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The septal association of Mycobacterium tuberculosis MtrB, the kinase partner of the MtrAB two-component signal transduction
system, is necessary for the optimal expression of the MtrA regulon targets, including ripA, fbpB, and ftsI, which are involved in cell
division and cell wall synthesis. Here, we show that MtrB, irrespective of its phosphorylation status, interacts with Wag31, whereas
only phosphorylation-competent MtrB interacts with FtsI. We provide evidence that FtsI depletion compromises the MtrB septal as-
sembly and MtrA regulon expression; likewise, the absence of MtrB compromises FtsI localization and, possibly, FtsI activity. We con-
clude from these results that FtsI and MtrB are codependent for their activities and that FtsI functions as a positive modulator of MtrB
activation and MtrA regulon expression. In contrast to FtsI, Wag31 depletion does not affect MtrB septal assembly and MtrA regulon
expression, whereas the loss of MtrB increased Wag31 localization and the levels of PknA/PknB (PknA/B) serine-threonine protein
kinase-mediated Wag31 phosphorylation. Interestingly, we found that FtsI decreased levels of phosphorylated Wag31 (Wag31�P) and
that MtrB interacted with PknA/B. Overall, our results indicate that MtrB interactions with FtsI, Wag31, and PknA/B are required for
its optimal localization, MtrA regulon expression, and phosphorylation of Wag31. Our results emphasize a new role for MtrB in cell
division and cell wall synthesis distinct from that regulating the MtrA phosphorylation activities.

Mycobacterium tuberculosis, the causative agent of tuberculosis
(TB), accounts for nearly 1. 3 million deaths per year glob-

ally, and one-third of the world’s population is latently infected
with M. tuberculosis (http://www.who.int/tb). An increase in the
numbers of multidrug-resistant M. tuberculosis strains has been
seen recently, and this has led to the pursuit of new antimicrobials
to control tuberculosis. M. tuberculosis has 11 paired two-compo-
nent signal transduction systems (two-component regulatory sys-
tems [TCRS]), 180 transcriptional regulators, and 11 eukaryotic-
like serine/threonine protein kinases for the regulation of various
cellular processes (http://tuberculist.epfl.ch). Cell wall synthesis
and cell division are critical for the duplication of organisms;
hence, a detailed understanding of these processes could provide
attractive targets for the development of new antibiotics (1). The
components involved in these processes are conserved in all my-
cobacterial members (http://tuberculist.epfl.ch).

The MtrAB system is one of the two essential TCRS in M.
tuberculosis, wherein MtrB is the sensor kinase and MtrA is the
cognate response regulator (2, 3). In vitro phosphorylation exper-
iments revealed that MtrB phosphorylates MtrA (4) and that
phosphorylated MtrA (MtrA�P) binds to the origin of replication
(oriC) and the promoters of fbpB, ripA, and dnaA (5–7). The mtrB
of Mycobacterium smegmatis, a nonpathogen and rapid grower, is
not essential, and the loss of MtrB leads to defects in MtrA regulon
expression, cell division, and cell shape maintenance processes
(8). M. tuberculosis MtrB protein complements the M. smegmatis
�mtrB mutant defect, indicating that MtrB functions are con-
served in the two species (8). MtrB associates with the septa in an
FtsZ-dependent manner, and MtrB septal assembly is critical for
the optimal expression of the MtrA regulon (8). These studies
support the idea that MtrB plays an indirect role in cell division
and cell shape maintenance by affecting the expression levels of
the MtrA regulon targets involved in these processes.

In addition to FtsZ and the MtrB proteins, previous studies
have shown that FtsI, FtsW, FipA, Wag31, CrgA, CwsA, RipA, and
penicillin-binding protein A (PBPA) are other necessary septa-
somal components for the cell division in mycobacteria (6, 8–16).
These studies also established pairwise interactions between FtsI
and Wag31, FtsI and FtsW, FtsI and CrgA, CwsA and Wag31, and
CrgA and PBPA. It is unknown whether MtrB interacts with any of
the above septasomal proteins and, if so, what the consequences
associated with these interactions are. Additionally, it is unknown
whether MtrB exerts a direct role in cell division and cell shape
maintenance, besides affecting the modulation of the expression
levels of the MtrA targets involved in these processes. The present
study was undertaken to address these issues. Given the filamen-
tation and multiseptate phenotypes of the mtrB mutant (8), we
considered that MtrB may associate with some septasomal com-
ponents and that such interactions could modulate the activities
of MtrB, its interaction partners, or both. The results presented in
this study are consistent with a view that the interactions of MtrB
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with FtsI and Wag31 are crucial for optimal MtrA regulon expres-
sion, phosphorylation of Wag31, and cell division.

MATERIALS AND METHODS
Strains, bacterial growth conditions, and molecular cloning. The Esch-
erichia coli strain Top10 was used for cloning purposes, E. coli BTH101
was used for bacterial two-hybrid (BACTH) protein-protein interaction
assays, and E. coli BL21 (DE3)pLysS was used for the production of re-
combinant proteins. E. coli strains were propagated in Luria-Bertani (LB)
broth or LB agar supplemented with ampicillin (Amp; 50 �g/ml), kana-
mycin (Km; 50 �g/ml), or hygromycin (Hyg; 200 �g/ml). M. smegmatis
strains were grown in Middlebrook 7H9 broth or 7H10 agar supple-
mented with 0.05% Tween 80 and albumin and dextrose (AD), with the
appropriate antibiotics (Km at 25 �g/ml or Hyg at 50 �g/ml). Growth was
monitored by measuring the absorbance at 600 nm. The plasmids used in
this study and the oligonucleotide primers used for cloning are listed in
Tables S1 and S2, respectively, in the supplemental material. The coding
regions of various genes were PCR amplified with Phusion DNA polymer-
ase (NE Biolabs, MA), cloned into various plasmids (see Table S1), and
confirmed by sequencing.

