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GTPase Activity of Mycobacterial FtsZ Is Impaired Due to Its
Transphosphorylation by the Eukaryotic-type

Ser/Thr Kinase, PknA”™
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FtsZ, a homolog of eukaryotic tubulin, is involved in the proc-
ess of cell division, particularly in septum formation in bacteria.
The primary amino acid sequences of this protein are fairly con-
served in prokaryotes. We observed that a eukaryotic-type Ser/
Thr protein kinase, PknA from Mycobacterium tuberculosis,
when expressed in Escherichia coli exhibited cell elongation due
to a defect in septum formation. We found that FtsZ either from
Escherichia coli (eFtsZ) or from M. tuberculosis (mFtsZ) was
phosphorylated on co-expression with PknA. Consistent with
these observations, solid phase binding and in vitro kinase
assays revealed the ability of PknA to interact with mFtsZ pro-
tein and also to phosphorylate it. We, therefore, ascertained
mFtsZ as a substrate of PknA. Furthermore, the phosphorylated
mFtsZ exhibited impairment in its GTP hydrolysis and polymeri-
zation abilities. Thus, our results highlighted the ability of PknA to
phosphorylate as well as to regulate the functionality of FtsZ, the
protein central to cell division throughout the bacterial lineage.

Bacterial cell division is a tightly regulated process. It com-
prises a DNA cycle and a division cycle. The DNA cycle involves
DNA replication and chromosome segregation. During the
division cycle, the cell identifies the midpoint and differentiates
the site in preparation for septum formation as well as cytoki-
nesis. The septum formation initiates with the development of
a contractile Z-ring at mid-cell, which sets up a scaffold for the
recruitment of additional proteins. These proteins congregate
at the Z-ring in a highly orchestrated fashion, causing an
orderly assembly of the septal ring. The septal ring during the
progression of the event constricts, culminating in complete
disappearance, and finally, the division septum forms that lead
toward cell separation (1).

The ring-like structure is primarily composed of FtsZ pro-
tein, which is the key molecule responsible for initiating the
earliest event in the process of septation. In several bacterial
species, the FtsZ-binding proteins involved in the process of
cytokinesis have been identified (2). In fact, many, albeit not all,
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proteins involved in the division cycle are known, and their
interactions have already been well characterized in several
bacteria. In Escherichia coli, at least 15 different proteins have
been localized at the division site in a sequential manner (3). On
the other hand, in Bacillus subtilis, the Z-ring has been shown
to recruit at least 10 cell division proteins directly or indirectly
(4). Interestingly, the majority of proteins involved in septum
formation are well conserved among bacteria, indicating com-
mon division machinery.

The bacterial FtsZ is known to be a homolog of eukaryotic
tubulin (5, 6). Like tubulin, FtsZ is also a GTPase and has been
reported to have the ability to polymerize into dynamic poly-
mers in a GTP-regulated manner (7-9). In this context, we have
focused on FtsZ from a slow growing pathogen Mycobacterium
tuberculosis, the causative agent of the dreadful disease tuber-
culosis. The genome sequence of M. tuberculosis has revealed
the presence of the FtsZ homolog, which has been purified,
characterized, and recently crystallized (10-12). However,
except for FtsW, identifiable analogs of putative FtsZ-interact-
ing proteins are lacking (13, 14). It is also not clear how the FtsZ
activities are regulated in this pathogen.

In earlier reports, we and others have indicated the involve-
ment of PknA, a Ser/Thr protein kinase, in the process of cell
division (15, 16). However, the precise regulation of activities by
this kinase has not yet been elucidated. In the present study, we
have concentrated on this aspect and identified FtsZ as an inter-
acting partner of PknA. In vitro assays with PknA showed its
ability to phosphorylate M. tuberculosis FtsZ (mFtsZ)? protein.
In concordance with this observation, our results also indicated
that mFtsZ was phosphorylated on co-expression with PknA in
E. coli cells. Interestingly, we found that the phosphorylation of
mFtsZ affected its GTPase activity as well as polymerization
ability. Thus, our results, for the first time, established the asso-
ciation of PknA in regulating the functionality of FtsZ, the pro-
tein involved in the process of cytokinesis throughout the bac-
terial lineage.

