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Background: The MtrB sensor kinase is a component of the essential MtrAB signal transduction system.
Results: MtrB localizes to septa independent of phosphorylation; MtrB septal association and phosphorylation are necessary for

cell division and expression of MtrA targets.

Conclusion: MtrB septal localization and MtrA-regulon expression are linked.
Significance: MtrB septal assembly triggers the activation of the MtrAB signal transduction pathway.

The mechanisms responsible for activation of the MtrAB
two-component regulatory signal transduction system, which
includes sensor kinase MtrB and response regulator MtrA, are
unknown. Here, we show that an MtrB-GFP fusion protein
localized to the cell membrane, the septa, and the poles in Myco-
bacterium tuberculosis and Mycobacterium smegmatis. This
localization was independent of MtrB phosphorylation status
but dependent upon the assembly of FtsZ, the initiator of cell
division. The M. smegmatis mtrB mutant was filamentous,
defective for cell division, and contained lysozyme-sensitive cell
walls. The mtrB phenotype was complemented by either pro-
duction of MtrB protein competent for phosphorylation or
overproduction of MtrAy,q,c and MtrA,;, mutant proteins
exhibiting altered phosphorylation potential, indicating that
either MtrB phosphorylation or MtrB independent expression
of MtrA regulon genes, including those involved in cell wall
processing, are necessary for regulated cell division. In partial
support of this observation, we found that the essential cell
wall hydrolase ripA is an MtrA target and that the expression
of bona fide MtrA targets ripA, fbpB, and dnaA were compro-
mised in the mitrB mutant and partially rescued upon
MtrAy,poc and MtrAp ;5 overproduction. MtrB septal as-
sembly was compromised upon FtsZ depletion and exposure
of cells to mitomycin C, a DNA damaging agent, which inter-
feres with FtsZ ring assembly. Expression of MtrA targets was
also compromised under the above conditions, indicating
that MtrB septal localization and MtrA regulon expression
are linked. We propose that MtrB septal association is a nec-
essary feature of MtrB activation that promotes MtrA phos-
phorylation and MtrA regulon expression.
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Mpycobacterium tuberculosis, the causative agent of tubercu-
losis, grows slowly with an average cell duplication time of 22 h
in nutrient broth. One characteristic feature of tuberculosis is
persistence, which is a state in which the bacterium is believed
to maintain a metabolically active but quiescent state with lim-
ited bacterial turnover (1). In liquid culture M. tuberculosis has
been shown to shift between an active replicative state and a
metabolically active but nonreplicative persistent state depend-
ing upon the growth conditions employed (1). It is believed that
the pathogen exhibits both of these growth stages during infec-
tion. The mining of M. tuberculosis genomic sequence data
indicates that the pathogen operates a host of regulatory net-
works and pathways that aid in its survival under various stress-
ful growth conditions (2). One such regulatory network is the
paired histidine-aspartate two-component regulatory signal
transduction (2CRS)°® system that includes a membrane bound
sensor kinase and a cytosolic response regulator (RR). In
response to environmental stimuli, the membrane-bound sen-
sor kinase undergoes autophosphorylation at a conserved his-
tidine residue and then transfers the high energy phosphate to a
unique aspartic acid residue on the RR that then promotes or
represses select gene transcription (for review, see Refs. 3
and 4).

The M. tuberculosis genome contains 11 paired 2CRSs and
several orphan sensor kinases and RRs (2). MtrAB is a system
wherein MtrA is the RR and MtrB is the sensor kinase, and
collectively, MtrAB is one of the two 2CRSs that have been
shown to be essential for M. tuberculosis survival (5—7). Deretic
and co-workers (5, 6) showed that mtrA expression was up-reg-
ulated after macrophage infection with Mycobacterium bovis
BCG, a nonpathogenic vaccine strain, but was relatively unaf-
fected in M. tuberculosis infection, indicating that the expres-
sion and possibly the activity of MtrA could influence M. tuber-
culosis virulence. Earlier, we showed that the overproduction
of a phosphorylation-competent wild type (WT) MtrA
(MtrAyr) compromised the ability of M. tuberculosis to
replicate after infection, whereas the simultaneous overpro-

®The abbreviations used are: 2CRS, two-component regulatory signal
transduction; RR, response regulator; MtrA,,, wild type MtrA; SCO, sin-
gle crossover; DCO, double crossovers; qRT, quantitative real-time; PG,
peptidoglycan.
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duction of MtrA and the sensor kinase MtrB reversed the
growth defect, suggesting that one role of the MtrB sensor
kinase is to help regulate the phosphorylation status of MtrA
(8). More recent data have identified oriC and the promoters
(P) for dnaA and fbpB as MtrA targets (9). Other recent
findings implicate MtrB in cell wall homeostasis in part
through its association with the lipoprotein LpgB (10).
Although the characterization of an Mycobacterium avium
mtrB transposon mutant and a Corynebacterium glutami-
cum mitrB deletion mutant implicated MtrB in cell wall
metabolism (11, 12), the role, if any, of MtrB in M. tubercu-
losis cell division and cell wall synthesis remains elusive.

MtrB activation is critical for MtrA phosphorylation and
subsequent expression of MtrA targets, which are referred to as
the MtrA regulon. However, how the MtrB kinase is activated
has not been determined, and the features that are important
for the activation process are still largely unknown. The present
study was designed to address the latter important issue. Given
the involvement of the MtrAB system in maintaining cell wall
integrity, we considered the possibility that MtrB activation is
connected to its association with the septa and possibly its syn-
thesis. Consistent with this assumption, we show that MtrB
associates with the septa and poles as well as the membranes
and that this septal association is an important feature of its
activation process (i.e. via phosphorylation) and optimal MtrA
regulon expression.

MATERIALS AND METHODS

Strains and Bacterial Growth Conditions—Escherichia coli
strain Topl0 used for cloning purposes was propagated in
Luria-Bertani (LB) broth or LB agar supplemented with ampi-
cillin (50 mg/ml), kanamycin (50 mg/ml), or hygromycin (200
mg/ml). Mycobacterium smegmatis mc>155 and M. tuberculo-
sis strains were grown in Middlebrook 7H9 broth supple-
mented with oleic acid-albumin-dextrose-catalase and sodium
chloride and appropriate antibiotics as needed.