BACTH assays. A BACTH system was used to investigate MtrB inter-
actions with other cell division proteins, as described previously (17). The
tested proteins were expressed in various combinations as N- or C-termi-
nal fusions to Bordetella pertussis T18 or T25 adenylate cyclase fragments
in the E. coli BTH101 strain (see Tables S1 and S2 in the supplemental
material). The cotransformants were spotted on minimal medium agar
supplemented with 0.004% 5-bromo-4-chloro-3-indolyl-�-D-galactopy-
ranoside (X-Gal), 100 �g/ml Amp, and 50 �g/ml Km (18, 19). The inter-
action strength was determined, as needed, by measuring the extent of
�-galactosidase activity in the broth-grown cultures (17). Beta-galactosi-
dase activity of at least 5-fold or higher than that measured for the E. coli
BTH101 strain carrying a single gene and empty vector was considered
indicative of a positive interaction (18, 19).

Western blotting. Recombinant protein fractions or cell lysates from
exponentially grown cultures were prepared and processed for immuno-
blotting using appropriate antibodies (anti-MtrB, anti-M. tuberculosis
FtsZ [FtsZTB], anti-Wag31TB, anti-SigATB, anti-FtsITB, and anti-phos-
pho-Ser/Thr) as previously described (20). SigA was used as a loading
control (20). The immunoblots were processed using an ECF Western
blotting kit (GE Life Sciences, Piscataway, NJ) and scanned using a Bio-
Rad Molecular Imager (FX). The protein levels were determined using the
volume analysis function of QuantityOne software. Phosphorylated
Wag31 (Wag�P) was detected with phospho-Ser/Thr antibodies (Cell
Signaling Technology) (21). Various proteins were quantified from three
independent experiments. For various tested proteins, protein-to-SigA
(protein/SigA) ratios were determined. For calculating the Wag31�P/
Wag31 ratio, the blots were first probed with anti-phospho-Ser/Thr,
stripped, and reprobed with anti-Wag31. The FtsI levels in the conditional
ftsI strain following growth in the absence of acetamide were determined
by immunoblotting with anti-FtsI antibodies and normalized to SigA as
described above.

Pulldown and coimmunoprecipitation assays. Pulldown of Wag31
by MtrB and FtsZ was performed using maltose-binding protein (MBP)-
Wag31 and His10-MtrBsol (where MtrBsol is a soluble C-terminal MtrB
fragment) (see Table S1 in the supplemental material) or His10-FtsZ, as
described elsewhere (14, 17). Briefly, E. coli lysates with MBP-Wag31 were
mixed with a Ni-nitrilotriacetic acid (NTA)-bound His-tagged protein
(His10-MtrBsol/His10-FtsZ) in 1� binding buffer [50 mM sodium phos-
phate, pH 7.8, 10% glycerol, 5 mM 2-mercaptoethanol, 150 mM NaCl,
0.1% CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-propane-
sulfonate), and 1% Nonidet P-40] and incubated with rocking at 4°C for
1 h. The supernatant was removed following centrifugation, the resin was
washed five times with binding buffer, and the bound proteins were eluted
with buffers containing 0.1, 0.3, and 1 M imidazole. The load, last wash,
and eluted proteins were resolved by SDS-PAGE, transferred to polyvi-

nylidene difluoride (PVDF) membranes, and immunodetected with an-
ti-MBP/anti-MtrB/anti-Wag31 antibodies. For the immunoprecipita-
tion (IP) experiments, M. smegmatis lysates were prepared by bead-
beating cell pellets from a 30-ml culture in 1 ml of lysis buffer (50 mM
Tris-HCl, pH 7.5, 1% NP-40, 100 mM NaCl, 5% glycerol, 1 mM EDTA,
and 1 mM phenylmethylsulfonyl fluoride) in a mini-bead-beater (Dis-
ruptor Genie; Scientific Industries, Inc.) for 30 s 10 times with 5 min of
cooling on ice after each beating. Whole-cell lysates were spun at 4°C for
15 min at 13,000 rpm, and supernatants were used for IP experiments.
One milliliter of untreated lysate or lysate enriched with �60 �g of puri-
fied MBP-MtrBsol (86 kDa) (8) was incubated overnight at 4°C with anti-
MtrB or anti-Wag31 antibody coupled to magnetic beads (BioMag Plus
amine particles). The addition of purified MBP-MtrBsol served as an in-
ternal control and also facilitated the IP reaction as sufficient amounts of
full-length membrane-bound MtrB could not be solubilized in IP lysis
buffer. The beads were washed five times with IP wash buffer (50 mM
Tris-HCl, pH 7. 4, 0.05% Triton X-100, 100 mM NaCl, and 0.5 mM
EDTA), and the MtrB-Wag31 immunoprecipitates were eluted with 100
mM citrate (pH 3.1) and neutralized with 1 M NaOH, and Wag31 and
MtrB were visualized following immunoblotting.

Microscopy. M. smegmatis strains were grown and visualized by
bright-field and fluorescence microscopy as previously described (8).
Nascent peptidoglycan (PG) at the septa and poles was visualized by stain-
ing with 1.1 �g/ml BODIPY FL (difluoro-4-bora-3a,4a-diaza-s-in-
dacene)-labeled vancomycin (Van-FL) as previously described (22). A
Nikon Eclipse 600 microscope equipped with a 100� Nikon Plan Fluor oil
immersion objective with a numerical aperture of 1.4 and the appropriate
filter sets (Chroma) was used for bright-field and fluorescence micros-
copy. The images were acquired using a Photometrics Coolsnap ES cam-
era and Metapmorph, version 6.2, imaging software (Universal Imaging
Corporation). The images were optimized using Adobe Photoshop CS4.
The quantitated microscopy data are averages � standard errors from two
independent experiments. The number of cells counted is indicated with
the respective data sets and included at least 100 cells, with the exception
of Van-FL staining data for FtsI depletion as the latter presented with
serious clumping issues.

Antibiotic sensitivity assays. Overnight cultures of M. smegmatis wild
type (WT) and a �mtrB strain were diluted to an A600 of 0.05 and grown
for 6 h, and 1 � 105 cells were spread with sterile cotton-tipped swabs.
Next, Etest strips (vancomycin and ampicillin; bioMérieux, Inc.) or filter
discs containing cycloserine (100 �g) were placed on the culture plates
and incubated at 37°C for 4 days, and results were recorded (23). The
MICs of ampicillin and vancomycin for the WT and �mtrB strains were
determined following the Etest strip manufacturer’s instructions.

