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TcrY, a histidine kinase, and TcrX, a response regulator, constitute a two-component system in Mycobac-
terium tuberculosis. tcrX, which is expressed during iron scarcity, is instrumental in the survival of iron-
dependent M. tuberculosis. However, the regulator of tcrX/Y has not been fully characterized. Crosslinking
studies of TcrX reveal that it can form oligomers in vitro. Electrophoretic mobility shift assays (EMSAs)
show that TcrX recognizes two regions in the promoter that are comprised of inverted repeats separated
by �30 bp. The dimeric in silico model of TcrX predicts binding to one of these inverted repeat regions.
Site-directed mutagenesis and radioactive phosphorylation indicate that D54 of TcrX is phosphorylated
by H256 of TcrY. However, phosphorylated and unphosphorylated TcrX bind the regulatory sequence
with equal efficiency, which was shown with an EMSA using the D54A TcrX mutant.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Two-component systems (TCSs) consisting of a histidine kinase
(HK) and a response regulator (RR) are responsible for the ability of
a pathogen to adapt to a hostile host environment [1]. In response
to a specific signal, the HK sensor is autophosphorylated at a con-
served histidine residue in an ATP-dependent manner. The phos-
phoryl group is then transferred to a conserved aspartate residue
in the RR, which leads to an altered ability to bind target DNA
and activate gene expression [2]. The genes for a HK and its
cognate RR are typically transcribed from a single operon [1]. In
Mycobacterium tuberculosis, the genome contains twelve paired
TCS genes, two orphan HK genes, and five orphan RR genes. Myco-
bacterial TCS RRs correspond to 0.6% of the total genes; a similar
abundance to that observed in Corynebacterium diphtheriae, Bacillus
subtilis, and Escherichia coli [3]. Among mycobacterial RRs, PhoP
positively regulates complex lipid biosynthesis in Mycobacteria,
mprA is required for persistent lung infection, and devR–devS is
induced under hypoxic conditions [4–6]. Considering the impor-
tance of mycobacterial RRs toward the virulence of a pathogen,
insight into the HK-RR and subsequent RR-DNA interaction sites
in M. tuberculosis would aid in structure-based inhibitor design.

The interacting TCS pair conserved in all species of Mycobacteria
except Mycobacterium leprae [7] is RR (TcrX) and HK (TcrY) encoded
by the two adjacent ORFs Rv3765c and Rv3764c, respectively. The
gene tcrX is overexpressed under conditions of limited iron [8]
and during the growth periods in macrophages [9]. Because
ll rights reserved.

s).
M. tuberculosis is dependent on iron for survival, the expression of
tcrX in iron depletion conditions highlights the importance of this
RR in tuberculosis. In a severe combined immunodeficient (SCID)
mouse model, deletion of tcrX/Y from mycobacteria increased viru-
lence, with significantly shorter survival times for the mice [10].
The TcrX/Y system has been shown to be a true TCS with the com-
monly conserved residues TcrY/H256 and TcrX/D54/D59 [11]. TcrX
belongs to the OmpR/PhoB subfamily, which is characterized by a
winged helix-turn-helix domain [12,13]. Representative RR fami-
lies other than OmpR/PhoB are NarL/FixJ [14,15] and NtrC/DctD
[16]. It is essential to identify the regulatory sequence in the pro-
moter to understand the autoregulation of TcrX.

Here, an attempt is made to identify the TcrX regulatory se-
quence in the promoter, the oligomerization state of TcrX, the ac-
tive sites of phosphorylation of TcrX/Y and the kinetics of
phosphorylation.
2. Materials and methods

2.1. Cloning, overexpression and purification of TcrX/Y

Full-length TcrX (residues 1–234) and a truncated TcrY con-
struct (residues 241–475) were used to obtain the recombinant
protein in the cytosolic fraction because the full length TcrY was
insoluble. TcrX and TcrY were purified as described elsewhere
[11], and the conserved residues were mutated. Mutants tcrY
(H256Q) and tcrX (D54A/D59A) were amplified [17] using gene spe-
cific primers (Supplementary Table 1) and cloned into pGEX4T3 and
pQE30 expression vectors, respectively. Truncated TcrY (H256Q)
was purified by GST affinity chromatography and dialyzed against
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buffer containing 50 mM Tris–HCl, pH 8.0 and 2 mM DTT. Full-
length TcrX (D54A/D59A) was purified to homogeneity using Ni-
NTA chromatography and dialyzed against buffer containing
20 mM Tris–HCl, pH 8.0, 300 mM NaCl and 2 mM DTT.

