rule out the possibility of involvement of other regions of PhoP, here, we identified
specific interactions between the PhoP N domain and both HspR and HrcA (Fig. 4 and
5, respectively). Thus, the likelihood that the interactions are nonspecific seems very
low. However, we were unable to observe simultaneous recruitment of both PhoP and
HrcA using an electrophoretic mobility shift assay (EMSA) as we had previously dem-
onstrated in PhoP-HspR-acr2 regulatory scheme (11). Therefore, it is arguable whether
both the regulators are bound to groEL2 promoter (at the same time) resulting in DNA
looping. We suggest the following explanations that support the proposed mechanism.
First, the in vivo recruitment of PhoP and HrcA under normal conditions was dependent
on each other (Fig. 3). Second, the binding site of PhoP within the promoter was
�50 bp away from the HrcA binding site (4) (Fig. 3C), a result which is analogous to
PhoP and HspR recruitment within �50 bases of the acr2 promoter (11) and consistent
with DNA looping. Finally, the fact that the DNA binding functions are restricted to the
C domain of PhoP (21) and N domain of HspR/HrcA (25, 26), these results showing
interactions between PhoP N domain and the repressor (HspR/HrcA) C domains are
remarkably consistent with our previously proposed model postulating PhoP-HspR
functioning as corepressors (11).

The results showing activation of groEL2, an essential chaperonin gene (27), by the
phoP locus during heat shock stress suggest that the presence of phoP is required for
groEL2 activation (Fig. 1D). Consistent with this result, unlike acr2 regulation, even
under heat shock conditions, PhoP is recruited within the regulatory region of groEL2
(Fig. 3A). These results are in keeping with the higher sensitivity of the mutant strain
(relative to the WT bacilli) to increasing heat stress. Notably, while the ΔphoP mutant
showed considerably higher susceptibility to heat shock than WT bacteria, comple-
mentation of the mutant bacilli restored the bacterial survival pattern to the WT level.
Although we cannot rule out the possibility of another PhoP-dependent mycobacterial
response impacting the survival phenotype of the mutant under heat stress conditions,
the above results showing phoP-dependent regulation of a large number of heat
shock-responsive genes most likely through specific interactions with both the myco-
bacterial heat shock repressors facilitate an integrated view of our results. Together,
these findings provide new mechanistic insights of striking significance into the regu-
lation of heat shock-responsive groEL2 of M. tuberculosis.
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MATERIALS AND METHODS
Bacterial strains and culture conditions. E. coli DH5� and E. coli BL21(DE3) strains were grown at

37°C in LB medium containing appropriate antibiotics and used for cloning and for overexpression of
mycobacterial proteins, respectively. The ΔphoP and complemented mutants were described previously
(28). The construction of the ΔhspR and ΔhrcA strains and the complemented mutants is described
below. M. tuberculosis strains, as listed in Table S3 in the supplemental material, were grown aerobically
at 37°C in Middlebrook 7H9 liquid broth (containing 0.2% glycerol, 0.05% Tween 80, and 10% albumin-
dextrose-catalase [ADC]) or on 7H10 agar medium (containing 0.5% glycerol and 10% oleic acid-albumin-
dextrose-catalase [OADC]). For heat shock stress, M. tuberculosis was grown as described previously (11).
Transformation of wild-type (WT) and mutant M. tuberculosis strains and selection of transformants on
appropriate antibiotics were carried out as described previously (29).

RNA isolation and microarray analysis. Total RNA from M. tuberculosis grown in 7H9 medium was
isolated and purified as described elsewhere (30). Briefly, 25 ml of bacterial culture of each strain was
grown to mid-log phase (optical density at 600 nm [OD600] of 0.4 to 0.6) at 37°C in 7H9 medium (pH 7.0)
containing 10% ADC with shaking at 90 rpm. In each case, the cultures were divided in half; the first half
was used as a control and the other half of the cultures was subjected to heat shock at 45°C for 1 h
30 min. This was followed by the addition of 75 ml 5 M guanidinium thiocyanate (GTC), 25 mM sodium
citrate, 1% �-mercaptoethanol, and 0.5% Tween 80. Cells were pelleted by centrifugation, washed twice
with phosphate-buffered saline (PBS), and lysed by resuspending in acetate-EDTA buffer (10 mM Na-
acetate, 2 mM EDTA) containing acid-washed glass beads (one-sixth of the final volume; Sigma), 2% SDS,
and acid-saturated phenol (pH 4.5) (Ambion). Following incubation at 65°C for 30 min, with intermittent
vortexing (3 	 20 s) every 10 min, total RNA was extracted with chloroform-isoamyl alcohol and precip-
itated with chilled ethanol. To remove genomic DNA, RNA was treated with RNase-free DNase I
(Invitrogen) for 20 min at room temperature; the quality of RNA samples was assessed by intactness of
23S and 16S rRNA using formaldehyde-agarose gel electrophoresis, and RNA concentrations were
determined by measuring the absorbance at 260 nm.