RNA extraction, reverse transcription, and qRT-PCR. Total RNA
was extracted from the 7H9 broth-grown cultures of M. smegmatis, and
quantitative real-time PCR (qRT-PCR) was performed as previously de-
scribed (5) in a Bio-Rad iQ5 Real-Time PCR detection system using 2� iQ
SYBR green Supermix (Bio-Rad). The primers for qRT-PCR are listed in
Table S3 in the supplemental material. The threshold cycle (CT) value of
each gene of interest was normalized to the CT value of sigA, and the fold
expression was calculated using the following formula: fold change �
2	�(�CT) (5). The presented expression data are the averages from exper-
iments with three independent RNA preparations that were reverse tran-
scribed and quantified by real-time PCR in triplicate. Differences in ex-
pression levels of 2-fold or more were considered significant (5, 22).

Statistical analysis. Data presented are means � standard errors from
three independent experiments. Control and test data sets were compared
and analyzed using Student’s t test.

RESULTS
MtrB interacts with Wag31 and FtsI. BACTH assays were per-
formed to evaluate MtrB interactions with select septasomal com-
ponents (19). When E. coli BTH101 cells were cotransformed with
plasmids expressing mtrB in combination with the genes involved

MtrB and Cell Division

December 2014 Volume 196 Number 23 jb.asm.org 4121

http://jb.asm.org


in cell division and cell wall synthesis and were spread on minimal
agar medium containing the chromogenic substrate X-Gal as pre-
viously described (8), intense blue-color colonies indicative of in-
teractions were noted with the constructs expressing ftsI and
wag31, similar to the results with positive-control plasmids ex-
pressing either GCN4/GCN4, Wag31/Wag31, or Wag31/FtsI in
two different vectors (Fig. 1A). In these assays, the MtrB fusions to
both the T25 and T18 domains of adenylate cyclase (19) interacted
with the appropriate FtsI and Wag31 fusions (data not shown).
The �-galactosidase activity in the broth-grown cultures of
cotransformant colonies validated the interactions and provided a
measure for the strength of the interactions (Fig. 1B). For exam-
ple, cultures expressing the MtrB and Wag31 pair showed �32-
fold higher �-galactosidase activities than the vector control, sim-
ilar to the GCN4/GCN4 pair, whereas that expressing the MtrB
and FtsI pair showed �8-fold higher activity than the control.
Thus, the interactions between MtrB and Wag31 are more robust
than those between MtrB and FtsI. MtrB did not interact with
RipA, ClpX (see Fig. S1 in the supplemental material), CrgA,
CwsA, PBPA, RodA, or FtsW protein (data not shown).

The interactions between MtrB and Wag31 were further con-
firmed by in vitro pulldown assays using the recombinant fusion
proteins MBP-Wag31 and His10-MtrBsol (see Table S1 in the sup-
plemental material). Because Wag31 is a soluble protein, we as-
sumed that it would interact with the cytosolic MtrB domain and
therefore used MtrBsol protein in these experiments. When the
MBP-Wag31-containing lysate was added to the Ni-NTA-bound
His10-MtrBsol, followed by elution and immunoblotting analyses
using an anti-MBP antibody, MBP-Wag31 was detected in the
eluted fractions of His10-MtrB, indicating the pulldown of Wag31
from the reaction mix (Fig. 1C, panel i; see also Fig. S2, panel i, in
the supplemental material). Furthermore, in a similar experiment,
MBP-Wag31 did not bind to Ni-NTA beads (Fig. 1C, panel ii; see
also Fig. S2, panel ii). A small amount of loosely bound and pos-
sibly denatured MBP-Wag31 came out in the 100 mM imidazole
wash in both the test and control experiment sets (Fig. 1C, panels
i and ii, lanes E1); however, no significant amount of MBP-Wag31
was detected in the 300 mM and 1 M imidazole elutions in the
control experiment (Fig. 1C, compare panels i and ii, lanes E2 and
E3). MBP-Wag31 also did not bind to His10-FtsZ bound to Ni-NTA

FIG 1 MtrB interactions with FtsI and Wag31. (A) BACTH analysis of MtrB interactions with FtsI and Wag31. E. coli BTH101 cotransformants with plasmids
expressing Wag31/Wag31, Wag31/MtrB, Wag31/MtrBH305Y, MtrB/FtsI, and MtrBH305Y/FtsI were spotted on indicator agar plates as previously described (18),
wherein blue and white spots indicate positive and negative interactions, respectively. Cotransformants with GCN4/GCN4 and empty vector/MtrB, representing
positive and negative controls, respectively, were also spotted. (B) Recombinant colonies expressing the indicated combinations of proteins were propagated in
LB broth, and �-galactosidase activity was measured as described in the text. Data shown are means � standard deviations from three independent experiments.
(C) Pulldown assays. Wag31 interacts with MtrB and not with FtsZ. E. coli lysates with MBP-Wag31 were incubated with His10-MtrBsol (i) or His10-FtsZ (iii)
bound to Ni-NTA resin with rocking at 4°C. The Ni-NTA resin was washed five times, and the bound proteins were eluted with buffer containing imidazole (see
below and Materials and Methods) (17). MBP-Wag31 was incubated with Ni-NTA (ii) and processed as described for panels i and iii. Various fractions were
separated in SDS-polyacrylamide gels and transferred to PVDF membranes, and the proteins were visualized by immunoblotting using anti-MtrB, anti-Wag31,
anti-FtsZ, or anti-MBP antibody (see Fig. S2 in the supplemental material). L, load; W, wash; E, elution fractions; W4 and W5, washes 4 and 5, respectively; E1,
E2, and E3 are elutions with buffers containing 100 mM, 300 mM, and 1 M imidazole, respectively. For co-IP assays (iv) 1 ml of M. smegmatis lysate mixed with
60 �g of purified MBP-MtrB was incubated overnight with anti-Wag31 antibodies coupled to magnetic beads (BioMag Plus amine particles). The beads were
washed five times with IP wash buffer, and the MtrB immunoprecipitates were eluted with 100 mM citrate (pH 3.1). The eluted proteins were neutralized with
1 N NaOH, separated by SDS-PAGE, and visualized following immunoblotting with anti-Wag31 or anti-MtrB antibody. P, pure protein markers for MBP-MtrB
and His-Wag31; L, load; W, wash 5; E1 and E2, elutions 1 and 2; EC, elution from buffer control where beads were incubated with buffer instead of lysate. White
arrowhead, MBP-MtrB, MtrB, or Wag31; black arrowhead, IgG band. M, molecular mass marker. 
, anti.