2.2. Phosphorylation assays

Autophosphorylation was performed with 15 lM TcrY (wild-
type or H256Q) in a volume of 20 ll for 2 h in the presence of
10 lCi [c-32P] ATP and unlabeled ATP [11] followed by addition
of 15 lM TcrX (wild type or D54A/D59A) after which the reaction
was continued for 7 h at 25 �C to allow for phosphotransfer. The
quenched reactions were subjected to 15% SDS–PAGE followed
by autoradiography and TcrY bands were excised from the stained
15% SDS–PAGE gels for treatment with CocktailW (SRL, India). The
disintegration counts were measured in a liquid scintillation ana-
lyzer from Perkin Elmer (Fig. S1C). For phosphotransfer kinetics,
the autophosphorylation reaction mixture was first incubated in
the presence of 10 lCi [c-32P] ATP for 6 h at 25 �C for maximum
incorporation of 32P into TcrY. TcrX (15 lM) was then added to
varying concentrations of phosphorylated TcrY (P-TcrY), and the
Fig. 1. (A) Radioactive phosphorylation assays. Lane 1, TcrY and TcrX; Lane 2, TcrY and
velocities of phosphotransfer from TcrY to TcrX were plotted against the P-TcrY con
oligomerization by crosslinking in 12% SDS–PAGE: Lane 1, marker; Lane 2, TcrX; Lane 3, T
Lane 6, P-TcrX with 2 mM BS3. (D) TcrX–TcrX interaction model by GRAMM-X.
reaction was continued for an additional 6 hrs. The bands of TcrX
from stained gels of 15% SDS–PAGE were treated with CocktailW
(SRL, India), for measurement of disintegration counts in a liquid
scintillation analyzer. The initial velocities of 32P incorporation into
TcrX for different P-TcrY concentrations from three independent
experiments were fit with the Michaelis–Menten equation:

m ¼ Vmax½S�
Km þ ½S�

ð1Þ

where m is the initial velocity, Vmax is the maximum reaction veloc-
ity, [S] is the substrate concentration and Km is the Michaelis–Men-
ten constant. Km was determined from a Lineweaver–Burk plot
using the following equation:

1
m
¼ 1

Vmax
þ Km

Vmax
� 1
½S� ð2Þ
2.3. Crosslinking of TcrX

Phosphorylated TcrX (P-TcrX) was prepared by incubating TcrX
in a reaction mixture of 10 lCi [c-32P] ATP (>3300 Ci/mmol, BRIT,
TcrX/D54A; Lane 3, TcrY/H256Q; and Lane 4, TcrY and TcrX/D59A. (B) The initial
centration in Michaelis–Menten and Lineweaver–Burk (inset) models. (C) P-TcrX
crX with 1 mM BS3; Lane 4, TcrX with 2 mM BS3; Lane 5, P-TcrX with 1 mM BS3; and
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India), ATP and TcrY for 1, 2, 4, 6, 7, 8 and 9 h at 25 �C under phos-
phorylation conditions [11]. P-TcrX was subsequently purified by
Ni-NTA chromatography. The 32P incorporation into TcrX from
P-TcrY was found to be highest after 7 h of phosphotransfer based
on quantification by liquid scintillation. TcrX or P-TcrX was
dialyzed against 1� PBS, pH 7.4. The crosslinking reaction mixture
contained 7 lg of TcrX or P-TcrX (after 7 h of phosphotransfer with
labeled ATP) mixed with 1 or 2 mM bis(sulfosuccinimidyl)
suberate (BS3) (SIGMA) for 30 min at 25 �C. The reactions were
stopped by adding SDS–PAGE loading buffer, and the samples were
heated for 5 min at 95 �C. The proteins were analyzed by 15 %
SDS–PAGE.
Fig. 2. (A) Interaction between G195 of one TcrX subunit and GUA 90 of the reverse str
between S176 of the other TcrX subunit interacting with THY 416 in the 412–426 bp r
sequence (IS) between Rv3764c and Rv3765c. The fragmentation of Pm1 into smaller ove
concentrations of 0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 lM.
2.4. In silico TcrX–DNA docking