EXPERIMENTAL PROCEDURES

Materials—Restriction/modifying enzymes were obtained
from New England Biolabs. All other fine chemicals including
3,3,5,5'-tetramethylbenzidine, GTP, glutathione, biotin N-hy-
droxysuccinimide ester, streptavidin-HRP (Sigma), and gluta-

3 The abbreviations used are: mFtsZ, M. tuberculosis FtsZ; eFtsZ, E. coli FtsZ;
DAPI, 4’ ,6-diamino-2-phenylindole; GST, glutathione S-transferase; HRP,
horseradish peroxidase; MBP, maltose-binding protein; PBS, phosphate-
buffered saline; MES, 4-morpholineethanesulfonic acid.
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thione-Sepharose (GE Healthcare) were commercially avail-
able. Oligonucleotides used in this study were custom-
synthesized (Biobasic Inc. or IDT). [y-**P]JATP (3000-5000
Ci/mmol) was purchased from Jonaki Laboratories, Board of
Radiation and Isotope Technology, Hyderabad, India.

PCR Amplification, Construction of Recombinant Plasmids—
Genomic DNA isolated from E. coli strain K12 (17) or M. tuber-
culosis strain H37Ra (15) was used for PCR amplification of
ftsZ. Primers (E. coli: CM1, 5'-CATATGTTTGAACCAATG-
GAACTT-3' and CM3, 5'-TTAATCAGCTTGCTTACG-
CAGGA-3"; M. tuberculosis: CM5,5'-CGATGCTCTCAGCG-
GCGCATGAAG-3' and CM7, 5'-CATAGACCCCCCCGCA-
CAACTACC-3') used for this purpose were designed based on
the published genome sequences of E. coli (b0095; eftsZ; 1151
bp; Ref. 18) and M. tuberculosis (Rv 2150c¢; mftsZ; 1140 bp; Ref.
19). The ftsZ open reading frames were PCR-amplified using
the Expand long template PCR system (mixture of Pwo and
TaqDNA polymerases; Roche Applied Science) following the
manufacturer’s recommended protocol. Both of the amplified
fragments were initially cloned in pUC19 vector (pUC-eFtsZ
and pUC-mFtsZ), and nucleic acid sequences were determined
using an automated sequencer (Applied Biosystems). These
constructs (pUC-eFtsZ/pUC-mFtsZ) were digested with Sacl/
HindlIIl, ligated to corresponding sites of pGEX-KG (pGEX-
eFtsZ/pGEX-mFtsZ) and subsequently transformed in E. coli
strain DH5a. Clones containing the genes of interest were con-
firmed by restriction analysis. The methods adopted for PCR
amplification, site-directed mutagenesis, and subsequent clon-
ing in expression vectors of other genes (pMAL-PknA,
p19Kpro-PknA, pMAL-K42N, p19Kpro-K42N, and pMAL-
PPP) used in this study either were described elsewhere or will
be provided on request (15).

Expression and Purification of Recombinant Proteins—The
PGEX-eFtsZ/pGEX-mFtsZ were transformed into E. coli strain
BL21(DE3) for monitoring overexpression and subsequent
purification of proteins. Overnight cultures (~15 h at 37 °C in
LB broth containing 100 pg/ml ampicillin) were reinoculated
and grown to an A, of ~0.6. Cells were then induced with 0.2
mM isopropyl-B-p-thiogalactopyranoside, harvested after 3 h,
and suspended in lysis buffer (50 mm Tris, pH 8, containing 1
mM phenylmethylsulfonyl fluoride, 1 wg/ml pepstatin, and 1
png/ml leupeptin). Cells were sonicated, and the supernatant
fraction was collected after centrifugation (17,600 X g for 15
min at 4 °C). This fraction was loaded onto a glutathione-
Sepharose affinity column (GE Healthcare) and eluted with elu-
tion buffer (5 mm glutathione, 50 mm Tris, pH 8) following the
manufacturer’s recommended protocol. The procedure
adopted for purification of other proteins used in this study was
mentioned earlier (15).