Plocinska et al.

4122 jb.asm.org Journal of Bacteriology

http://jb.asm.org


beads, supporting the specificity of its interaction with MtrB (Fig.
1C, panel iii; see also Fig. S2, panel iii). To demonstrate in vivo
interactions between MtrB and Wag31, we carried out co-IP and
pulldown experiments with M. smegmatis cell-free lysates (Fig.
1C, panel iv; see also Fig. S2, panels iv and v, in the supplemental
material). For IP experiments, M. smegmatis cell-free lysates sup-
plemented with purified MBP-MtrBsol (86 kDa) were incubated
with anti-Wag31 antibody-coupled BioMag amine beads. Immu-
noblotting with anti-MtrB and anti-Wag31 antibodies identified
MtrB (both 86-kDa MBP-MtrBsol and full-length 61-kDa MtrB)
and Wag31 (28 kDa) protein-specific bands in elution fraction E1
(eluted with 100 mM citrate), confirming in vivo interactions be-
tween the two proteins (Fig. 1C, panel iv, white arrowheads). The
abundant band (�50 kDa) below the native MtrB in the E1 frac-
tion is likely IgG as the elution fraction from the buffer control
(no-lysate) reaction with anti-Wag31 antibody-coupled beads
also contained a similarly sized band (Fig. 1C, panel iv, black ar-
rowhead; also see Fig. S2, panel iv, lane EC). Reciprocal experi-
ments with M. smegmatis lysates and anti-MtrB-coupled beads
showed coelution of Wag31 in the MtrB-containing fraction (see
Fig. S2, panel iv). Pulldown experiments with M. smegmatis lysates
containing Wag31-His (see Table S1 in the supplemental mate-
rial) further confirmed the in vivo interactions between MtrB and
Wag31. In these experiments, MtrB copurified with Wag31-His
on an Ni-NTA column (see Fig. S2, panel v). Similar types of
studies could not be carried out with FtsI because our attempts to
overexpress and purify the full-length recombinant FtsI, an inte-
gral membrane protein, were unsuccessful.

MtrBH305Y defective for autokinase activity is not proficient
for interactions with FtsI. We showed previously that MtrB with
the histidine residue at position 305 replaced by tyrosine
(MtrBH305Y) is defective for phosphorylation and for reversal of
the mtrB mutant phenotype but is proficient for localization to the
septal sites, indicating that MtrB autokinase activity is essential for
functional complementation but not necessary for MtrB septal
association (8). BACTH assays revealed strong interactions be-
tween MtrBH305Y and Wag31 (�33-fold higher �-galactosidase
activity over the vector control) but not between MtrBH305Y and
FtsI (�2.3-fold higher over the control) (Fig. 1A and B). These
results suggest either that MtrBH305Y is not proficient for interac-
tion with FtsI or that the interaction is transient and cannot be
detected using the BACTH assay. Such transient interactions be-
tween MtrBH305Y and FtsI, if any, could be stabilized by hitherto
unidentified factors present in vivo. Nonetheless, the ability of
MtrB to undergo phosphorylation is important for its stable asso-
ciation with FtsI.

The interactions of MtrB with FtsI are important for MtrA
regulon expression. The observed interactions of MtrB with FtsI
and Wag31 lead to the prediction that they are required for opti-
mal MtrA regulon expression and, possibly, for balanced cell di-
vision and cell wall synthesis. Accordingly, we measured MtrA
regulon expression in wag31 (12) and ftsI conditional expression
strains with depletion of the respective proteins (see Fig. S3 in the
supplemental material and the supplemental data for methodol-
ogy for the creation of the ftsI strain). The conditional expression
strains were used because Wag31 is essential in M. smegmatis (12),
and M. smegmatis chromosomal ftsI could be deleted only in the
presence of an integrated copy of ftsI (see Fig. S3). Culturing the
ftsI conditional strain in acetamide-free medium for 12 to 14 h
reduced the expression level of ftsI by �10-fold (Fig. 2A) and led

to an �50% reduction in the FtsI protein level (see Fig. S3D in the
supplemental material). Depletion of FtsI also increased the cell
length, indicating cell division defects (see Fig. S3F). In addition,
the expression of mtrA along with the MtrA targets dnaA, ripA,
and fbpB was decreased (Fig. 2A). As with the ftsI strain, culturing
the wag31 conditional strain in acetamide-free medium for 15 h
led to a reduction in wag31 expression; however, unlike the ftsI
strain, the expression levels of dnaA, ripA, mtrA, and fbpB were not
significantly affected (Fig. 2B). Together, these results suggested
that MtrB interactions with FtsI are necessary for the optimal ex-
pression of the MtrA regulon and that interactions with Wag31
may have unidentified consequences (see below). The expression
of mtrB was not significantly altered under both conditions (Fig.
2A and B).

MtrB septal localization is compromised upon FtsI deple-
tion. Next, we examined MtrB septal localization under FtsI and
Wag31 depletion conditions. To this end, we created an M. smeg-
matis �ftsI Pami::ftsI strain expressing Ptet::mtrB-gfp from an in-
ducible tetracycline promoter (see Table S1 in the supplemental
material) and evaluated MtrB-green fluorescent protein (GFP)
septal assembly following 14 h of growth in acetamide-free me-
dium. Anhydrotetracycline at 10 ng/ml was added 1 h before sam-
ples were removed for fluorescence microscopy (Fig. 2C and D).
Under FtsI depletion conditions, an �50% reduction in MtrB-
GFP septal localization was noted (from 19.7% � 0.6% [n � 231
cells] to 9.9% � 2.2% [n � 141]) (Fig. 2C, compare panels ii and
iv; see also Fig. S3G in the supplemental material), and the MtrB-
GFP structures included both sharp (�6. 3%) (Fig. 2C, panel iv)
and diffuse (�3. 0%) (see Fig. S3G) bands. Wag31 depletion af-
fected cell shape (Fig. 2D, compare panels i and iii) but did not
affect MtrB septal assembly (Fig. 2D, panels ii and iv). These data
agree with the previous results that indicated the lack of require-
ment of Wag31 for MtrA regulon expression (Fig. 2B). Together,
these data suggest that FtsI promotes MtrB septal assembly.