The dimeric model of TcrX was prepared by the GRAMM-X ser-
ver [18]. The lowest energy model with lysines at distances near
the BS3 crosslinkable range was selected. The overall architecture
was similar to the PrrA dimer (PDB id 1YS6), the closest homolog
of TcrX. The template DNA Pm3 (Fig. 2C) was modeled as B-DNA
by 3DDART portal [19] of the HADDOCK server using a global mod-
eling mode. The TcrX–DNA interaction models were generated by
the HADDOCK server [20]. The models were visualized and ana-
lyzed by PyMOL (http://www.pymol.org/) and PDBe PISA [21],
respectively.
and complementary to CYT 419, which is in the 412–426 bp region. (B) Interaction
egion. (C) Schematic diagram of the 508-bp promoter region (Pm1) and intergenic
rlapping segments (Pm2–Pm24). (D) TcrX concentration-dependent EMSA with TcrX

http://www.pymol.org/
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2.5. EMSA

The promoter region (508 bp) representing the intergenic region
between ORFs Rv3765c and Rv3766 was amplified by PCR from
H37Rv genomic DNA. The smaller fragments were obtained by
complementary oligo annealing (Supplementary Tables 2 and 3).
P-TcrX was prepared with 10 lCi [c-32P] ATP in presence of TcrY
for 7 h as described in Section 2.3. DNA fragments were labeled
with [c-32P] ATP (>3300 Ci/mmol, BRIT, India) and T4 polynucleo-
tide kinase (Fermentas) and purified by nucleotide removal kit
(QIAGEN). Competition assays were performed with the unlabeled
specific promoter Pm1 in 0-, 50- and 100-fold molar excess of the
labeled promoter. Herring testes DNA were used as a non-specific
competitor at 100-fold molar excess of the labeled Pm1 for the
competition assays. Concentration-dependent EMSAs were con-
ducted with 0.5–3.0 lM of TcrX. TcrX or P-TcrX (2.5 lM in each
case) was incubated with 10 nM of labeled PCR amplified fragments
(Pm1–Pm3) or labeled oligo annealed fragments (Pm4–Pm24) in
1� binding buffer (50 mM NaCl, 25 mM Tris–HCl, pH 7.4, 2 mM
MgCl2, 1 mM EDTA and 6% v/v glycerol) for 1 h at 25 �C in a reaction
volume of 10 ll. The samples were run on 1% TAE agarose gel and
subjected to autoradiography.

2.6. Circular dichroism

Circular dichroism (CD) spectra were recorded in the ‘‘far-UV’’
region on a Jasco-J-810 spectropolarimeter with a path length of
0.1 cm. The data points were recorded using step resolution of
0.2 nm, a time constant of 2 s, sensitivity of 10 mdeg, a scan speed
Fig. 3. (A) Competition assay with unlabeled Pm1 added at 0-, 50- and 100-fold mol
respectively. (B) Competition assay of non-specific herring testes DNA with labeled Pm1
TcrX (2.5 lM) in presence of 100-fold molar excess of herring testes DNA. (C) Mobility sh
respectively. (D) EMSA of radiolabeled Pm1 with 2.5 lM each of TcrX, P-TcrX, TcrX (D5
presence of 2.5 lM of TcrX. ‘‘+’’ and ‘‘�’’ depicts with or without TcrX (2.5 lM), respectiv
Pm1 by 32P-TcrX; Lane 3, Pm1; and Lane 4, gel shifted Pm1 by TcrX.
of 50 nm/min and a spectral bandwidth of 2.0 nm with four scans
per sample. For each CD spectrum, 10 lM TcrX, P-TcrX or TcrX
(D54A) in dialysis buffer was used. Each final spectrum was an
average of three scans. The protein spectra were collected and sub-
tracted from the buffer spectra.