Biotinylation and Solid Phase Protein-Protein Interaction
Studies—Purified mFtsZ after dialysis against PBS was incu-
bated (2 h at 25°C with gentle mixing) with 10-fold molar
excess of biotin N-hydroxysuccinimide ester. The mixture was
again dialyzed (overnight with four changes of buffer) against
PBS to remove traces of free biotin and used in interaction
studies following estimation of protein (20). In protein-protein
interaction studies, MBP-PknA (1 ug/well) was coated in
enzyme-linked immunosorbent assay plates and kept for 3 h at
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37 °C. After washing with PBS containing 0.5% Tween, blocking
buffer (1% bovine serum albumin in PBS containing 0.5%
Tween) was added to the wells of the plates and incubated for
1 h at 37 °C. This was followed by washing and incubation (1 h
at 37 °C) with different concentrations of biotinylated mFtsZ in
PBS. The interaction of mFtsZ with PknA was finally assessed
by the addition of streptavidin-HRP (1 ug/ml for 30 min at
37 °C) and detection of the enzyme activity in each well with
3,3',5,5'-tetramethylbenzidine. Binding of biotinylated mFtsZ
with immobilized PknA was assessed in the presence of differ-
ent concentrations of non-biotinylated mFtsZ or PknA to
determine the specificity of interaction. In each case, for con-
trols instead of PknA, the equivalent amount of bovine serum
albumin was adsorbed to the wells of microtiter plates.

Kinase Assay—The auto-/transphosphorylation ability of
PknA was determined in an in vitro kinase assay mentioned
elsewhere (15). Briefly, aliquots of PknA (1 ug) with or without
mFtsZ were mixed with kinase buffer (50 mm Tris/HCL, pH 7.5,
50 mm NaCl, 10 mm MnCl,), and the reaction was initiated by
adding 2 uCi of [y-*?P]ATP. Following incubation at 25 °C for
20 min, 5X SDS sample buffer was added to stop the reaction.
Samples were heated at 90 °C for 5 min and resolved using
8-10% SDS-PAGE. Gels were stained with Coomassie Brilliant
Blue, dried in a gel drier (Bio-Rad) at 70 °C for 2 h, and finally
analyzed on a phosphorimaging device (Bio. Rad). For monitor-
ing the effect of PPP, the above reaction was incubated at 37 °C
for 30 min after the addition of purified MBP-PPP fusion pro-
tein. The reaction was terminated by the addition of 5X sample
buffer and subjected to SDS-PAGE.

GTPase Assay—The GTPase activity of the protein (mFtsZ
or its phosphorylated form) was assessed in a microtiter plate-
based colorimetric assay by determining the ability of the
enzyme to liberate inorganic phosphate (P;) from GTP (21, 22).
Briefly, mFtsZ or its phosphorylated form (5 um) was incubated
with increasing concentration of GTP (0—1 mm) in reaction
buffer (50 mm Tris, 5 mm MgCl,) at 37 °C for 15 min. The
enzymatic reaction was terminated by the addition of an acidic
solution (200 ul) of malachite green, ammonium molybdate,
and polyvinyl alcohol. The liberated P, formed phosphomolyb-
date-malachite complex, and this was detected at 650 nm. The
values obtained were corrected by subtracting the blank read-
ings obtained for non-enzymatic release of P,. A standard curve
with sodium phosphate monobasic was run concurrently with
each experiment, and GTPase activity (mean * S.D.) is
expressed as nanomoles of P, liberated/min/mg of protein.

Western Blotting—Plasmids (p19Kpro and pGEX-KG) har-
boring different open reading frames (pknA, K42N, and ftsZs
from E. coli/M. tuberculosis) were co-transformed in E. coli
(strain DH5a for PknA/eFtsZ and BL21(DE3) for PknA/
mFtsZ). After dual selection on ampicillin (75 ug/ml) and
hygromycin (200 pg/ml) plates, the clones obtained were cul-
tured in LB broth in the presence of both of the antibiotics and
induced with 0.2 mwm isopropyl-B-p-thiogalactopyranoside
(37 °C/3 h). Cell extracts obtained were resolved in 10% SDS-
PAGE and processed for Western blotting using different pri-
mary (anti-PknA, anti-GST-HRP conjugate, and anti-phospho-
threonine) and secondary (anti-rabbit IgG-HRP conjugate)
antibodies. Finally, blots were developed with ECL detection
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system following the manufacturer’s (GE Healthcare) recom-
mended protocol.

Light Scattering—The mFtsZ polymerization was measured
by light scattering in a fluorescence reader (Molecular Devices,
model Gemini EM) with both the excitation and the emission
wavelengths set at 600 nm (23). mFtsZ or its phosphorylated form
was added to a final concentration of 5 uM to the well of 96-well
FLUOTRAC (Greiner) plate, which was then placed (30 °C for 10
min) into the chamber of fluorescence reader to establish a base-
line. Following the addition of 1 mm GTP (reaction volume = 100
ul), data were collected for an additional 50 min. The net change in
light scattering was determined by subtracting the base line from
each reading and plotted as a function of time.