FtsI and Wag31 localizations are altered in the absence of
MtrB. Next, we investigated FtsI and Wag31 localizations in the
mtrB strain background producing GFP-FtsI and Wag31-
mCherry, respectively (see Table S1 in the supplemental material).
Consistent with the published data (8), the absence of MtrB in-
creased cell length and altered cell shape (Fig. 3A and B, panels iii).
Weak GFP-FtsI septal and membrane fluorescence signals that
were readily bleached were observed in the absence of MtrB (Fig.
3A, compare panels ii and iv). These data indicate that, although
compromised, FtsI can localize to septa independent of MtrB and
that FtsI and MtrB interactions are likely necessary for stable/
optimal septal FtsI association. It is known that ftsI expression is
compromised in the absence of MtrB (8). Thus, the weak and
readily bleached GFP-FtsI localization signals could also be due to
decreased ftsI expression. Next, we evaluated the consequences of
the FtsI interactions with MtrB on FtsI activities. FtsI, also known
as PBP3, is a transpeptidase; hence, it is necessary for optimal PG
cross-linking, which we evaluated as a measure for FtsI activity in
two independent assays. First, the binding of Van-FL to D-Ala-D-
Ala residues in un-cross-linked PG was measured. As shown pre-
viously, � 30% of the WT cells showed distinct polar staining, and
�3% showed septal staining with Van-FL (6) (Fig. 3B, panel ii). In
contrast, nearly all of the chain-linked filamentous �mtrB cells
(99%; n � 100) showed distinct staining at the poles and at the
presumptive septa, indicating increased Van-FL staining (Fig. 3B,
panel iv) and, hence, reduced PG cross-linking. Second, the sen-
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sitivity of the �mtrB strain to cell wall-targeting antibiotics was
examined. MIC determinations indicated that the �mtrB strain
was �16-fold more sensitive to vancomycin than the wild type
(WT) (Fig. 3C) but resembled the WT with respect to the sensi-
tivity to ampicillin (Fig. 3C) and cycloserine (data not shown). We
also found that an �50% reduction in FtsI levels in the ftsI condi-
tional strain (see Fig. S3 in the supplemental material) led to an �13-
fold increase in septal (with FtsI depletion, �42.6%; with FtsI expres-
sion, � 3.1%) and � 2-fold increase in polar (with FtsI depletion,
�50%; with FtsI expression, � 25%) Van-FL staining (see Fig. S3E),

indicating that the reduced FtsI levels in the �mtrB strain could par-
tially account for the defective PG cross-linking. In sum, these data
support the idea that FtsI function is compromised in the absence of
MtrB and that interactions between FtsI and MtrB are important for
their stable localizations and optimal activities.

Wag31 localizes in the WT cells primarily to the cell poles, with
�7% of cells showing a midcell localization (6, 12) (Fig. 4A, panel
ii). Similar to the WT, Wag31-mCherry was found at the poles of
a majority of �mtrB cells (90% � 2.6%; n � 111). However,
unlike in the WT strain, Wag31-mCherry protein was at septa in

FIG 2 MtrB activity and localization are compromised in the absence of FtsI. (A and B) qRT-PCR analysis of MtrA targets. Total RNA was extracted from
�ftsI::Pami-ftsI (A) and �wag31::Pami-wag31 (B) strains grown without and with 0.2% acetamide (see details in text) and reverse transcribed, and qRT-PCR was
performed as described in Materials and Methods. The expression levels of select genes, that is, dnaA, ripA, fbpB, wag31, mtrA, mtrB, and ftsI, relative to the
housekeeping gene sigA were compared, and the values are presented as fold difference. In panel A fold expression levels upon FtsI depletion (growth in the
absence of acetamide for 12 h) were normalized to those in the presence of acetamide (FtsI�). In panel B fold expression levels upon Wag31 depletion (growth
in the absence of acetamide for 15 h) were normalized to those in the presence of acetamide (Wag31�). Wag31 depletion beyond 15 h led to extreme cell
distortion and eventually cell lysis; hence, expression studies were not carried out beyond 15 h. (C and D) MtrB-GFP localization. M. smegmatis �ftsI::Pami-ftsI
(C) and �wag31::Pami-wag31 (D) strains expressing Ptet::mtrB-gfp were grown without and with 0.2% acetamide, as for panels A and B. For the visualization of
MtrB-GFP, anhydrotetracycline was added at 10 ng/ml for 1 h. Bright-field (i and iii) and fluorescence (ii and iv) microscopy and imaging were carried out as
described in the text. The �ftsI::Pami-ftsI or �wag31::Pami-wag31 strain was grown with (i and ii) or without (iii and iv) acetamide. For panel C, percent septal
MtrB-GFP localizations from two independent experiments were scored, and averages � standard errors are given in the respective fluorescent panels. Each
experiment included �100 cells from each condition. White arrows, MtrB-GFP septal localization; black arrows, distorted cell shape upon Wag31 depletion.
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more than two-thirds of �mtrB cells (70.5% � 2.6%; n � 111)
(Fig. 4, panels iii and iv; presumptive septa and the corresponding
Wag31-mCherry localizations are marked with black and white
arrows, respectively). These data indicate aberrant Wag31-
mCherry localization at the unsplit septa in the absence of MtrB.
Wag31-mCherry septal localization was restored to WT levels
upon the production of MtrB in the �mtrB strain background
(polar localization, 87.4% � 2.6%; septal localization, 4.0% �
1.1%; n � 672). Together, these data indicate that MtrB activity is
required for septum resolution at steps subsequent to the Wag31
localization. It was recently shown that Wag31 localizes at septa
after cytokinesis but prior to daughter cell separation (24). Ac-
cordingly, we envisage that MtrB and Wag31 together contribute
to cell wall synthesis and septum resolution. The Wag31-mCherry
localization pattern in the �mtrB strain producing MtrBH305Y was,
however, similar to that in the �mtrB strain (see Fig. S4 in the

supplemental material). These results suggest that MtrB interac-
tions with Wag31 have possible consequences on Wag31 activities
(see below). Finally, FtsZ-GFP localization was unaffected in the
�mtrB strain (Fig. 4B, compare panels ii and iv), indicating that
the absence of MtrB has no effect on the FtsZ ring assembly.