Molecular Techniques—Plasmids and oligonucleotide prim-
ers used in this study are listed in supplemental Tables S1 and
S2, respectively. mtrB related constructs: Full-length mrB or its
truncated derivative lacking the first 233 codons (mtrBsol) were
amplified using primer combinations MVM883-MVM814 and
MR162-MVMS814, respectively, and cloned as a PacI-Xbal frag-
ment in pRD3 under the inducible tetracycline promoter (Ptet)
by replacing the ftsZ coding region (13) to create plasmids pKS4
and pSVM25, respectively. The recombinant plasmids were
integrated at the attB locus in M. tuberculosis and M. smegma-
tis to create Mtb-Ptet::mtrB-gfp/ Mtb-Ptet::mtrBsol-gfp and
Msmeg-Ptet::mtrB-gfp/ Msmeg-Ptet::mtrBsol-gfp, respectively
(see Table 1). To express gfp-mtrB, PCR amplified gfp (primers
gfp-F and gfp-R) and mtrB (primers mtrB-F and mtrB-R) cod-
ing regions were cloned as a fusion in replicating plasmid
pLR52 under the inducible Ptet to create pPNM28 (supplemen-
tal Tables S1 and S2). In some experiments the mtrB coding
region was amplified using primers MtrBstartNde and
MVMS814 and cloned downstream of the amidase promoter
(Pami) in integration proficient vector pJFr19 (8) to create
pRD102. MVM892F-MVM892R and MVM891-MVM891R
were used along with the QuikChange site-directed mutagene-
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sis kit (Stratagene Corp., La Jolla, CA) to mutate mtrB at codon
305 to create plasmid constructs pKS4y;50s, and pKS4y505y
expressing Ptet:mtrB;osp-gfp and Ptet:mtrB;osy-gfp, re-
spectively (Table 1). MVM877-MVM878 primers were used to
amplify the mtrBsol coding regions of mtrB, mtrB, s, and
mtrB, 505y, and these were cloned into the pMALC4E vector to
express the corresponding maltose-binding protein (MBP)
fusions (see pDS21, pSVM16, and pSVM17 in supplemental
Table S1). MtrAy, o, was created by site-specific mutagenesis
using Y102C-F and Y102C-R primers essentially as described
for MtrApy;;4 (14). The coding regions of mitrAp;;. and
mitrAy, g, were cloned into pJFR19 and pMALC4E (14).

BACTH Vectors—The mtrB and ftsZ coding regions were
cloned into the low copy vectors pKT25 or pKNT25 and the
high copy vectors pUT18 or pUT18C (see supplemental
Tables S1 and S2). All cloned fragments were confirmed by
sequencing.

Disruption of the mtrB,,,,,., Gene at Its Native Chromosomal
Locus—A two-step recombination protocol was used for dis-
ruption of the M. smegmatis mtrB gene (15). A suicidal recom-
bination delivery vector with a 90% deletion of the mtrB coding
region was prepared in three steps. First, a 835-bp region
upstream of the mtrB gene was amplified using the primers
MR91 and MR92 and cloned as a Scal-HindIII fragment in the
p2NIL vector to create pRD89 ( supplemental Table S2). Next,
a 1007-bp fragment containing the 82-bp mtrB 3’ end to ~900
bp of the downstream gene /pgB was amplified using primers
MR89 and MR90 and cloned as a HindIII-NotI fragment into
pRD89 to create pRD90. Finally, a 6-kb Pacl cassette carrying
the lacZ and sacB genes was cloned into pRD90 to create the
suicidal recombination vector pRD91. This plasmid was elec-
troporated into M. smegmatis, and single crossover (SCO)
recombinants were selected as described (16). SCOs were con-
firmed by PCR and Southern before processing for double
crossovers (DCOs). In some experiments pRD102 (supplemen-
tal Table S1) was integrated in an SCO strain at the at¢B locus
and processed for DCOs. MVM883-MVM814 and MVM233-
MVMS814 primer combinations were used to confirm the sizes
of mtrB gene at native and a#tB loci. MVM223 binds within the
Pami. Next, the integrated pRD102 plasmid in the DCO strain
was swapped with the pMV306K (Km", empty vector) to create
the mtrB deletion strain as previously described (16).

Purification of FtsZ, MtrB, and MtrA Proteins—His-FtsZ g,
MBP fusion derivatives of MtrAy,, MtrAp, 3., MtrAy, g,c» S0l-
uble MtrB, MtrB, ;05p, and MtrB, ;0.y, and His- MtrAy 5,
were purified following the protocols as previously described
(14, 17). Preliminary experiments indicated that MBP-
MtrAp,;, Was not active, whereas His-MtrAp,;, was active;
hence, His-MtrAp;;, was used to evaluate the promoter DNA
binding experiments.

Phosphorylation Assay—Phosphorylation of WT and mutant
MtrB proteins (5 um) with [y-**P]ATP was performed essen-
tially as described (14).

Electrophoretic Mobility Shift Assay (EMSA)—Interactions of
MtrA and phosphorylated MtrA (MtrA~P) with 5’-6-carboxy-
fluorescein-labeled PripA or oriC were assessed by EMSA as
described (9). A 200-bp ripA upstream region was amplified
using 6-carboxyfluorescein-labeled primers MVM782 and
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MVM783. MtrA or MtrA~P was incubated at 0.1, 0.25, 0.5, or
1.0 um with 200 fmol of PripA in 50 mMm Tris-HCI, pH 7.5, buffer
containing 50 mM NaCl, 10 mm MgCl,, 10 mMm CaCl,, and 5%
glycerol, 20 pmol of poly(dI/dC), 1 ug of sheared salmon sperm
DNA, and 1 pg of BSA. Samples were incubated for 15 min at
37 °C, resolved on polyacrylamide gels, and protein-DNA com-
plexes were visualized using a Bio-Rad Molecular Imager Fx.
For controls, PripA was incubated with EnvZ kinase, and the
complexes were processed as described above.

Chromatin Immunoprecipitation (ChIP) Assay—ChIP was
carried with formaldehyde-cross-linked M. tuberculosis lysates
and anti-MtrA and mock antibodies as described (9).

RNA Extraction, Reverse Transcription, and Quantitative
Real-time (qRT) PCR—Total RNA was extracted from 7H9
broth-grown cultures of M. smegmatis as previously described
(8,9, 16, 18, 19). RNA was reverse-transcribed using random
hexamers (Invitrogen) and 200 units of Moloney murine leuke-
mia virus reverse transcriptase (Promega), and the cDNA
obtained was used to perform qRT-PCR in a Bio-Rad iCycler
iQ5™ Real-Time PCR detection system using 2X iQ SYBR
Supermix (Bio-Rad). The primers used for qRT-PCR are listed
in supplemental Table S3. 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 formula, -fold
change = 274D, Final expression data were determined
from an average of three independent RNA preparations that
were reverse-transcribed and quantified by real-time PCR; each
gene of interest was investigated in triplicate.