For microarray analysis, the purity and integrity of RNA were examined by microfluidics-based
capillary electrophoresis using an RNA 6000 Nano kit Bioanalyzer (Agilent Technologies). The sample
labeling was performed using a Quick-Amp labeling kit, One Color (Agilent Technologies). Next, a cDNA
master mix was added to the denatured RNA sample and incubated at 40°C for 2 h for double-stranded
cDNA synthesis. For cRNA synthesis, newly synthesized double-stranded cDNA was used as the template,
and in vitro transcription was performed for 2 h 30 min at 40°C to incorporate Cy3 CTP. The fragmen-
tation of labeled cRNA and hybridization were carried out using the Gene Expression Hybridization kit
(Agilent Technologies). The hybridized slides were washed with Gene Expression wash buffers (Agilent
Technologies) and scanned using the Microarray Scanner (Agilent Technologies). Data extraction from
images was performed using Feature Extraction software (version 11.5.1.1; Agilent Technologies). The
extracted raw data were analyzed using GeneSpring GX software (Agilent Technologies). Normalization
of the data was performed in GeneSpring GX using the 75th percentile shift method, and fold change
values were obtained by comparing test samples with respect to specific control samples. Genes showing
fold upregulation of 
0.6 (log base 2) or fold downregulation ��0.6 (log base 2) in the test samples
relative to that in the control sample were identified. P values of replicate data sets were calculated by
Student’s t test based on a volcano plot algorithm. Differentially regulated genes were clustered using
hierarchical clustering based on a Pearson coefficient correlation algorithm to identify significant gene
expression patterns. Genes were classified based on functional category and pathways using the
biological analysis tool DAVID (http://david.abcc.ncifcrf.gov/).

Quantitative real-time RT-PCR. Total RNA was extracted from each bacterial culture grown with or
without heat shock as described above. cDNA synthesis and PCRs were performed using a Superscript
III platinum-SYBR green one-step qRT-PCR kit (Invitrogen) with appropriate primer pairs (200 nM).
RT-qPCR cycling conditions in a real-time PCR detection system (Applied Biosystems) were as follows:
50°C for 45 min and 95°C for 5 min, each for one cycle followed by 40 cycles of 95°C for 15 s and 65°C
for 30 s. To evaluate the PCR efficiency, a standard curve was generated for each pair of primers using
serially diluted RNA samples, and PCR efficiency was always within the acceptable range of 95% to 105%.
The endogenously expressed M. tuberculosis gapdh (Rv1436) was used to normalize each sample, and
approximate fold difference was calculated using the ΔΔCT method (31). The average fold changes in
expression levels of genes and standard deviations from replicates of experiments were determined from
at least three independent RNA preparations. The oligonucleotide primers used in RT-qPCR experiments
are listed in Table S1. Control reactions with platinum Taq DNA polymerase (Invitrogen) confirmed the
absence of genomic DNA in all our RNA preparations.

Cloning. Isolation and purification of nucleic acids, digestion with restriction enzymes, other enzy-
matic manipulations, and analyses of nucleic acids or fragments by agarose gel electrophoresis were
according to standard procedures (11). An M. tuberculosis hspR overexpression construct has been
described earlier (11). Likewise, truncated hspR (containing 348 bp of the open reading frame [ORF]
excluding the terminal 30 bp), full-length hrcA (containing 1,029 bp of the ORF), and truncated hrcA
(containing 975 bp of the ORF excluding the terminal 54 bp) were cloned in T7-lac-based expression
system pET15b (Novagen) as recombinant fusion proteins containing an N-terminal His6 tag. The cloning
strategy resulted in pET-hspRΔ10, pET-hrcA, and pET-hrcAΔ18 comprising 116 amino acids of HspR
lacking the C-terminal 10 residues of HspR, 343 amino acids of full-length HrcA, and 325 amino acids of
HrcA lacking the C-terminal 18 residues of HrcA, respectively. GST-tagged PhoP and HspR have been
described earlier (11, 32). Plasmid pGEX-hrcA expressing HrcA with an N-terminal GST tag was generated
by cloning PCR-derived hrcA ORF fragment between BamHI and XhoI sites of pGEX 4T-1 (GE Healthcare).
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To complement hrcA and hspR expression in the respective mycobacterial mutants, the ORFs were cloned
and expressed in mycobacterial expression vector pSTKi (13). To express FLAG-tagged hrcA in M.
tuberculosis, the ORFs were cloned and expressed in mycobacterial expression vector p19Kpro (14). The
list of oligonucleotide primers used in cloning is provided in Table S2. In all cases, nucleotide sequences
of the constructs were verified by automated DNA sequencing.

