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Bacterial genome segregation and cell division has been studied mostly in bacteria harbouring single circular chromosome
and low-copy plasmids. Deinococcus radiodurans, a radiation-resistant bacterium, harbours multipartite genome system.
Chromosome I encodes majority of the functions required for normal growth while other replicons encode mostly the
proteins involved in secondary functions. Here, we report the characterization of putative P-loop ATPase (ParA2) encoded
on chromosome II of D. radiodurans. Recombinant ParA2 was found to be a DNA-binding ATPase. E. coli cells expressing
ParA2 showed cell division inhibition and mislocalization of FtsZ-YFP and those expressing ParA2-CFP showed multiple
CFP foci formation on the nucleoid. Although, in trans expression of ParA2 failed to complement SImA loss per se, it could
induce unequal cell division in slmAminCDE double mutant. These results suggested that ParA2 is a nucleoid-binding
protein, which could inhibits cell division in E. coli by affecting the correct localization of FtsZ and thereby cytokinesis.
Helping s/mAminCDE mutant to produce minicells, a phenotype associated with mutations in the ‘Min’ proteins, further
indicated the possibility of ParA2 regulating cell division by bringing nucleoid compaction at the vicinity of septum growth.
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1. Introduction

Cell division in bacteria occurs through the regulated functions of
a large number of cell division proteins forming divisome com-
plex (Adams and Errington 2009; Erickson et al. 2010). The
formation of FtsZ ring, a component of divisome, is temporally
and spatially regulated where DNA replication, genome segrega-
tion and positioning of nucleoid in the cells play key regulatory
roles (Lutkenhaus 2007). In some bacteria, the spatial regulation
of FtsZ is brought about by mechanism of nucleoid occlusion
manifested by proteins such as “Noc’ protein in Bacillus (Wu and
Errington 2004) and ‘SImA” in E.coli (Tonthat et al. 2011), and
the inhibition of Z-ring formation at its vicinity has been demon-
strated. Molecular mechanisms underlying the regulation of cell
division and divisome assembly in response to environmental
stresses are less understood in bacteria. However, it has been
shown that the SOS response protein such as SulA in E. coli
(Norman ef al. 2005) and YneA in Bacillus subtilis (Kawai et al.
2003) could inhibit bacterial cell division in response to DNA
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damage. The SulA functions by directly interacting with FtsZ
and by inhibiting its GTPase activity (Dajkovic et al. 2008). The
classical SOS response mechanisms to DNA damage, as known
in most of the bacteria (Walker 1996), has been reported to be
absent in D. radiodurans (Narumi et al. 2001).

D. radiodurans is characterized for its extreme resistance
to different abiotic stresses including radiations and desiccation
(Battista 2000). An efficient DNA double-strand break (DSB)
repair (Blasius et al. 2008; Zahradka et al. 2006) and a strong
oxidative stress tolerance (Slade and Radman 2011) are
amongst the various mechanisms that contribute to the robust-
ness of this organism. The accumulation of Mn?" complexes of
small metabolites (Daly ef al. 2004) and synthesis of different
types of antioxidant metabolites such as carotenoids (Tian and
Hua 2010) and pyrroloquinoline quinone (PQQ) (Rajpurohit
et al. 2008) are implicated in its strong oxidative stress tolerance
and for protecting its proteome from oxidative damage. Earlier,
the roles of PQQ in oxidative stress tolerance of both mamma-
lian cells and bacterial system have been demonstrated in vivo
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(Misra et al. 2012). D. radiodurans harbours four genetic
elements designated as chromosome I, chromosome II,
megaplasmid and a small plasmid (White et al. 1999).
Genome sequence analysis shows that chromosome I primarily
encodes the majority of proteins required for normal growth of
this bacterium (Makarova et al. 2001). The chromosome II and
megaplasmid encode proteins mostly known for their roles in
secondary functions including stress response mechanisms.
Chromosome I and chromosome II contain one putative
parAB operon each, while megaplasmid contains two putative
parAB operons (White ef al. 1999). The ParAs and ParBs have
been annotated on the basis of amino acid sequence similarities,
the occurrence of unique functional domains, and positions on
these genetic elements and their expression in form of
dicistronic operon. In addition, these elements also encode pro-
teins with Walker-type ATPase domain similar to small ParAs.
However, the roles of such proteins in genome segregation and/
or otherwise in bacteria containing multipartite genomes are not
well studied. D. radiodurans cells treated with y radiation
exhibit the longer lag phase, the period that witnesses the
efficient DSB repair and is a prerequisite for the commencement
of cell division (Cox and Battista 2005). Therefore, the regula-
tion of cell division and genome segregation in D. radiodurans
exposed to extensive DNA damage became interesting to un-
derstand. While characterizing the ParA2 (ParA of chromosome
II) roles in genome segregation of D. radiodurans, we observed
that unlike other recombinant proteins excluding FtsZ,
expressed in E. coli, the ParA2 expression in E. coli leads to
cell elongation. Here we elucidate the molecular mechanisms
underlying ParA2 inhibition of cell division in E. coli. The cells
expressing ParA2 showed a concentration-dependent increase
in cell length, which was found to be due to mislocalization of
FtsZ-YFP throughout the elongated cells of E. coli. These cells
showed ParA2-CFP foci formation on nucleoid, and an increase
in the number of such foci was observed with the increase in cell
length. ParA2 was shown to be a DNA-binding ATPase, and its
inhibition to FtsZ ring formation was not due modulation of its
GTPase activity and/or sedimentation characteristics. In spite of
this, ParA2 could complement SImA loss in s/mAminCDE
double mutant and showed no cellular lethality in -ype cells
lacking SImA. These results suggested that ParA2 is a DNA-
binding protein that localizes on the nucleoid in vivo and alters
FtsZ localization pattern and cell division, possibly by posing
nucleoid obstruction at the vicinity of septum growth.