Microscopy—Visualization of M. smegmatis and M. tubercu-
losis cells and quantification of fluorescent structures were
essentially as described (13, 20). M. tuberculosis samples were
always fixed in 4% paraformaldehyde before visualization. This
led to quenching of fluorescence signals in some cases. There-
fore, where applicable quantification of localization patterns
were performed in appropriate M. smegmatis strains.

Western Blotting—MtrB protein was detected in the lysates
by immunoblotting after electrophoresis on 12% SDS-PA gels
as previously described (13). Parallel blots were probed with
affinity-purified a-MtrB and a-SigA antibodies. SigA was used
as a loading control.

Cell Wall Hydrolysis Assays—Preparations of crude cell walls
containing mycolyl arabinogalactan from M. smegmatis strains,
fluorescein labeling, and determination of cell wall hydrolysis
activity were performed essentially as described in Chauhan et
al. (16). Percent hydrolysis was calculated relative to the input
fluorescent counts.

RESULTS

MtrB Is an Abundant Protein That Localizes to Cell Poles,
Septal Sites, and Membranes—To begin evaluating the roles of
the MtrB sensor kinase in M. tuberculosis physiology and cell
wall metabolism, we determined the intracellular levels of MtrB
in actively growing cells using the recombinant MtrB as an
internal standard. When calculated, ~12,000 MtrB molecules/
M. tuberculosis cell were found. Slightly lower levels (~7500
molecules) of MtrB were found in M. smegmatis, which grows
more rapidly, with an average doubling time of 3 h. We reported
earlier that the intracellular levels of FtsZ, MtrA, and CrgA
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FIGURE 1. Visualization of MtrB-GFP structures in M. tuberculosis and
M. smegmatis. Mtb-Ptet:mtrB-gfp (i and ii), Msmeg-Ptet:mtrB-gfp (i and iv),
or Msmeg-Ptet:mtrBsol-gfp (v and vi) strains were examined by brightfield and
fluorescence microscopy. Inducer anhydrotetracycline was added at a final
concentration of 10 ng/ml. As controls, M. smegmatis dosS-gfp expressed
from Ptet was tested (panels vii and viii). In panels ii, iv, and vi fluorescent
structures are marked: arrow, midcell localization; arrowhead, polar localiza-
tion. Note that Msmeg-Ptet:mtrBsol-gfp cells show diffuse fluorescence (panel
vi), whereas Ptet::dosS-gfp cells do not show any distinct septal localization
(panel viii).

proteins in M. tuberculosis correspond to 30,000, 4,000, and
20,000 molecules/actively growing cell, respectively (8, 20, 21).
Thus, MtrB appears to be a relatively abundant protein in
M. tuberculosis.

Next, we visualized MtrB-GFP localization patterns in
Mtb-Ptet::mtrB-gfp carrying pKS4 integrated at the attB locus.
An increase of ~2.5-fold in MtrB levels was noted upon the
addition of inducer anhydrotetracycline (supplemental Fig. S1).
Under these growth conditions, bright septal, polar, and mem-
brane localization of MtrB-GFP was evident (Fig. 1). When
quantified, ~16 and 21% of cells showed midcell and polar
localizations, respectively (Fig. 1, panel ii; see arrows and
arrowheads). Interestingly, many cells exhibited a wide and
bulging cell phenotype (Fig. 1, panel i). The septal localization
pattern of MtrB suggests its association with the septasome
and/or nascent growth zones.

The MtrB proteins of M. tuberculosis and M. smegmatis
show significant sequence identity and 94% amino acid similar-
ity, indicating that these proteins might be functionally con-
served. Accordingly, we visualized the MtrB-GFP localization
pattern in Msmeg-Ptet::mtrB-gfp. A localization pattern similar
to Mtb-Ptet::mtrB-gfp was evident; quantification of the MtrB
structures revealed that 20 and 39% of the cells showed midcell
and the polar localizations, respectively (Fig. 1, panels iii and
iv). The frequency of MtrB-GFP septal localization observed
was comparable with that reported for FtsZ-GFP (13, 17). Pro-
duction of MtrB-GFP in M. smegmatis did not affect cell length
(data not shown).

As a control, the localization pattern of the DosS (also
referred to as DevS)-GFP sensor kinase was visualized. DosS is
a component of the DosRS 2CRS (2). DosS-GFP localized to
membranes like the MtrB but not to the septa, which is in con-
trast to the observations associated with MtrB (Fig. 1, panels vii
and viii). These results indicate that not every sensor kinase
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localizes to the septa. Next, we visualized GFP-MtrB structures
and found localization patterns similar to MtrB-GFP (supple-
mental Fig. S2, panel ii) except that the GFP-MtrB structures at
the septa appeared to be less stable and tended to bleach fast,
presumably reflecting a partially active protein (see below).
Nonetheless, these results suggest that the observed structures
are not due to artifacts associated with the localization of the
fusion protein (also see below).

The Cytosolic Domain of MtrB Is Sufficient for Septal
Localization—MtrB is a 567-residue membrane-bound sensor
kinase with two potential transmembrane domains (residues
42—-62 and 213-233), an HAMP linker (residues 215-284), and
a His-kinase A phosphoacceptor domain (residues 302—519).
We recently reported that the MtrB fragment containing the
C-terminal 334 residues (amino acid 234 to the end, designated
as MtrBsol) is soluble and competent for exhibiting autophos-
phorylation and transphosphorylation activities (14). We
found that the MtrBsol-GFP protein localized to midcell
sites in M. smegmatis (Msmeg-Ptet::mtrBsol-gfp) but also
showed an overall diffuse fluorescence throughout the cell
(Fig. 1, panels v—vi). These results revealed that although the
cytosolic domain is sufficient for septal localization, an
intact membrane domain appears to be required for stable
MtrB septal localization.

MtrB Septal Localization Requires FtsZ Assembly—FtsZ, a
homolog of tubulin, assembles as a ring at the midcell site to
initiate the cell division process. Studies with other bacteria
revealed that the assembly of other proteins at the septa and
FtsZ interactions, either direct or indirect, with some of the
assembled proteins leads to productive cell division (for a
recent review, see Ref. 22). To evaluate whether MtrB-GFP sep-
tal localization was dependent on FtsZ assembly, the pRD73
plasmid was electroporated into an M. smegmatis ftsZ condi-
tional expression strain, FZ3, where ftsZ expression is under the
control of Pami (23), to create FZ3-Ptet::mirB-gfp. In the FZ3
strain, the removal of acetamide results in the depletion of
intracellular FtsZ levels and the production of filamentous cells
that are sometimes branched (23). When grown in the presence
of acetamide, ~25% of cells had distinct MtrB-GFP structures
at midcell sites in FZ3-Ptet::mtrB-gfp (Fig. 2, panel ii). How-
ever, when acetamide was removed to deplete FtsZ, ~3% of
the cells retained MtrB structures at septa after 6 h, which
corresponds to ~2 doubling times; nevertheless, the ability
of MtrB to localize to membranes was not compromised (Fig.
2, panels iii and iv). Similar results were found 9 h after the
removal of acetamide except that the cells were more elon-
gated (Fig. 2, panels v and vi). Together, these data indicate
that MtrB is recruited to midcell sites after the midcell FtsZ-
ring assembly and that MtrB septal structures are compro-
mised in the absence of FtsZ.