Construction of M. tuberculosis gene replacement mutants. The 5= homology (1,030 bp encom-
passing bp �1000 to �30) and the 3= homology (1,030 bp encompassing the distal 30 bases of the
respective ORFs and 1,000 bases downstream) of Rv0353 and Rv2374c, respectively, were amplified from
the M. tuberculosis H37Rv genomic DNA by KOD DNA polymerase (Toyobo Biosciences) using appropri-
ate primer pairs (Table S2). The primers contained pfIMI sites in the flanks to yield ends compatible for
cloning with the hyg cassette (amplified using specific primers) and oriEp cosI fragment generated from
p0004S (a kind gift of W. Jacob). Also, EcoRV sites were inserted both in the 5= flank of the forward primer
and the 3= flank of the reverse primer. The amplicons comprising homologous sequences at both the 5=
and 3= ends and hyg cassette were next digested with pfIMI and ligated to the oriEp cosI fragment to
generate the allelic exchange substrate (AES). Next, the AES was digested with EcoRV to generate linear
AES for recombineering. To generate the mutants, M. tuberculosis H37Rv was electroporated with pNit-ET
(a kind gift of E. Rubin [33]), the transformed cells were grown until an A600 of 0.4, the expression of
recombineering proteins was induced by the addition of 5 �M isovaleronitrile, and the cultures were
allowed to grow until an A600 of 0.8. Electrocompetent cells, prepared as described previously (12), were
then electroporated with 200 ng of linear AES. Transformed colonies were selected on a 7H11 agar plate
containing 100 �g/ml Hyg; a few colonies were picked up, cells were grown, and genomic DNA was
isolated. Finally, the potential colonies were screened by PCR using specific primers to confirm the gene
replacement mutants. The ΔphoP, ΔsigE, and ΔsigH mutants of M. tuberculosis and the correspondingly
complemented strains have been described earlier (28, 34, 35). The following antibiotics were used as
appropriate: hygromycin (Hyg), 100 �g/ml; kanamycin (Kan), 20 �g/ml. Studies related to M. tuberculosis
H37Rv strains were carried out in a biosafety level 3 (BSL3) facility per institutional biosafety guidelines.

Southern blot hybridization. For Southern blot analyses, approximately 1 �g of genomic DNA of
WT and mutant M. tuberculosis strains was digested with BamHI and resolved by agarose gel electro-
phoresis. The DNA samples were next transferred onto an Immobilon membrane (Millipore) by vacuum-
based blotting and hybridized with radiolabeled gene-specific probes. The hrcA- and hspR-specific
probes were generated by PCR using [�-32P]dCTP (BRIT, India) and oligonucleotide primers (Table S2),
which were used to clone the respective ORFs; prehybridization, hybridization, and washing steps were
carried out as described previously (36). The results were developed and digitalized with a Fuji
phosphorimager (GE Healthcare).

Proteins. M. tuberculosis PhoP and its domains were expressed and purified as described previously
(21). Full-length and truncated HrcA and truncated HspR were expressed in E. coli BL21(DE3) as fusion
proteins containing an N-terminal His6 tag and purified by immobilized metal-affinity chromatography
(Ni-NTA; Qiagen) as described previously for HspR (11). Both the full-length and the truncated variants
of HspR and HrcA were expressed with N-terminal GST tags, as described for GST-PhoP (11). Finally, the
proteins were stored in buffer containing 50 mM Tris-HCl (pH 7.9), 500 mM NaCl, and 10% glycerol. In all
cases, the purity was verified by SDS-PAGE, protein concentrations were determined by Bradford reagent
with bovine serum albumin (BSA) as the standard, and the results were compared with Quant-iT protein
assay kits/Qubit fluorometer (Invitrogen) and expressed as equivalents of protein monomers.