Protein Sedimentation—Purified mFtsZ or its phosphoryla-
ted form (5 uM protein/reaction) was incubated with or without
1 mm GTP at 25 °C for 10 min (reaction volume = 100 ul) in
polymerization buffer (50 mm sodium MES, pH 6.5, 50 mm KCl,
5 mm MgCl,). This was followed by high speed centrifugation
(Beckman TL100 ultracentrifuge) as described elsewhere (9) to
separate the supernatant and pellet fractions. Pellets were
resuspended (volume = 100 ul), and samples (both supernatant
and pellet fractions) were resolved on 10% SDS-PAGE and visu-
alized following staining with Coomassie Brilliant Blue.

Fluorescence Microscopy—Overnight grown E. coli DH5«
cells transformed with p19Kpro-PknA or p19Kpro were har-
vested by centrifugation. After washing with PBS, cells were
suspended in 1 ml of 70% ethanol for fixation. The fixed cells
were collected by centrifugation, washed with PBS, and spread
on a glass slide pretreated with poly-lysine. Cells were stained
with DAPI solution (1 mg/ml in 50% glycerol) and examined in
a fluorescence microscope (Carl Zeiss).

RESULTS

PknA Expression in E. coli Exhibited Elongated Cells with Seg-
regated Nucleoids—We previously reported that constitutive
expression of the pknA open reading frame of M. tuberculosis in
E. coli resulted in a remarkable elongation of cells (15). There
could be two possible arguments in respect to the filamentous
morphology of these E. coli cells. Firstly, the morphological
changes could be a consequence of defect in nuclei replication
and segregation, which is the first step in cell division. Secondly,
the elongated morphology might be the result of an imperfec-
tion in septum formation (cytokinesis), which is the later stage
in the process of cell division. To investigate these aspects, we
stained the cells with DAPI and visualized them under a confo-
cal microscope. Interestingly, the E.coli cells harboring
p19Kpro-PknA showed a beaded structure with no sign of con-
striction (Fig. 1A, right panel), indicating that the nucleoids
were segregating from each other in the filamentous cells. How-
ever, cells transformed with p19Kpro vector (Fig. 14, left panel)
were either mono- or bi-nucleoidal. This led us to believe that
the elongated cell morphology, as a result of expression of PknA
in E. coli, was due to defect in septum formation. Therefore, we
hypothesized that PknA might be interacting with proteins
involved in the process.

Available literature indicated that FtsZ is the key cell division
protein involved in septum formation of bacteria (2). To have
an insight on its association with PknA, we co-transformed
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FIGURE 1. Constitutive expression of M. tuberculosis PknA in E. coli (A)
and detection of phosphorylation status of eFtsZ overexpressed in the
presence of this kinase (B). A, DAPI-stained confocal micrographs of E. coli
DH5a cells harboring plasmids p19Kpro (left panel) and p19Kpro-PknA (right
panel). The bar in each panel indicates magnification. B, in vivo phosphoryla-
tion of eFtsZ by PknA.Immunoblots of cell lysates from E. coli cells co-express-
ing PknA or K42N and eFtsZ, with anti-phosphothreonine (anti-pThr; upper
panel), anti-GST (middle panel), and anti-MBP-PknA (anti-PknA; lower panel)
antibodies. Numbers indicate position of molecular mass makers in kDa.
Expressed proteins (PknA, K42N, and eFtsZ) are denoted with arrowheads.

both p19kpro-PknA and pGEX-eFtsZ in E. coli strain DH5a.
Colonies grown in the presence of both ampicillin and hygro-
mycin were screened. One such colony harboring both of the
expression plasmids was selected, cultured in LB broth in the
presence of both of the antibiotics, and induced with 0.2 mm
isopropyl-B-p-thiogalactopyranoside. Lysates from these cells
exhibited co-expression of both PknA and eFtsZ in Western
blotting using anti-phosphothreonine (Fig. 1B, upper panel),
anti-GST (Fig. 1B, middle panel), and anti-PknA (Fig. 1B, lower
panel) antibodies. It is worth mentioning here that both of the
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proteins co-expressed (although at different levels) despite
using two incompatible plasmids carrying the same replicon,
and this was consistent with earlier reports (24).