Bacterial two-hybrid experiments (24, 25) did not show
interactions between the MtrB and FtsZ proteins (supplemen-
tal Fig. S3). In these experiments constructs producing full-
length FtsZ and MtrB proteins as C-terminal fusions to either
the T18 or T25 domains of the Bordetella pertussis adenylate
cyclase protein were cotransformed into the E. coli BTH101
strain deficient for adenylate-cyclase and spotted on minimal
media agar indicator plates containing [-galactosidase sub-
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FtsZ- (9h)

FIGURE 2. MtrB localization under FtsZ depletion conditions. FZ3,
M. smegmatis AftsZ, Pami:ftsZ strain (23) expressing Ptet:mtrB-gfp was grown
with 10 ng/ml anhydrotetracycline but in the presence (i and ii) or in the
absence (jii to vi) of acetamide for 6 h (iii and iv) and 9 h (v and vi) and exam-
ined by brightfield (panels i, iii, and v) and fluorescence (panels ii, iv, and vi)
microscopy. Bars denote the length in microns. Note distinct Z-rings (marked
with arrows) present in the panel ii are absent in panels iv and vi. Arrowhead,
membrane localization.

strate as described (26). No blue color was evident in the trans-
formants carrying mtrB/ftsZ constructs (supplemental Fig. S3).
In contrast, cotransformants containing f¢sZ/ftsZ and the pos-
itive control gcnd/gecn4 exhibited an intense blue color. Pull-
down experiments with E. coli lysates containing MBP-MtrB
and His-FtsZ proteins and nickel-nitrilotriacetic acid resin
showed that the FtsZ protein fractions eluted from the nickel
affinity columns did not contain MtrB (supplemental Fig. S4,
panel ii). Parallel experiments with His-FtsZ and MBP-ClpX,
an FtsZ interacting protein (13), showed co-purification of
ClpX with His-FtsZ on nickel-nitrilotriacetic acid resin (sup-
plemental Fig. S4, panel i). Independently, co-immunoprecipi-
tation experiments with M. smegmatis lysates containing MtrB
and FtsZ proteins and anti-FtsZ antibodies showed that the
FtsZ immunoprecipitated samples did not contain MtrB (see
supplemental Fig. S4, panel iii, lane E1). In contrast, M. smeg-
matis lysates containing FtsZ and CrgA, a FtsZ interacting pro-
tein (20), recovered CrgA along with FtsZ in the FtsZ immuno-
precipitated samples (supplemental Fig. S4, panel iii, lane E2).
Together, these results confirm that FtsZ and MtrB proteins do
not interact.

mtrB Contributes to, but Is Not Essential, for Cell Division—
Next, we created an M. smegmatis mtrB deletion strain to eval-
uate its roles (Fig. 3). Our initial attempts to disrupt the mtrB
gene in the WT M. smegmatis background were unsuccessful,
as PCR analysis revealed that 80 of 80 DCOs contained the
intact mtrB gene at the native locus (data not shown). However,
when DCOs were processed from an mtrB SCO containing
pRD102 expressing Pami::mtrB integrated at the attB locus, 1
of 8 DCO recombinants exhibited a mutant pattern (data not
shown), and Southern blot analysis confirmed the mrB dele-
tion at its native locus (Fig. 3B). The pRD102 was later swapped
with an empty plasmid to create an M. smegmatis AmtrB strain.
The absence of the MtrB protein was confirmed by immuno-
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FIGURE 3. Construction of M. smegmatis mtrB mutant. A, shown is a schematic depicting the 9.3-kb mtrB region of M. smegmatis (top panel) and the mutant
mtrBregion (bottom panel). The region is not drawn to scale. The locations of Ncol and Bglll sites are shown. B, shown is a Southern blot confirming the deletion
of mtrB. Genomic DNA was isolated from WT M. smegmatis, two SCO (A and B under SCO), and four DCO strains, digested with Bglll or Ncol enzymes, transferred
to nitrocellulose membrane, and probed with *2P-labeled mtrA fragment (black bar shown in the top panel). Using this probe, we detected bands correspond-
ing to 7.8 kb for mutant and 3.9 kb for wild type with Bglll digestion but 1.98 kb for mutant and 1.38 kb for WT with Ncol. Positions of SCO, DCO and
chromosomal copy mtrB bands are marked. C, shown is immunoblotting of M. smegmatis mtrB strains. For confirmation of the loss of MtrB protein, protein
lysates from select DCOs along with WT strain were prepared, 5 ug of protein was resolved by SDS-PAGE in 12% gels, and immunoblotting was performed with
affinity purified a-MtrB antibodies. Parallel blots were processed and probed with «a-SigA antibodies.

blotting (Fig. 3C). One pure colony was propagated and used in
all subsequent experiments.

M. smegmatis AmtrB grew poorly in broth, was clumpy, and
exhibited filamentous cells, which often had bulbous regions
and exhibited a chain-like phenotype indicating possible
defects in septum splitting and cell wall metabolism. Conse-
quently, precise cell length measurements could not be made
(Fig. 4, compare panels i and ii). In contrast, actively dividing
WT M. smegmatis cells were short and ~3—4 um in length (Fig.
4, panel i). The AmtrB complement strain expressing either
M. tuberculosis Pami::mtrB (pRD102) or Ptet::mtrB-gfp (pKS4)
grew like the WT with similar cell morphology (Fig. 4, panels
iii-v) and showed distinct MtrB-GFP septal, polar, and mem-
brane localization (Fig. 4, panel v; data not shown). These latter
results indicated that the mtrB. or mtrB,4-gfp gene product
can functionally replace the M. smegmatis counterpart and that
MtrB activity is required for some aspect of cell division. We

JULY 6,2012+VOLUME 287+-NUMBER 28

also found that AmtrB transformed with pNM28 expressing
Ptet::gfp-mtrB remained filamentous and showed very few sep-
tal structures (supplemental Fig. S2, panels iii and iv), indicat-
ing a lack of complementation. Instead, fluorescent aggregates
were found randomly located along the length of the cells (sup-
plemental Fig. S2, panel iv). It is likely that either the GFP-MtrB
fusion protein is partially active and/or is defective for interac-
tions with proteins that otherwise promote stable association of
MtrB with the septa.