Immunoblotting. Cell lysates of M. tuberculosis were resolved by 12% SDS-PAGE and visualized by
Coomassie blue staining or by Western blot analysis. For immunoblotting, resolved samples were
electroblotted onto polyvinylidene difluoride (PVDF) membranes (Millipore) and were detected by
affinity-purified anti-PhoP, anti-HspR, and anti-HrcA antibodies elicited in rabbit (Bioneeds). RNA poly-
merase was used as a loading control and was detected with a monoclonal antibody against the �

subunit of RNA polymerase, RpoB (Abcam). Anti-His and anti-GST antibodies were from GE Healthcare.
Goat anti-rabbit and goat anti-mouse secondary antibodies (Abexome Biosciences) conjugated to
horseradish peroxidase were used. Blots were developed with Luminata Forte chemiluminescence
reagent (Millipore).

Chromatin IP. ChIP experiments using actively growing cultures of M. tuberculosis were performed
as described previously (37). DNA-protein complexes in growing cells were crosslinked by 1% formal-
dehyde for 20 min, and cross-linking was quenched by the addition of 125 mM glycine. Immunopre-
cipitation (IP) was carried out using affinity-purified anti-PhoP (Alpha Omega Sciences) or anti-FLAG
antibodies (Thermo Scientific) and protein A/G-agarose beads (Pierce). qPCR was performed using
PAGE-purified primer pairs (Sigma) (Table S1) that contained appropriate promoter regions of interest.
Typically, 40 cycles of amplifications were carried out in a real-time PCR detection system (Applied
Biosystems) using serially diluted DNA samples (mock, IP treated, and total input). In vivo recruitment of
PhoP or HrcA was examined by ChIP-qPCR using appropriate dilutions of IP DNA in a reaction buffer
containing SYBR green mix (Invitrogen), 0.2 �M page-purified primers, and 1 U Platinum Taq DNA
polymerase (Invitrogen). Enrichment of PCR signal from the anti-PhoP or anti-FLAG IP relative to the
signal from an IP experiment without adding any antibody (mock) was measured to determine the
efficiency of recruitment. The specificity of PCR enrichment was verified by performing ChIP-qPCR on
identical IP samples using gapdh-specific primers. Data represent the means of duplicate qPCR mea-
surements using at least three independent M. tuberculosis cultures. In all cases, melting curve analysis
was carried out to confirm amplification of a single product.

Electrophoretic mobility shift assays. Purified proteins (HspR and its truncated variant) were used
to assess DNA binding to the acr2up2 promoter fragment as described previously (11). The PCR-amplified
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fragment was end labeled with [�-32P]ATP (1,000 Ci nmol�1) using T4 polynucleotide kinase and purified
from the free label by Sephadex G-50 spin columns (GE Healthcare). Next, various concentrations of
purified proteins were incubated with the end-labeled probe in a total volume of 10 or 20 �l binding mix
(50 mM Tris-HCl [pH 7.5], 50 mM NaCl, 0.2 mg/ml of bovine serum albumin, 10% glycerol, 1 mM
dithiothreitol, �50 ng of labeled DNA probe, and 0.2 �g of sheared herring sperm DNA) at 20°C for 20
min. To resolve DNA-protein complexes, samples were analyzed by electrophoresis on a 6% (wt/vol)
nondenaturing polyacrylamide gel in 0.5	 TBE (89 mM Tris base, 89 mM boric acid, and 2 mM EDTA) at
70 V and 4°C. The position of the radioactive material was determined by exposure to a phosphor storage
screen, and bands were quantified by the phosphorimager (Fuji).

Mycobaterial protein fragment complementation assays. To express M. tuberculosis PhoP or its
domains in M. smegmatis, the phoP gene and its domain constructs were cloned in the integrative vector
pUAB400 (Kanr) (Table 1) between MfeI and HindIII sites, as described previously (11). Similarly, hrcA,
truncated hrcA, and truncated hspR were cloned in episomal plasmid pUAB300 (Hygr) (Table 1) between
BamHI/HindIII sites to generate pUAB300-hrcA, pUAB300-hrcAΔ18, and pUAB300-hspRΔ10, respectively,
as described for pUAB300-hspR (11). The constructs were verified by DNA sequencing. Next, cotrans-
formed cells were selected on 7H10-Kan-Hyg plates, and M-PFC experiments were performed as
described previously (11). As a positive control, ESAT-6/CFP-10 expressing constructs used in M-PFC
experiments have been reported earlier (24).

Data availability. The data reported here, including a complete list of genes, have been deposited
in the NCBI’s Gene Expression Omnibus and are accessible through GEO series accession number
GSE100596.
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