To visualize the phosphosignal generated by expressed pro-
teins in E. coli, we utilized the anti-phosphothreonine antibody,
which detects phosphothreonine residues in a protein or pep-
tide largely independent of surrounding amino acids. As
expected, the absence of any Ser/Thr protein kinases in E. coli,
the antibody did not recognize any protein in the lysates pre-
pared from the cells transformed with p19Kpro vector alone
(Fig. 1B, upper panel, lane I). On the other hand, phosphosig-
nals corresponding to PknA but not for GST could be detected
in the lysates prepared from cells transformed with p19Kpro-
PknA and pGEX-KG (Fig. 1B, upper panel, lane 2). Interest-
ingly, lysates prepared from cells co-expressing both PknA and
eFtsZ showed phosphosignal corresponding to both of the pro-
teins (Fig. 1B, upper panel, lane 3). Furthermore, co-expression
of K42N, a kinase-dead mutant of PknA (15) with eFtsZ, did not
yield any phosphosignal (Fig. 1B, upper panel, lane 4). Expres-
sion of all the proteins was confirmed subsequently by using
anti-GST or anti-PknA antibodies (Fig. 1B, middle and lower
panels). It is noteworthy that in Western blotting using anti-
GST antibody, besides recognizing only the GST fusion pro-
tein, samples co-expressing PknA and GST-eftsZ exhibited an
additional band corresponding to the molecular weight of GST
(Fig. 1B, middle panel, lane 3). This, we presume, could be
cross-contamination of sample from the adjacent lane (Fig. 1B,
middle panel, lanes 2 and 3) and did not seem to be unusual.
Additionally, as evident in the Western blot with anti-PknA
polyclonal antisera, the expression profiles of PknA and K42N
mutant proteins were slightly different (see multiple bands for
wild-type protein, whereas a single band was visible for the
K42N mutant protein; Fig. 1B, lower panel, compare lanes 2 and
3 with lane 4). This was noticed in spite of the use of same
vector (p19Kpro) for expression of both of the proteins. Such an
observation perhaps points toward the difference in the stabil-
ity of the PknA and K42N mutant proteins. In fact, similar
behavior of kinase-dead mutants of other Ser/Thr protein
kinases has already been reported (25). We also observed a
~70-kDa band recognized by the anti-PknA antibody in all the
samples. We interpret this band as a result of nonspecific rec-
ognition of some E. coli protein by the anti-PknA antibody.
This is certainly not unusual since the antiserum we used in our
experiment was not purified. However, such nonspecific recog-
nition of host proteins did not affect the interpretation of our
results. Thus, all these lines of evidence established that the
PknA phosphorylated the eFtsZ in vivo.

mftsZ Is a Substrate of PknA—Our findings with eFtsZ
tempted us to envisage the relationship between mFtsZ and
PknA. Besides this, analysis of nucleotide-derived amino acid
sequences through the Clustal X 1.81 program (26) revealed
significant homology (~78.6%) between eFtsZ and mFtsZ.
Therefore, it is very likely that both of the proteins would
behave similarly. To test this hypothesis, we expressed mFtsZ as
a fusion protein with GST in E. coli strain BL21(DE3), purified
by affinity chromatography (data not shown), and subsequently
monitored its binding with purified MBP-PknA (15) in vitro
(see “Experimental Procedures”). Fig. 24 clearly indicates that
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binding of biotinylated mFtsZ and PknA exhibited a saturation
kinetics (half-maximal binding = ~1.2 ug/ml; dissociation
constant = 41 * 8 nm). On the other hand, no detectable bind-
ing of mFtsZ could be observed when bovine serum albumin
replaced PknA. Both unlabeled PknA and unlabeled mFtsZ
effectively inhibited the binding of biotinylated mFtsZ to PknA
(Fig. 2B). The 50% inhibition of binding was achieved at ~50
and ~80 ug/ml PknA and mFtsZ, respectively. However, no
significant inhibition of binding could be detected with MBP-
B-galactosidase, further confirming the specificity of the in
vitro interaction between PknA and mFtsZ.