MtrB Phosphorylation Activity Is Necessary for Productive
Cell Division—To test whether MtrB phosphorylation activity
is necessary for its septal localization, we replaced the con-
served histidine residue of MtrB (27) at position 305 with either
tyrosine (MtrBy;505y) Or aspartic acid (MtrB;;305p) and charac-
terized the mutant proteins. Incubation of MBP-MtrB proteins
with [y-**P]ATP revealed a distinctly labeled protein with WT
MtrB protein confirming autophosphorylation activity (Fig. 54,
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FIGURE 4. Phenotypic characterization of mtrB mutant. Visualization of
M. smegmatis (panel i) WT and (panel ii) AmtrB strains by brightfield micros-
copy is shown. Actively growing cultures in liquid were examined. Note: the
black arrow in panel ii indicates cell lysis. Black arrowheads, buds, branches,
and swollen cell morphology. Complementation of AmtrB phenotype: panel
iii, PamizmtrBrg (pRD102); panels iv-v, Ptet:mtrB-gfp (pKS4). Panel iv repre-
sents a brightfield image, whereas v represents a fluorescence image. White
arrowhead, midcell MtrB-GFP band.

top panel). In contrast, neither MtrB;;35p nor MtrBy;305y pro-
duced a labeled band (Fig. 5A, top panel). Because equal
amounts of proteins were used to evaluate MtrB autophosphor-
ylation activity (Fig. 54, bottom panel), we concluded that the
mutant MtrB proteins were defective for autophosphorylation.

Next, we transformed the AmtrB strain with Ptet:mtrB 505y~
gfp and Ptet:mirBi505p-gfp expressing plasmids and visualized
the phenotype and MtrB localization patterns in the corre-
sponding strains (Fig. 5B, panels i and ii). As observed, these
cells remained filamentous with bulgy regions (compare Fig.
5B, panel i, with Fig. 4, panels iii—v) but contained distinct
membrane and septal localizations (Fig. 5B, see the white arrow
and arrowheads in panel ii; only data with Ptet:mtrBy 505y-2fp
are shown). We also found that AmtrB transformed with plas-
mids expressing either MtrB, 5,5y or MtrB, 545 had a similar
phenotype (data not shown). These results indicate that not
only the MtrB septal localization but also the subsequent down-
stream events are necessary for optimal cell division.

We found that M. tuberculosis strains producing MtrB, 505y~
GFP and MtrB,55p-GFP showed diffuse and less intense fluo-
rescence in less than 2% of cells (supplemental Fig. S5). It is
known that sensor kinase phosphorylation promotes its oligo-
merization activity (3, 4, 28). Thus, the diffuse fluorescence of
MtrB;1305v-GFP and MtrB;305p-GEP could be due to defective
oligomerization activity of these proteins. Alternatively, the dif-
fuse fluorescence could also be due to the paraformaldehyde
fixation step, which quenches fluorescence.

Increased Lysozyme Susceptibility of mtrB Mutant Cell Walls—
Elongated cells with the bulbous structures of the AmtzrB strain
suggested defects in cell wall peptidoglycan (PG) metabolism,
which could in turn modulate access to PG of enzymes that act
on glycan strands and murein sacculus (29, 30). Mycobacterial
PG is generally known to be resistant to lysozyme, a murami-
dase that cleaves the glycosidic linkages between the sugar res-
idues of the PG (31, 32). To test this assumption, the sensitivity
of WT and AmtrB cell walls to lysozyme was tested. Consistent
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FIGURE 5. In vitro phosphorylation and in vivo localization of mutant
MtrB-GFP structures. A, recombinant MtrB, MtrBy,;osy, and MtrBy;osp pro-
teins were tested for autophosphorylation activity in buffer containing Ca**
and Mg?" and [y->?P]ATP as described in the Materials and Methods section.
Samples were incubated for 30 min and resolved by SDS-PAGE, and the radio-
activity in the protein bands was visualized in a Bio-Rad Molecular Imager Fx
(top panel). A parallel gel was stained with Coomassie Blue and visualized
(bottom panel). M, protein size markers. Note that distinct phosphorylation
was seen with wild-type MtrB but not with mutant proteins. B, visualization of
MtrB,y50sy-GFP structures in M. smegmatis AmtrB strain is shown. Panels i
shows the bright-field image, whereas panel ii shows the fluorescent image.
Note: these cells remained filamentous but contained distinct bands at septa.
Black arrow, bulged morphology; white arrow, membrane localization; white
arrowhead, septal localization.

with our assumption, cell walls from AmtrB were relatively
more sensitive to lysozyme compared with those from WT
(Fig. 6).

Overproduction of Mutant MtrA Proteins Reverses AmtrB
Phenotype—What might be the consequence of MtrB septal
association? We considered the possibility that MtrB septal
association promotes its autophosphorylation activity, which
could in turn lead to MtrA phosphorylation and regulated
expression of MtrA regulon targets including those important
for cell wall metabolism. To address the issue, we first searched
for MtrA proteins that no longer require MtrB for phosphory-
lation and yet promote the reversal of the AmtrB phenotype. In
this regard, a candidate of interest is MtrA,;,, which has a
mutation in the signal receiver domain and is phosphorylation-
defective but is proficient at binding to its target PfbpB and
modulating its expression (14). We further confirmed this
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FIGURE 6. Cell wall hydrolysis activity of MtrB proteins. Cell wall prepara-
tions from M. smegmatis WT and AmtrB strains were prepared, labeled with
fluorescein, and incubated with 1 mg/ml lysozyme in 50 mm Tris-HCI 8.0 and
1 mm EDTA for 4 h. Reactions were arrested by adding 4 m LiCl, and released
labeled productsin the supernatant relative to the total labeled input cell wall
were measured in a Jasco FP 6500 fluorimeter. Average percent hydrolysis
from three independent experiments is shown.
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assumption by evaluating MtrA;; binding to the oriC target
by EMSA (9). Again, MtrAp,;, bound oriC proficiently in the
absence of ATP (supplemental Fig. S6). Although these studies
are limited in nature, we hypothesized that MtrAp,;, is a con-
stitutively active protein. MtrA crystal data indicate that the
signal-receiving and DNA binding domains are locked and that
tyrosine at position 102 is at the interdomain interface (33). It
was proposed that mutations at this locus modulate interdo-
main orientation and possibly favor MtrA phosphorylation
(33). Thus, MtrAy,,c could be another candidate of interest.
To further characterize MtrAy,c, we evaluated its phosphor-
ylation ability by incubating with heterologous kinase EnvZ (9).
It was shown earlier that MtrA is poorly phosphorylated by
small phosphoryl donors but can be phosphorylated by EnvZ (8,
33). MitrAy g5, unlike MtrAp; 54, was found to be phosphory-
lation-competent (Fig. 7, upper panel). Next, we transformed
the AmtrB strain with integrating plasmids pMZ3 and pDS4
producing MtrAp;5, and MtrAy, o, respectively, and evalu-
ated the AmtrB phenotype. As seen, much of the AmtrB fila-
mentous phenotype was reversed in the presence of the aceta-
mide inducer (Fig. 7, lower panel; compare mitrAp,,, and
mtrAy, g, panels with control AmirB). However, some cells
remained elongated and showed bulbous regions indicating
that reversal of the phenotype was not complete. Overproduc-
tion of either MtrAy,+ or MtrAp..y Which is defective for
phosphorylation (8), did not reverse the AmtrB phenotype (Fig.
7, lower panel). The MtrA g ,unlike MtrA; ;,, is not profi-
cient at binding to its target, fbpB (14). Together, these results
emphasize that activities of the MtrAy,, ,,c and MtrAp,;, pro-
teins are important for reversing the AmtrB phenotype.
Essential Cell Wall Hydrolase RipA Is an MtrA Target—Cell
wall hydrolases, which are members of the cell wall-processing
enzymes, act at late stages of cell division and are critical for
hydrolyzing PG layers connecting daughter cells and, hence, for
daughter cell separation. Thus, defects in cell wall hydrolase
activities often lead to filamentation, chain-phenotype, and
possibly altered cell shapes (16, 34—36). The M. tuberculosis
genome is annotated to contain several hydrolases; however, to
date, RipA, ChiZ, and CwlM have been shown to possess cell
wall hydrolysis activities (16, 36, 37). Furthermore, modulated
levels of RipA and ChiZ result in filamentation and cell shape
changes (16, 36). Given the phenotype similarities of AmtrB
with chiZ and ripA strains, we considered the possibility that
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mtrA D13A