3. Results and discussion

3.1. TcrX/Y phosphorylation

The conserved residues TcrY/H256 and TcrX/D54/D59 were
mutated to analyze their respective roles in the phosphotransfer
process. The in silico model of the TcrX and TcrY interaction pre-
dicted the involvement of TcrY/H256 and TcrX/D54 in phosphoryla-
tion [11]. TcrX/D59 was in close proximity to TcrX/D54. However,
multiple sequence alignments showed both of the TcrX aspartate
residues (D54 and D59) to be conserved [11]. Hence, the exact aspar-
tate involved in His-Asp phosphorylation between TcrY (HK) and
TcrX (RR) was probed by site-directed mutagenesis. D54A and
D59A mutants of TcrX and the H256Q mutant of TcrY were prepared.
The molecular weights of GST tagged TcrY (H256Q) and His6 tagged
TcrX (D54A and D59A) were found to be �52 and �30 kDa, respec-
tively, from 15% SDS–PAGE analysis (Fig. S1A and B). In contrast to
TcrY, autophosphorylation was not observed with TcrY (H256Q) in
the presence of [c-32P] ATP (Fig. 1A), suggesting that H256 is indis-
pensable for the activity of TcrY. In contrast to TcrX, TcrX (D54A)
was not phosphorylated by TcrY, whereas TcrX (D59A) was phos-
phorylated (Fig. 1A), suggesting that D54 is the site of phosphate
acceptance from TcrY. The phosphate transfer kinetics between
ar excess of labeled Pm1. ‘‘+’’ and ‘‘�’’ designates with or without TcrX (2.5 lM),
at 100-fold molar excess. Lane 1, labeled Pm1; Lane 2, gel shift of labeled Pm1 with
ift assay of Pm1, Pm2 and Pm3. ‘‘+’’ and ‘‘�’’ depicts with or without TcrX (2.5 lM),

4A). ‘‘+’’ and ‘‘�’’ depicts with or without TcrX, P-TcrX or TcrX (D54A). (E) IS in the
ely. (F) EMSA with 32P-TcrX and radiolabeled Pm1. Lane 1, Pm1; Lane 2, gel shifted



Fig. 4. EMSA with radiolabeled fragments. (A) Pm4–Pm8, (B) Pm9–Pm11, (C) Pm12–16, (D) Pm17–19, and (E) Pm20–24 in presence of 2.5 lM of TcrX. ‘‘+’’ and ‘‘�’’ depicts
with or without TcrX (2.5 lM), respectively.

M. Bhattacharya, A.K. Das / Biochemical and Biophysical Research Communications 415 (2011) 17–23 21
TcrX/Y was determined in presence of [c-32P] ATP. The transfer of la-
beled phosphate from TcrY to TcrX was monitored using a scintilla-
tion counter. After fitting the initial velocities at different
concentrations of P-TcrY in a Michaelis–Menten plot, a Km value of
3 lM was obtained (Fig. 1B). This is similar to the Km values of
1.5 lM for KinA/Spo0A and 6.5 lM for CheA/CheY phosphotranfer
kinetics [22,23].

3.2. TcrX dimerization by crosslinking

Phosphorylation dependent and independent dimerization of
RRs has previously been reported [24,25] and was the motivation
behind the study of the dimeric nature of TcrX and P-TcrX. The
dimerization of TcrX was analyzed using BS3 to crosslink amino
groups in close proximity within TcrX. Upon crosslinking with
BS3, dimeric TcrX was observed at �60 kDa (Fig. 1C). P-TcrX dimer
concentrations were similar to the TcrX dimer concentrations ob-
served by BS3 crosslinking, indicating that phosphorylation has
no influence on the extent of TcrX dimerization (Fig. 1C). The phos-
phorylation independent dimerization nature of TcrX is similar to
that of PhoP from Salmonella enterica [25]. Oligomerization of TcrX
is not enhanced by phosphorylation, whereas the fraction of Myco-
bacterial PhoP in the dimeric state is greatly increased upon phos-
phorylation [24]. Oligomerization and DNA binding of some RRs,
such as Streptococcal CovR, occurs only after phosphorylation [26].

3.3. TcrX-DNA docking

The dimeric model of TcrX obtained from GRAMM-X with
crosslinkable lysines (K73) 14 Å apart has a similar architecture
to the PrrA dimeric structure from M. tuberculosis (Fig. 1D). The
interacting interface of the dimeric TcrX is composed of 31 resi-
dues and is stabilized by three hydrogen bonds and 18 salt bridges,
as obtained from ProtoRP [27]. The TcrXDimer-DNA complex
(DG = �24.2 kcal/mol) modeled using HADDOCK is much more sta-
ble than the TcrX dimer alone (DG = �4.4 kcal/mol) (Fig. S2).

The dimer interaction is specifically observed between the
winged helix-turn-helix (wHTH) motif of TcrX and the 412–426 bp
region of the promoter (Fig. S3A). The wHTH signature motif of
RRs is known for recognizing DNA. Residues involved in the TcrX–
DNA interaction are shown in Fig. 2A and B. These residues reside
ina6–a8 region, with a8 being the recognition helix that is expected
to interact with the major groove of the DNA.