We have already reported the autophosphorylating activity
of PknA as well as its transphosphorylating ability for known
exogenous substrates (histone and myelin basic protein) in
vitro (15). To examine whether mFtsZ could be a substrate of
PknA, we performed an in vitro kinase assay. Although mFtsZ
alone was unable to show any phosphorylation (Fig. 2C, left
panel, lane 8), on incubating with MBP-PknA, it was phospho-
rylated (Fig. 2C, left panel, lane 3). A weak phosphosignal for
mFtsZ (Fig. 2C, left panel, lane 5) was noticed when it was
added in the reaction after heating (90 °C for 5 min). The
transphosphorylation was PknA-specific since no y-**P incor-
poration of mFtsZ could be detected when the reaction was
carried out with the kinase-dead mutant K42N (Fig. 2C, left
panel, lane 6). To rule out the possibility of the involvement of
GST fusion tag in the transphosphorylation reaction, we incu-
bated MBP-PknA + GST with [y-*>P]ATP. As expected, we did
not see any phosphosignal for GST (Fig. 2C, right panel, lane 1).
Furthermore, incubation of MBP + GST with [y->*P]ATP did
not yield any phosphosignal, confirming no contribution of fusion
tags in auto-/transphosphorylation reactions (Fig. 2C, right panel,
lane 2). It is interesting to mention here that the transphosphoryl-
ation of tubulin, the eukaryotic homolog of FtsZ, by cyclin-de-
pendent kinase, Cdkl, in regulating microtubule dynamics during
mitosis has recently been documented (27).

Auvailable reports with PPP (renamed as Pstp or Mstp), the only
Ser/Thr protein phosphatase in M. tuberculosis, indicated its abil-
ity to dephosphorylate PknA as well as artificial substrates phos-
phorylated by this kinase (28, 29). Interestingly, incubation with
PPP dephosphorylated the PknA mediated transphosphorylation
of mFtsZ (Fig. 2C, left panel, lane 4). However, it needs to be men-
tioned here that we do not have any evidence that PPP per se
dephosphorylated mFtsZ. Based on the available report it seems
very likely that PPP dephosphorylated PknA, which in turn pre-
vented the transphosphorylation of mFtsZ (29).

At this juncture, it was intriguing to know whether mFtsZ
could be a substrate of PknA in vivo, and for this, we utilized an
E. coli-based expression system to co-express both of the pro-
teins. mFtsZ on co-expression with PknA yielded a phosphosig-
nal in Western blotting with anti-phosphothreonine antibody
(data not shown), and this result was analogous to that obtained
with eFtsZ (Fig. 1B). We further purified mFtsZ by affinity
chromatography utilizing glutathione affinity resin from the
E. coli cells harboring both pGEX-mFtsZ and p19Kpro-PknA. As
evidenced by the Western blotting using anti-phosphothreonine
antibody, the purified protein was phosphorylated (Fig. 2D, upper
panel). In contrast, the mFtsZ protein purified from E. coli cells
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FIGURE 2. Interaction of mFtsZ and PknA. A, binding of mFtsZ with PknA. Recombinant MBP-PknA (1 ug/well)
was coated on enzyme-linked immunosorbent assay plates, washed, and incubated in the presence of the
indicated concentrations of biotinylated mFtsZ (bGST-mFtsZ) as described under “Experimental Procedures.”
Following the addition of streptavidin-HRP, enzyme activity of each well was monitored to quantitate binding.
The relative enzyme activity was calculated after subtracting the blank (well coated with 1 ug of bovine serum
albumin) and expressed as mean = S.D. from three independent experiments. B, competition of PknA-mFtsZ
binding. The binding of biotinylated mFtsZ (1 wg/well) with immobilized PknA was determined. The HRP
activity in the absence of any competitor was taken as 100%, and the results (mean = S.D.,n = 3) are expressed
as the percentage of biotinylated mFtsZ bound to PknA. C, in vitro phosphorylation of mFtsZ by PknA. Left
panel, GST-mFtsZ was incubated (25 °C for 20 min) with MBP-PknA or K42N in kinase buffer along with
[y->2P]ATP. The reaction was stopped by adding 5X SDS buffer, and samples were resolved in 8% SDS-PAGE
and processed for autoradiography as described under “Experimental Procedures.” For monitoring the
dephosphorylating ability of PPP, it was added to the above reaction and incubated further at 37 °C for 30 min
and then processed for autoradiography. Right panel, GST + PknA or GST + MBP following incubation (25 °C for
20 min) with [y->2P]ATP were resolved in 10% SDS-PAGE and processed for autoradiography as mentioned
above. The position of molecular mass markers (in kDa) is indicated. The lane numbers are shown at the bottom.
D, in vivo phosphorylation of mFtsZ by PknA. Purified mFtsZ protein and its phosphorylated form (p-mFtsZ)
were immunoblotted as described under “Experimental Procedures” using anti-phosphothreonine (anti-pThr;
upper panel) and anti-GST (lower panel) antibodies.

the phosphorylated protein showed
hardly any activity (Fig. 34). When
compared with the mFtsZ, phos-
phorylated protein did not exhibit
any detectable phosphate-liberating
ability even at increasing protein
concentrations.