FIGURE 7. Characterization of the effects of mutant MtrA proteins on
mtrB phenotype. Upper panel, shown is an autoradiogram evaluating the
phosphorylation potential of MtrA proteins. MtrA,,r, MtrAg, 5, and MtrAy; ¢
were incubated with EnvZ and [y->?P]ATP, and products were resolved by
SDS-PAGE and visualized by phosphorimaging. Lower panel, shown is mor-
phology of AmtrB-producing mutant MtrA proteins. AmtrB transformed with
plasmids producing MtrA,; (AmtrB + mtrA,,;), phosphorylation-defective
MtrA (AmtrB + mtrAp,5a AmtrB + mtrAysey), or phosphorylation-proficient
MtrA (AmtrB + mtrAy, o,c) were grown with acetamide for 16 h, and cells were
visualized by brightfield microscopy. Note near restoration of WT phenotype
with plasmids producing either mtrAy,q,c or mtrAg;sa.

some hydrolases are members of MtrA regulon; hence, their
expression levels may have been compromised in AmtrB.
Accordingly, we first searched for the MtrA motif-like
sequence in the 5’ upstream sequence of the ripA, chiZ, and
cwIM coding regions (data not shown) and found that only the
5" upstream regions of ripA of M. tuberculosis and M. smegma-
tis contained well conserved MtrA motif-like sequences (Fig.
8A). Next, we performed ChIP experiments and showed that
the PripA, similar to the positive control PfbpB (Fig. 8B), was
enriched with anti-MtrA antibodies. We further validated the
ChIP data by EMSA (Fig. 8C) and identified MtrA,, -RipA
complexes. Although modest, MtrA,~P appears to retard
PripA better than MtrA . (Fig. 8C, compare lanes 3 and 4 with
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FIGURE 8. MtrA binds to ripA promoter. A, Logo analysis shows the MtrA motif in the 5’-upstream regions of the ripA gene. The 250-bp upstream sequences
(also called the promoter region) of the ripA-coding region of M. smegmatis and M. tuberculosis were analyzed by MEME analysis (50). MtrA-motif like sequences
were identified and used to generate MtrA-motif logo. Although not shown, the M. tuberculosis PripA region has two motifs starting at positions 90 and 142 in
the + strand and at 214 in the — strand, whereas M. smegmatis has two motifs at positions 62 and 115 in the + strand and 214 in the — strand. Potential 9-base
motif is underlined. B, ChIP experiments are shown. M. tuberculosis cell lysates prepared after formaldehyde cross-linking were used forimmunoprecipitation
with a-MtrA or mock antibodies. Protein-DNA complexes obtained were processed for removal of cross-links and subjected to PCR using primers specific to
PftsZ, PripA, and PfbpB. PCR reactions were done in duplicate for different dilutions of template, products were resolved by agarose gel electrophoresis, gels
were visualized by staining with SYBR Green dye in a Bio-Rad Molecular Imager Fx, and bands were quantified using Quantity One software (Bio-Rad). Results
are presented as ratios of immunoprecipitates (/P) to mock and normalized against FtsZ values, and data shown are the average of at least three independent
experiments. C, shown is polyacrylamide gel analysis of PripA- MtrA,,r complexes. MtrA,,; protein was phosphorylated by EnvZ protein in the presence of ATP.
MtrA,,r and MtrA,,;~P were incubated individually with 200 fmol of 6-carboxyfluorescein-labeled PripA for 15 min at 37 °C, and samples were resolved by
polyacrylamide gel electrophoresis and visualized in a Bio-Rad Molecular Imager Fx. The positions of ripA probe and MtrA,,-PripA complexes are marked. Note
MtrA,,+~P bound PripA better than MtrA. MtrA,,; or MtrA,,~P was used at 0.1, 0.25, 0.5, and 1.0 um. D, shown is a polyacrylamide gel analysis of PripA-MtrA/

MtrAp, ;4 complexes. All details are as in panel C, except that MtrAp,; 3, was used at 5, 10, 15, 20, and 25 um.

9and 10). We also found that MtrAp, 5, protein retarded PripA
(Fig. 8D). Interestingly, MtrA,,;, bound to PripA efficiently in
the absence of ATP, indicating phosphorylation-independent
binding. We conclude from these experiments that ripA is an
MtrA target.