Overexpression of phosphorylation-proficient MtrB pro-
motes FtsI localization. Next, we evaluated the FtsI and Wag31
localizations under MtrB overproduction conditions. Overex-
pression of mtrB for 6 h increased the cellular MtrB levels by �3-
fold (see Fig. S5A in the supplemental material), increased cell
length, and produced bud-like structures, indicating cell shape
defects (Fig. 3A, panel v; see also Fig. S5B). Additionally, an overall
increase in GFP-FtsI localization at membranes and distinct mid-
cell bands instead of foci at the septa was noted (Fig. 3A, compare
panels ii and vi). When quantitated, 21.3% � 3.3% of cells (n �
218) showed septal bands compared to �2% in the WT strain

FIG 3 FtsI localization and activity are altered in the absence of MtrB. (A) GFP-FtsI localization was examined in M. smegmatis WT (i and ii), the �mtrB strain
(iii and iv), and merodiploid strains overproducing (1) MtrB (v and vi) or MtrBH305Y (vii and viii). In all of the strains, the GFP-FtsI fusion protein was produced
from Pami::gfp-ftsI following induction with 0.2% acetamide for 3 h, visualized by bright-field (left panels) and fluorescent (right panels) microscopy, and imaged
as described in the text. (B) The exponential cultures of the M. smegmatis WT strain (i and ii) and the �mtrB strain (iii and iv) were grown in the presence of
Van-FL for 2 h and were imaged by bright-field (i and iii) and fluorescence (ii and iv) microscopy. (C) Loss of MtrB increases sensitivity to vancomycin. M.
smegmatis WT and �mtrB strains were grown for 6 h, and 1 � 105 cells were spread on 7H10 agar plates. Etest antibiotic strips (ampicillin or vancomycin) were
placed on the agar plates, plates were incubated for 4 days at 37°C, and MICs were measured as per the supplier’s protocol.

FIG 4 Wag31 localization is altered in the absence of MtrB. (A) Pami::wag31-mCherry expressing M. smegmatis WT (i and ii), the �mtrB strain (iii and iv), and
M. smegmatis overproducing MtrB (v and vi) or MtrBH305Y (vii and viii) were grown with 0.2% acetamide for 3 h and visualized as described in the legend to Fig.
3A. Top panels are bright-field images; bottom panels are fluorescence images. Arrow, septal localization; arrowhead, polar localization. Percent septal Wag31-
mCherry localizations from two independent experiments were scored, and averages � standard errors are given in the respective fluorescent panels. Each
experiment included �132 cells from each strain. Black arrows, septa in multiseptate �mtrB strain; white arrows and arrowheads, septal and polar localizations,
respectively. (B) FtsZ-GFP localization in WT (i and ii) and the �mtrB strain (iii and iv). Arrow, FtsZ-GFP rings.
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(25). MtrBH305Y overproduction led to increased cell length and
cell shape defects (see Fig. S5B) and compromised GFP-FtsI local-
ization (Fig. 3A, panel viii), similar to the situation observed with
the �mtrB strain (Fig. 3A, panel iv).

MtrBH305Y overproduction led to an �7-fold increase in
Wag31-mCherry septal association (Fig. 4A, compare panels viii
and ii). In contrast, the septal Wag31-mCherry localization in the
cells overproducing MtrB was only �2-fold higher than that of the
WT strain (Fig. 4A, compare panels ii and vi). Together, these data
suggest that while FtsI activity and localization are responsive to
MtrB levels and phosphorylation, Wag31 localization was mark-
edly increased in the absence of MtrB activity and/or in cells en-
riched for the production of the phosphorylation-defective MtrB.

MtrB modulates Wag31 phosphorylation. Wag31 is phos-
phorylated directly by serine-threonine protein kinase (STPK)
PknA or indirectly by PknB through PknA (21). Alterations in the
Wag31 levels and its phosphorylation status are associated with
defects in Wag31 localization, cell wall synthesis, and cell shape
maintenance (21). The filamentous and bulgy phenotype of the
mtrB mutant combined with sustained Wag31-mCherry localiza-
tion at the unsplit septa in the �mtrB strain background indicates
that the Wag31�P/Wag31 level (Wag31�P-to-Wag31 ratio) may
be altered. Accordingly, the Wag31�P/Wag31 levels were deter-
mined in whole-cell lysates of �mtrB cells by immunoblotting
with anti-phospho-Ser/Thr and anti-Wag31 antibodies. A 3-fold
increase in the Wag31�P/Wag31 level in the �mtrB strain com-

pared to that in the WT strain was noted (Fig. 5A and B).
Wag31�P was restored to WT levels upon production of the
phosphorylation-competent MtrB in the �mtrB strain back-
ground (Fig. 5A and B; see also Table S1 in the supplemental
material). However, overproduction of the phosphorylation-de-
fective MtrBH305Y did not restore WT Wag31�P levels, indicating
that MtrB�P activity is required for maintaining optimal
Wag31�P levels (Fig. 5A and B).