It is well known that mFtsZ has
the ability to polymerize in GTP-de-
pendent manner (8). We further
examined the polymerization of
phosphorylated mFtsZ in the pres-
ence of GTP. Interestingly, in a situ-
ation when the mFtsZ showed an
increase in light scattering on the
addition of GTP, the phosphoryla-
ted protein did not show any signif-
icant changes (Fig. 3B). We further
confirmed the GTP-dependent
polymerization behavior of mFtsZ
and its phosphorylated form by sed-
imentation at high speed to separate
large polymers from soluble pro-
tein. Following high speed centrifu-
gation, proteins (mFtsZ and its
phosphorylated form) were visual-
ized in both the supernatant and the
pellet fractions by Coomassie Bril-
liant Blue staining (Fig. 3C), and we
confirmed the identity by immuno-
blotting with anti-GST antibody
(data not shown). Interestingly,
mFtsZ was localized in the pellet
fraction after the addition of GTP.
On the other hand, there was no dif-
ference in the partitioning of the
phosphorylated form of mFtsZ pro-
tein in the presence or absence of
GTP (Fig. 3C). Thus, our results
argued that phosphorylation of
mFtsZ impaired its functionality.

DISCUSSION

FtsZ is a crucial molecule in bac-
terial cell division. It initiates Z-ring

transformed with only pGEX-mFtsZ did not show any phospho-
rylation (Fig. 2D, upper panel). As expected, mFtsZ and its phos-
phorylated form were recognized by anti-GST antibody (Fig. 2D,
lower panel). Thus, our results unambiguously established the
interaction between these two proteins and argued in favor of
mFtsZ being one of the substrates of PknA.

Phosphorylation of mFtsZ Affected Its Functionality—FtsZ
protein is known to possess GTPase activity (7). To know the
effect of phosphorylation on the GTP-hydrolyzing ability of
mFtsZ, it was incubated with increasing concentrations of sub-
strate (0-1 mwm). Although the mFtsZ exhibited a typical
Michaelis-Menten curve (K, =42 £ 9 um; V, . = 7 = 1 nmol/

min/mg of protein, K _,,/K,,, = 193 = 25/M/sec; see also Ref. 30),

cat
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formation and congregates several other proteins to form a sep-
tosomal complex. The interacting proteins and the sequence of
events that occur during the differentiation of cell division
apparatus have already been identified in different bacteria (31).
Despite uniformity, subtle differences do exist in the mecha-
nism of regulation, presumably to match the diversity in bacte-
rial cell shapes and life cycles. As a matter of fact, several FtsZ-
interacting proteins have been reported to be unique to the
particular bacterial species (32). Studies on the interacting part-
ners of FtsZ in mycobacteria are still in their infancy. Except for
the direct association as well as co-localization of FtsW, no
other report is available to date in mycobacteria (16, 17). In the
present study, we, therefore, focused on FtsZ from M. tubercu-
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FIGURE 3. Functionality of mFtsZ and its phosphorylated form. A, the GTPase
activities of mFtsZ and its phosphorylated form (p-mFtsZ) were assayed (5 um
protein/reaction) at 37 °C with the indicated amounts of substrate. The
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losis and its interaction with a signaling protein, PknA, a
eukaryotic-type Ser/Thr kinase in mycobacteria, which has
been reported to regulate morphological changes associated
with cell division process (15, 16).

We observed that constitutive expression of PknA in E. coli
led to a significant elongation of cells (Fig. 14) (Ref. 15). The
presence of multiple nucleoids in these filamentous cells with
no signs of cellular constriction, as visualized by DAPI staining,
argued that the defect was not in the DNA replication or segre-
gation; indeed, the morphology seems to be a consequence of
aberrant septum formation (Fig. 14). A similar filamentous
nature of E. coli cells has been reported during under- or over-
production of FtsZ, indicating that a critical concentration of
FtsZ was necessary for perfect septum formation (33). We
found eFtsZ was phosphorylated in vivo in the presence of
PknA (Fig. 1B); therefore, it was logical to contemplate the asso-
ciation of eFtsZ with PknA. One can definitely argue about the
specificity or relevance of such an interaction. However, the
alteration of cell shape, which is the initial event in bacterial cell
division, involves ordered assembly of proteins that are fairly
conserved among prokaryotes (4). In fact, eFtsZ exhibited more
than 78% amino acid sequence homology with mFtsZ. Addi-
tionally, eFtsZ is not a basic protein (predicted pI = 4.5), so
PknA would nonspecifically phosphorylate it (15). These find-
ings led us to investigate the association of PknA and mFtsZ.
Our results with the in vitro interaction studies convincingly
established that PknA interacted with mFtsZ and phosphoryl-
ated the latter (Fig. 2, A-C).