MtrB Septal Assembly Is Necessary for Its Activation—Next,
to understand the correlation between MtrB septal localization
and MtrA regulon expression, we evaluated the expression lev-
els of MtrA targets dnaA (8), fbpB (9), and ripA (this study) by
qRT-PCR. As controls, we measured the expression levels of
ftsZ and chiZ (non-MtrA targets (9)) and pfkB, a gene linked to
the dosR regulon (38). We also evaluated the expression levels
of two other cell division genes, ftsI and wag31. We noted a
significant reduction in the expression levels of dnaA, fbpB, and
ripA in AmtrB cells (Fig. 94, panel i, p values =< 0. 0001); how-
ever, expression levels of ftsZ, pfkB, and chiZ were not
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decreased (Fig. 9A, panel ii, p value = 0.1271) but instead
increased for chiZ and pfkB. These latter results are consistent
with the reported findings that conditions that induce stress
often lead to an increase in the expression levels of chiZ and
pfkB (Refs. 16 and 39);see Fig. 9A, panel ii). Expression levels of
ftsI and wag31 were also reduced in AmtrB (Fig. 9A, panel i).
However, overexpression of ftsI or wag31 in the AmtrB back-
ground did not reverse its phenotype (data not shown). We do
not know whether f#sI and wag31 are MtrA targets, but their
expression could be an indirect consequence of the absence of
MtrB or its septal association.

Consistent with the reversal of the AmtrB phenotype,
MtrAy;gc and MtrA,;;, overproduction increased the
expression levels of dnaA, ripA, and fbpB (Fig. 9, B and C,
panel ii, p values = 0.01) and ftsI and wag31 (Fig. 9, Band C,
panel i, p values = 0.002). The expression of chiZ and ftsZ
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FIGURE 9. gRT-PCR analysis of MtrA targets. Total RNA from WT and AmtrB cells was extracted and reverse-transcribed, and gRT-PCR was performed as
described under “Materials and Methods.” Expression levels of select genes relative to housekeeping gene sigA were compared, and the values are presented
as -fold difference in the expression of mutant relative to WT cells. A, shown are gRT-PCR expression levels of select targets in AmtrB background. Panel i
includes the -fold expression levels of wag31, dnaA, ripA, ftsl, and fbpB, whereas panel ii includes the expression levels of chiZ, ftsZ, and pfkB. B, qRT-PCR
expression levels of select targets in AmtrB background-overproducing mutant MtrAyo,c. Uninduced refers to cultures grown in the absence of acetamide,
whereas induced indicates cultures grown in the presence of 0.2% acetamide for 12 h. Panel i shows the expression levels of mtrA, wag31, and ftsl; panel ii shows

the data for dnaA, ripA, and fbpB, and panel iii shows the qRT-PCR data for chiZ,

ftsZ, and pfkB. Note the y axis scale in panel iii is different from panels i and ii.

C, shown are qRT-PCR expression levels of select targets in AmtrB background overproducing mutant MtrAp ;4. Other details are as described for panels i-iii

under B.

was not significantly affected (see panel iii of Fig. 9, Band C),
whereas that of pfkB was modestly affected in AmtrB over-
producing MtrAy, o, (see Fig. 9B, panel iii).

Next, we evaluated MtrA regulon expression in M. smegma-
tis under conditions that interfered with MtrB septal associa-
tion, e.g. FtsZ depletion (see Fig. 2B). A reduction in the expres-
sion levels of dnaA, fbpB, and ripA (Fig. 104, panel ii, p value =
0.002) and ftsI, wag31, mtrA, and mtrB (Fig. 104, panel i, p
value = 0.0001) was noted under FtsZ depletion conditions, i.e.
9 h after the removal of acetamide. Similar results were also

JULY 6,2012+VOLUME 287-NUMBER 28 YASHIN

obtained 6 h after the removal of acetamide (data not shown). In
contrast, the expression levels of pfkB and chiZ, which are not
MtrA targets, were not significantly affected (Fig. 10A, panel iii,
p values = 0.1).

As another measure for the validation of the above concept,
we exposed M. smegmatis cells to mitomycin C, a compound
that damages DNA and inhibits cell division (16). Mitomycin
C-exposed cells were elongated (Fig. 10B; compare panel iii
with i) and defective for FtsZ-ring assembly (Fig. 10B; compare
panel iv with ii). The majority of the filamentous cells either
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lacked Z-rings or showed aberrant FtsZ-GFP localizations.
Mitomycin C exposure also compromised MtrB-GFP septal
assembly (Fig. 10B, compare panels vii and viii for mitomycin
C-treated samples with panels v and vi for untreated samples).
These results indicated that MtrB associates with septa after the
stable FtsZ-ring assembly (Fig. 2). Mitomycin C exposure also
reduced the expression levels of dnaA, fbpB, and ripA (Fig. 10C,
panel ii, p values = 0. 0001) and mtrA, mtrB, ftsl, and wag31
(Fig. 10C, panel i, p values = 0. 0001). The expression levels of
ftsZ and pfkB were not affected, whereas that of chiZ was ele-
vated (Fig. 10C, panel iii). The latter result was consistent with
the published report that mitomycin C exposure leads to ele-
vated expression of chiZ (16). Together, these results indicate
that a defect in MtrB septal assembly leads to defective MtrA
regulon expression and that the observed changes in the MtrA-
target expression are not due to any pleiotropic effects associ-
ated with FtsZ depletion or mitomycin C exposure (Fig. 10).

DISCUSSION

The principal conclusion of our study is that MtrB septal
association and expression of the MtrA regulon are linked. Our
conclusion was inferred from the following observations. First,
MtrB, a relatively abundant protein, associates with cell poles,
membranes, and the septa; the last (Fig. 1) is independent of its
phosphorylation status (Fig. 5). Second, MtrA regulon expres-
sion is compromised under conditions that interfere with MtrB
septal localization (Figs. 9 and 10). Finally, the MtrB require-
ment for MtrA regulon expression is bypassed, albeit partially,
in cells overproducing MtrAyo,c and MtrAp;;,, which are
proteins that show altered phosphorylation potential (Fig. 9).
Together, these results lead to a proposal that MtrB sensor
kinase activation is promoted and/or occurs at the septa and
that this process in turn leads to autophosphorylation of MtrB
and the associated signal transduction process.

MtrB septal association implies that it is a septasomal com-
plex component and has a role in cell division, and the reported
mtrB phenotypes are consistent with this assumption (Figs.
4-6). Because overproduction of MtrAy;y,c and MtrAp ;4
proteins partially reversed the AmirB phenotype (Fig. 7, lower
panel), we reason that MtrA regulon expression is compro-
mised in the AmtrB background. Because the phenotype rever-
sal is not complete, we think that MtrB activity also directly
contributes to some as yet unidentified steps of cell division.
Although not directly pertinent to this study, the AmtrB phe-
notype reversal by the phosphorylation-competent MtrAy; ,¢
protein suggests that either other kinases and/or small mole-

cule donors, eg acetyl~P, promote phosphorylation of
MtrAy, g, in vivo.