3.4. TcrX specifically binds to the tcrX promoter region

The RR-DNA interaction has been found to be autoregulatory in
M. tuberculosis [28–33]. TcrX bound the labeled tcrX promoter Pm1
(Figs. 2C and 3C). The least mobility was observed with the highest
concentration (2.5 lM) of TcrX (Fig. 2D). Competition assays with
unlabeled specific promoter were performed to verify the specific-
ity of TcrX binding to the tcrX promoter. The 50- and 100-fold molar
excess of unlabeled Pm1 disrupted the mobility shift of labeled Pm1
(Fig. 3A). The competition assays with unlabeled non-specific her-
ring testes DNA performed in 100-fold molar excess showed that
the interaction of TcrX with Pm1 is specific (Fig. 3B). The effect of
P-TcrX and TcrX (D54A) on Pm1 binding was also explored because
phosphorylation of a RR has its own effect on DNA binding [34,35]
(Fig. 3D and F). P-TcrX or TcrX (D54A) showed no change in confor-
mation as measured by Circular Dichroism, suggesting there is no
difference in binding activity (Fig. S1D). Thus, the DNA-binding
ability of TcrX is independent of its phosphorylation state. TcrX
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did not bind to the 71-bp intergenic sequence (IS) between Rv3764c
and Rv3765c indicating the absence of tcrX promoters within the
71-bp IS (Fig. 3E). EMSAs with various overlapping promoter frag-
ments were conducted to determine the minimal sequence of
DNA recognized by TcrX (Fig. 2C). The observation of a positive
gel shift with Pm3 led to a more detailed screen of this region
(Fig. 3C). Pm3 was fragmented into overlapping shorter fragments
(Pm4–Pm11) among which Pm8–Pm10 showed a positive gel shift
assay (Figs. 2C and 4A and B). The region encompassing the Pm8–
Pm10 fragments was divided into thirteen overlapping fragments
of 21 bp each (Pm12–Pm24) (Fig. 2C). Two binding regions were ob-
served (Pm13–Pm16 and Pm20–Pm22) (Fig. 4C and E), which was
contrary to our theoretical study that predicted a single binding site
(412–426 bp or Pm13–Pm16 region). Inspection of these binding
sites revealed an inverted repeat in the 412–426 bp and 455–
470 bp regions before the translational start site. The DNA sequence
was also analyzed by the Mfold web server [36] for secondary struc-
tures formed by the stretches of DNA that encompassed the binding
regions. An energetically favorable (DG = �10.46 kcal/mol) loop
structure is observed near the regulatory sequence (Fig. S3A). The
inverted repeats in the loop structure are therefore closer in space
than in sequence, which would facilitate the binding of TcrX. The
observed diffused protein-DNA banding may be attributed to the
fact that active TcrX probably requires approximately 30 bp of
DNA for proper DNA binding. Hence, complete gel shifts were ob-
tained with the comparatively larger DNA fragments Pm1
(508 bp), Pm3 (267 bp), Pm9 (35 bp) and Pm10 (35 bp). The smaller
DNA fragments Pm13, Pm14, Pm15, Pm16 and Pm20–22 (21 bp
each) are unable to show complete gel shifts, resulting in smeared
banding patterns. Based on the previous study of strong promoter
sequences primarily required for characterization of Mycobacterial
promoter regions [37], we have annotated the putative Shine Dal-
garno and�10 and�35 boxes of the tcrX promoter region (Fig. S3B).

Most of the OmprB/PhoB subfamily members bind to direct
repeats except those that bind to inverted repeats, such as PmrA
from S. enterica [38] and RegX3 from Mycobacterium smegmatis
[39]. TcrX can be grouped in with subfamily members that bind
inverted repeats. The RRs can be divided into four categories based
on their preference toward phosphorylation and subsequent DNA
binding. Class I RRs represent proteins that bind to their target
genes only after phosphorylation, e.g., ArcA [34] and NarL [40],
whereas Class II RRs comprise the members that bind target DNA
more tightly in the phosphorylated state. Most of the RRs, includ-
ing OmpR [41] and PhoB [42], belong to Class II. Class III comprises
the RRs that can bind to DNA equally in the unphosphorylated and
phosphorylated form, as observed with PhoP from M. tuberculosis
and S. enterica [24,33]. The Class IV RRs bind to DNA in their
unphosphorylated form and phosphorylation decreases their
DNA-binding ability, e.g., CsgD from Salmonella typhimurium [43].
TcrX from M. tuberculosis belongs to Class III because it can bind
to its target DNA sequence in the unphosphorylated state and
phosphorylation does not enhance DNA binding.
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