The FtsZ has been shown to be an essential gene in M. tuber-
culosis and Mycobacterium smegmatis (34, 35). An analogous
condition was observed with PknA in mycobacteria, resulting
in a difficulty in obtaining a null background to study in vivo
interactions between these two proteins. Furthermore, the
presence of the Ser/Thr phosphatase, PPP, in mycobacteria
might obstruct the identification of in vivo phosphorylation of
FtsZ (28, 29). In such a scenario, to study the interaction and in
vivo phosphorylation of these two proteins (PknA and mFtsZ), we
tried to utilize an E. coli expression system where intrinsic PknA
and PPP are absent. In Western blotting using anti-phospho-
threonine antibody as a probe, we found a strong phosphosig-
nal corresponding to mFtsZ when co-expressed with PknA
(Fig. 2D). Thus, this observation together with our in vitro stud-
ies certainly validated mFtsZ as a substrate of PknA. Recently, a
cell division protein, Wag31, has been identified as a substrate
of PknA (16). Since kinases could have multiple substrates (36),
the identification of mFtsZ as another substrate perhaps indi-
cated multiplicity in the function of PknA.

specific activity in nmol of P, liberated/min/mg of protein (mean * S.D.,n = 3)
is plotted against the substrate concentration. B, comparison of the polymer-
ization abilities of mFtsZ and p-mFtsZ. Purified mFtsZ and p-mFtsZ proteins
were incubated in 50 mm MES-NaOH, pH 6.5, 5 mm MgCl, in fluorescence plate
at 30°C. The light scattering of samples was monitored at 600 nm as
described under “Experimental Procedures” prior (to obtain a base line) and
after the addition of 1 mm GTP. The net change in light scattering is plotted
against time of polymerization. C, sedimentation profile of both mFtsZ and
p-mFtsZ proteins after polymerization in the presence and absence of GTP.
Samples, both supernatant (Sup) and pellet, obtained following high speed
centrifugation were subjected to SDS-PAGE and visualized by Coomassie Bril-
liant Blue staining.
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We purified phosphorylated mFtsZ and characterized the
protein. Surprisingly, when compared with the mFtsZ, its phos-
phorylated form showed negligible GTPase activity (Fig. 34)
and significantly reduced polymerization ability (Fig. 3B). This
might have happened due to alteration in the conformation of
the mFtsZ as a result of phosphorylation (37). Conversely, the
phosphorylation of mFtsZ could have affected the functionality
of the nucleotide-binding loop of the protein, and as a result,
GTP was not able to bind (38).

PknA, when overexpressed in M. smegmatis or Mycobacte-
rium bovis, formed long, broad, and in some cases, branched
bacilli, which appeared to be a consequence of incomplete sep-
tation (16). Intriguingly, our studies in E. coli also point toward
a similar function of PknA (Fig. 1). Thus, phosphorylation and
interaction of PknA with mFtsZ provide a possible explanation
for such an alteration. It is very likely that the overexpression of
PknA might have phosphorylated mFtsZ, which in turn inacti-
vated the protein, and thus, affected septum formation, leading
to alteration in the morphology of the bacilli. However, our
observation of dephosphorylation of PknA by PPP, and as a
result, inhibition of transphosphorylation of mFtsZ also needs
to be mentioned here. It seems that PPP could play a role in
maintaining PknA, and in turn, mFtsZ in correct phosphoryla-
ted form. Thus, the phosphorylation of mFtsZ by PknA may
provide an insight into the regulation of septum formation in
M. tuberculosis in a situation where no known regulators of
septation are identified as yet (39).

In conclusion, our results provide, for the first time, evidence
for the phosphorylation of FtsZ in any bacteria and involve-
ment of a signaling protein in the process of septum formation
in M. tuberculosis. In fact, demonstration of the direct interac-
tion and phosphorylation of FtsZ by PknA of M. tuberculosis
marks the beginning. Further work needs to be carried out to
understand the exact mechanism.
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