MtrB, like other membrane-bound sensor kinases, is exposed
to both extracellular and intracellular environments. Thus,
MtrB association with membranes is expected; however, the
observed septal association is rather unique and is yet not
reported for other members of the histidine-aspartate family of
sensor kinases in mycobacteria. In partial support of this state-
ment, we showed that the DosS kinase does not localize to mid-
cell sites (Fig. 1, panel viii). However, we note that the YycFG
2CRS in other bacteria is shown to be involved in cell division
and cell wall metabolism. Like the MtrAB system, YycFG is
essential in Bacillus subtilis and Staphylococcus aureus (40—
42), and the YycG sensor kinase associates with midcell sites
and colocalizes with FtsZ (43). There are, however, some differ-
ences between the MtrB and YycG systems. For example, YycG
localization appears to be confined to septal sites, and the YycG
kinase, unlike MtrB, contains a PAS domain, that is essential for
sensing cellular redox status (for review, see Ref. 42). Other
studies showed that the YycFG system is involved in the regu-
lation of ftsZ expression (43) and PG metabolism (44 —47).
Although these data suggest that the MtrAB system in myco-
bacteria is functionally similar to the YycFG system of B. subti-
lis and other low guanine + cytosine bacteria, considering the
pathogenic life cycle of M. tuberculosis and the absence of a
PAS domain, there will likely be differences in the gene targets
between the two systems.

Considering the MtrB membrane localization, one might
assume that its septal localization could be a consequence of the
joining of two flat membranes. We argue against this possibility
because we showed that MtrBsol protein, which lacks the mem-
brane domains, localized to septal sites, albeit with low effi-
ciency (Fig. 1, panels v—vi). Additionally, the full-length MtrB
was localized either as sharp foci or intense bands at septal sites.
Finally, a larger percentage of M. tuberculosis and M. smegma-
tis cells had localizations at the cell poles compared with mid-
cell sites. Accordingly, we suggest that MtrB localization is
dynamic and that MtrB shifts from the cell membrane to the
midcell and poles as cell division progresses. This hypothesis
raises the possibility that a hitherto undiscovered protein(s)
could guide MtrB from the membrane to septal sites and poles
as cell division proceeds. Because GFP-MtrB is not proficient at
complementing the mitrB mutant phenotype (supplemental
Fig. S2), unlike the MtrB-GFP fusion protein (Fig. 4), we pro-
pose that the N terminus of MtrB could be crucial for produc-
tive interactions with other proteins.

FIGURE 10. Evaluation of select mtrA targets under conditions affecting MtrB-septal assembly. A, qRT-PCR expression levels of select mtrA targets under
conditions affecting FtsZ-septal assembly. Actively growing M. smegmatis FZ-3, ftsZ conditional expression strain, with acetamide (referred to as FtsZ+) was
harvested, washed with acetamide-free medium, and grown without acetamide (FtsZ-depleted) or with acetamide (FtsZ+) for 9 h. Total RNA from FtsZ+ and
FtsZ-depleted cultures was prepared, and qRT-PCR was performed as described under Fig. 9. Panel i shows expression profiles of mtrA, mtrB, wag31, and ftsl;
panel ii shows data for dnaA, ripA, and fbpB; panel iii shows data for chiZ and pfkB. Note: expression levels of chiZ and pfkB in panel iii were modestly affected.
B, shown is the effect of mitomycin C exposure on MtrB-GFP and FtsZ-GFP structures. M. smegmatis expressing ftsZ-gfp (panels i-iv) or mtrB-gfp (panels (v-viii)
were exposed to 0.5 ng/ml mitomycin C (panels iii, iv, vii, and viii) or grown untreated (panels i, ii, v, and vi) for 6 h, and cells were visualized by microscopy. Panels
i, iii, v, and vii show brightfield images, whereas panels ii, iv, vi, and viii show fluorescent images. Septal localizations of FtsZ-GFP (panel ii and iv) and MtrB-GFP
(panel vi) are marked with arrowheads. Note that majority of mitomycin C-treated cultures did not contain predominant FtsZ-GFP (panel iv) or MtrB-GFP (panel
viii) septal localizations. Aberrant FtsZ-GFP localizations are marked with arrows (panel iv). C, gRT-PCR expression profiles of select MtrA-targets upon exposure
to mitomycin C are shown. Total RNA from untreated and 6-h mitomycin C-treated cultures of M. smegmatis was prepared, and qRT-PCR analysis of select
targets was performed as described above. Panel i shows the expression profiles of mtrA, wag31, ftsl, and mtrB; panel ii shows data for dnaA, ripA, and fbpB,
whereas panel iii shows data for chiZ, ftsZ, and pfkB.
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Our studies led to a discovery that the ripA promoter is an
MtrA target. The essential cell wall hydrolase is believed to
work in concert with its interacting partner, RpfB, and promote
the reactivation process wherein the M. tuberculosis pathogen
exits from a non-replicating state to resume active multiplica-
tion (36, 48). Thus, the ability of MtrB to affect ripA expression
via MtrA could be one way of achieving regulated cell wall
metabolism. Our results also showed that the expression of
chiZ, although not an MtrA target, was modulated rather indi-
rectly (see Fig. 9). Presumably, the expression levels and, there-
fore, the activities of the cell wall hydrolases such ripA and chiZ
need to be tightly regulated for optimized cell division.

The histidine-aspartate sensor kinase family proteins, be-
cause of the presence of an extracellular sensor domain, are
implicated in sensing external signals, such as changes in nutri-
ents, reactive oxygen, nitric oxide stress, pH, and osmolarity,
and engage in the signal transduction process for modulating
expression of RR regulons (4). It is known that multiple signals
often activate a single 2CRS, and the same signal activates mul-
tiple 2CRSs (for review, see Refs. 4 and 49). The signals that
activate the essential MtrAB system are unknown. Although
our studies do not focus on the identification of MtrAB system
activating signals per se, they nonetheless emphasize the impor-
tance of the steps subsequent to and/or along with the signal
sensing process that is essential for the activation of the MtrAB
system. We propose that the activation of the MtrAB system
includes at least two steps. The first step is MtrB sensing the
external signals, and the signal sensing process is currently
undefined, and the second step is MtrB association with septa
for which we provided evidence. We hypothesize that both of
these steps should go hand-in-hand. Our results, shown in Figs.
9 and 10, support this conclusion. Thus, we envision that even
though the same signal or stimuli are sensed by other histidine-
aspartate sensor kinases, the ability of the MtrB protein to asso-
ciate with the septa provides the much needed distinction and
specificity for activation of the MtrA regulon. Future studies
will focus on identifying the components, if any, in the septa
that prime MtrB for activation. It is possible that MtrB associ-
ates with other septasomal complex components or that it
could directly interact with the nascent PG products during the
activation process. A detailed understanding of the events nec-
essary for MtrAB activation will help us evaluate how this
essential 2CRS contributes to mycobacterial growth and
proliferation.
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