Additionally, we found that an approximately 50% reduction
in FtsI levels in the ftsI conditional strain led to a �3.5 -fold in-
crease in Wag31�P, but Wag31 protein levels were not affected
significantly (Fig. 5A to C). These results indicate that FtsI activity
is important for Wag31�P levels. Because mtrB transcript levels
were not significantly affected upon FtsI depletion (Fig. 2C)
whereas those of ftsI were compromised in the mtrB mutant back-
ground (8), it is likely that the reduced pools of FtsI in the mtrB
strain background contribute to the unregulated PknA/PknB
(PknA/B)-mediated phosphorylation of Wag31 (Fig. 5A). To fur-
ther explore this idea, we measured Wag31�P/Wag31 in the
�mtrB strain producing MtrAY102C; expression of MtrAY102C re-
sults in the restoration of ftsI expression (8). Under these condi-
tions, a nearly 60% reduction in Wag31�P/Wag31 was noted
compared to that in the WT (Fig. 5A and B). These data suggest
that FtsI, in the absence of MtrB, exerts a negative regulatory effect
and that MtrB and FtsI together play a critical role in maintaining

FIG 5 Loss of MtrB or depletion of FtsI increases phosphorylation of Wag31. (A) M. smegmatis WT, the �mtrB strain, FtsI-depleted cultures (FtsI depletion for
12 h), and the �mtrB Pami::mtrB, �mtrB Pami::mtrAY102C (where mtrAY102C is the Y-to-C change at position 102 encoded by mtrA) and �mtrB Pami::mtrBH305Y

strains were grown as described in the legends to Fig. 3 and 4. The complemented �mtrB strains were grown with 0.2% acetamide. Wag31�P/Wag31 ratios were
determined by immunoblotting with anti-phospho-Ser/Thr and anti-Wag31 antibodies. Whole-cell lysates (5 �g protein) from the above strains were resolved
by SDS-PAGE in 12% gels, and immunoblotting was performed with anti-phospho-Ser/Thr antibodies. The blots were then stripped and reprobed with
anti-Wag31 antibodies. Wag31�P/Wag31 (anti-phospho-Ser/Thr and anti-Wag31) ratios for various strains were normalized to those in the WT and plotted
(B). The data shown are represented as the averages � standard errors from three independent experiments. *, P 
 0.05. (C) The Wag31 levels in the indicated
strains were measured by immunoblotting, as previously described (36), and normalized to SigA levels. The data are represented as the means � standard errors
from three independent experiments.
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balanced levels of Wag31�P. Wag31/SigA showed only modest
changes in levels under all tested conditions (Fig. 5C).

MtrB also interacts with PknA and PknB proteins. Because
PknA/B proteins phosphorylate Wag31, we next examined
whether these proteins interact with either or both MtrB and FtsI
through BACTH assays. MtrB was found to interact with PknA
and PknB, whereas FtsI did not interact with either protein (Fig.
6). PknB also interacted with MtrBH305Y (data not shown). These
results suggest that the ability of MtrB to interact with PknA/B
along with Wag31 and FtsI is a necessary feature for promoting
optimal Wag31 phosphorylation.

DISCUSSION

Cell division and cell wall synthesis are well-orchestrated events
that involve an ordered assembly of multiple proteins at the septa
(26). Published data indicate that in mycobacteria, as in other
Gram-positive bacteria, not only the known cell division proteins,
such as FtsZ, FtsI, and Wag31, but also those of the sensor kinases
belonging to the TCRS and STPK system, e.g., MtrB and PknA/B,
and novel small membrane proteins, e.g., CwsA and CrgA, localize
at the septa (6, 8, 10, 12, 14, 27). Our data take these observations
to the next level, define interactions among select septasomal
components, namely, MtrB with FtsI and Wag31, and evaluate the
consequences of these interactions. These studies led to two im-
portant conclusions. First, FtsI promotes MtrB activation and
MtrA regulon expression and, hence, acts as a positive modulator
of the MtrAB TCRS. This statement is based on the fact that the
interactions of FtsI with MtrB are necessary for optimal MtrB
activities, i.e., MtrB septal assembly and MtrA regulon expression.
Second, MtrB interactions with FtsI, Wag31, and PknA/B are nec-
essary for optimal Wag31�P levels, and FtsI likely exerts a nega-
tive regulatory effect on PknA/B-mediated phosphorylation of
Wag31 (see below). The widely accepted role of a histidine sensor
kinase is to affect the response regulator phosphorylation and,
hence, the associated target gene expression levels (28). The find-
ing that MtrB activity is necessary for optimal PknA/B-mediated

phosphorylation of Wag31 signals an additional role for the MtrB
sensor kinase in addition to affecting MtrA regulon expression. A
further implication of the above results is that the signal transduc-
tion processes mediated by the divergent kinases of the STPK sys-
tem and TCRS converge to affect cell division and cell wall syn-
thesis in mycobacteria (see below).

FtsI is a positive modulator of the MtrAB system. Our results
provided important clues to the order and nature of the septal
assembly of FtsI, Wag31, and MtrB. For example, while FtsI and
Wag31 can localize to the septa independent of MtrB, the associ-
ation with MtrB influences the extent and, possibly, the stability of
the localized FtsI and Wag31 proteins. In support of this finding,
we showed that FtsI septal assembly and FtsI activities were com-
promised in the absence of MtrB and vice versa (Fig. 2A and C and
3). These results indicate that FtsI and MtrB are codependent on
each other for their optimal activities. For example, the depletion
of FtsI, which is a PBP with transpeptidase activity, is associated
with compromised septal PG cross-linking and increased sensitiv-
ity to vancomycin (25, 29) (see also Fig. S3 in the supplemental
material). FtsI depletion also compromised MtrA regulon expres-
sion (Fig. 2A), implying compromised MtrB activity under these
conditions. Additionally, the absence of MtrB was found to in-
crease both vancomycin sensitivity and Van-FL staining ability,
again implying compromised FtsI activity.

On the other hand, Wag31 localization was aberrant and un-
regulated both in the absence of MtrB and in the mtrB mutant
producing MtrBH305Y; however, MtrB septal assembly and MtrA
regulon expression were unaffected under Wag31 depletion (Fig.
2 and 4; see also Fig. S4 in the supplemental material). These
results imply that although Wag31 does not influence MtrB local-
ization and activity, MtrB activity is necessary for optimal Wag31
localization. The distinct multiseptate phenotype of the �mtrB
strain combined with the aberrant septal localization of Wag31 in
the mutant cells (Fig. 4A, panels iii and iv) (8) suggests that MtrB
exerts a role(s) in cell division at steps subsequent to septation and
Wag31 localization. Whether this role(s) requires the interactions
of MtrB with other septal proteins and/or the MtrB-mediated
modulation of MtrA regulon expression remains to be deter-
mined. With regard to the latter, it is significant that the MtrA
regulon includes ripA (8), rpfB, and other cell wall hydrolases (P.
Gorla et al., unpublished data) needed for septum resolution. It
should be noted that the expression levels of FtsI, which is an MtrA
target, as per the TB database (http://www.tbdb.org/) and our
recent chromatin immunoprecipitation with high-throughput se-
quencing (ChIP-Seq) data (30; also Gorla et al., unpublished), are
shown to be compromised in the absence of MtrB (8). Thus, the
possibility that compromised FtsI levels in the MtrB background
contribute to altered Wag31 localization remains open. An evalu-
ation of Wag31 localization under FtsI depletion conditions
would help resolve this issue; however, our attempts to create a
recombinant ftsI strain producing Wag31-mCherry to address
this hypothesis have not been successful.

Our data enable us to envisage a scenario in which FtsI plays a
critical role in affecting MtrB activation and MtrA regulon expres-
sion. For example, in response to unrecognized signals, MtrB is
activated at the septa (8), and this could lead to de novo ftsI tran-
scription. The FtsI produced could in turn associate with the septa
and interact with and increase the half-life of MtrB�P to trigger
optimal MtrA regulon expression. When the signals promoting
MtrB kinase activation are diminished, resulting in reduced levels

FIG 6 MtrB interacts with PknA and PknB. Interactions of MtrB and MtrA
with PknA or PknB were examined using BACTH assays, as previously de-
scribed (17). MtrA, MtrB, FtsI, PknA, and PknB fusions to the T18 and T25
fragments of adenylate cyclase in BACTH vectors (see Table S1 in the supple-
mental material) were used to transform E. coli BTH101, and the recombinants
were plated on LB agar supplemented with X-Gal and isopropyl-�-D-thioga-
lactopyranoside. Green-blue colonies, indicative of positive interactions, were
subsequently propagated in LB broth, and �-galactosidase activity was mea-
sured as described in the text. GCN4/GCN4 and MtrB/MtrA are shown as
positive controls, and MtrB/empty vector (vector control) is shown as the
negative control. The data shown are the means � standard deviations from
three independent experiments.
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of MtrB�P, FtsI may disassociate from MtrB, and this could, in
turn, lead to compromised MtrA activation and MtrA regulon
expression. We believe that this type of braking system ensures the
optimal activation of the MtrAB TCRS. Noteworthy in this regard
is the recent finding that the lipoprotein LpqB interacts with MtrB
and modulates MtrA phosphorylation activity (31). Together,
these data indicate that FtsI and LpqB are two MtrB-interacting
proteins that promote MtrB activities. While our results empha-
size the importance of the MtrB and FtsI interactions, we do not
yet know whether other proteins affect these interactions. Further
studies are required to identify the potential mediators that stabi-
lize MtrB and FtsI interactions at septa.

Wag31 and MtrAB system. Our data showing that Wag31�P
levels are elevated in the backgrounds of either the �mtrB mutant
or the �mtrB mutant producing MtrBH305Y or under FtsI deple-
tion conditions but are reduced in the �mtrB strain overproduc-
ing MtrAY102C (Fig. 5) suggest that FtsI functions as a negative
regulator of PknA/B-mediated Wag31 phosphorylation, whereas
MtrB (MtrB�P) functions to negate FtsI interference effects by
interacting with it. Thus, another consequence of the MtrB inter-
actions with FtsI and Wag31 is the modulation of the Wag31
phosphorylation potential. Because MtrB also interacts with
PknA/B proteins (Fig. 6), we conclude that MtrB mediates opti-
mal Wag31 phosphorylation by virtue of its interactions with FtsI,
PknA/B, and Wag31.

Alterations in Wag31 levels and activities are associated with
defects in cell shape and cell division in mycobacteria (12, 13), and
Wag31�P promotes protein-protein interactions between the
Wag31 molecules and therefore promotes Wag31 localization,
regulated cell wall synthesis, and growth rate (21, 32). Accord-
ingly, we envisage that the observed cell division and cell shape
maintenance defects in the mtrB strain background are, in part,
due to aberrant Wag31 localization and Wag31�P. Thus, modu-
lation of Wag31�P by MtrB signals that MtrB kinase has a direct
role in cell division and cell wall synthesis that is distinct from its
role in MtrA regulon expression.

Published data indicate that the PknA/B STPK and the MtrAB
TCRS signal transduction pathways individually affect cell divi-
sion and cell wall synthesis in mycobacteria (8, 21, 31). The results
presented in this study go further and show how these two diver-
gent signal transduction pathways converge at the Wag31 phos-
phorylation step and affect cell division and cell wall synthesis.
PknB has many targets, including PBPA (27), and it remains to be
tested whether MtrB’s effects are specific to Wag31 or also extend
to other proteins as well. Unraveling the regulation and interac-
tions of these pathways will provide valuable insights into M. tu-
berculosis proliferation and pathogenesis.

The YycFG (also called WalKR) TCRS is similar to the MtrAB
TCRS and is well conserved in low-G�C rich Gram-positive bac-
teria, including Bacillus subtilis, Staphylococcus aureus, Streptococ-
cus pneumoniae, Streptococcus pyogenes, Listeria monocytogenes,
and Enterococcus faecalis (reviewed in reference 33). YycG kinase,
like MtrB, associates with the septa, and its septal association is
essential for its activation and for controlling the expression of
several genes involved in cell wall metabolism and turnover (34,
35). Pertinent to this study is the observation that the YycG kinase
interacts with PbpB (FtsI) and with other proteins, such as FtsL
and DivIB (34). These studies also showed that the septal localiza-
tion of YycG is not affected by the depletion of DivIB and FtsL and
that studies with PbpB depletion are not conclusive. Nonetheless,

our data show distinct differences between the MtrB and YycG
kinases. For example, unlike YycG, MtrB interacts with and mod-
ulates Wag31 (DivIVA is the Wag31 counterpart in low-G�C
Gram-positive bacteria) phosphorylation, and, importantly, both
FtsI and MtrB are codependent on each other for their activities
and the septal localizations. Thus, the MtrB kinase and the MtrAB
system have evolved in mycobacteria to fit their complex life style.
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