2. Methods
2.1 Bacterial strains and materials
The D. radiodurans R1 strain ATCC13939 a generous gift from
Dr M Schaefer, Germany (Schaefer et al. 2000), was maintained

in TGY (0.5% Bacto Tryptone, 0.3% Bacto Yeast Extract, 0.1%
Glucose) broth or on agar plate as required at 32°C. E. coli
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expression vector pET28a-(+) (Novagen Inc), pAMCYAN
(Clonetech Inc) and pLAUSS (pBAD fisZYFP:lac I CFP) (Lau
et al. 2003), and their derivatives were maintained in E. coli strain
DHS5a in presence of kanamycin (25ug/ml) and ampicillin (100
png/mL), respectively. Other recombinant techniques used were as
described in (Sambrook and Russell 2001). All the molecular
biology grade chemicals including restriction enzymes and DNA
modifying enzymes were purchased from Sigma Chemical
Company, USA, Roche Biochemicals, Germany, New England
Biolabs, USA, and Bangalore Genie, India.

2.2 Bioinformatic analysis

The Functional motif search and structure prediction studies
were carried out as described earlier (Das and Misra 2011),
using standard online bioinformatics tools. In brief, the ami-
no acid sequence of DRAO0OOI annotated as putative ParA
was subjected to a PSI-BLAST search with the SWISS-
PROT database with ‘genome-partitioning proteins’ as key-
words. After five iterations, the sequences obtained were
aligned by CLUSTAL-X, for conserved motifs search. The
sequences of close homology were aligned by T-COFFEE
and the conserved motifs were marked. Secondary structure
was inferred from PSIPRED, JNET and Prof at the Quick2D
server at Max-Planck Institute for Developmental Biology.

2.3 Construction of expression plasmids

Genomic DNA of D. radiodurans R1 was prepared using
protocols as published previously (Battista et al. 2001).
The ORF DR_A0001 encoding putative ParA type protein
on chromosome 2 (ParA2) of D. radiodurans, was PCR
amplified from genomic DNA of bacterium using AOO0LF
(5’GGAATTCCATATGATGGTG AGCGCTGTGA3') and
AO001R (5'CCGCTCGAGTCATGCGTTTTCCCCCG
GA3’) primers incorporated Ndel and Xhol sites respec-
tively at the 5’ ends of the primers. PCR product
was cloned at Ndel-Xhol sites in pET28a (+)
to yield pETA2. For making CFP translation fusion, the
drA0001 was PCR amplified using forward primer
A2F (5'CCCAAGCTTGATGGGCAGCAGCA
GCCATCAT3’) and reverse primer A2R
(5’CGGGATCCATTGCGTTTTCCCCCGGA3’) having
HindIll and BamHI sites incorporated at the 5’ of respective
primers. PCR product was cloned at Hindlll and BamHI sites
in pAMCYAN (Clontech Laboratories, Inc) to yield pA2CFP.
The pETA2 was transformed into E. coli BL21 (DE3) pLysS
for the expression of recombinant protein while pA2CFP was
transformed into both E. coli IM109 and AB1157 as required.
The inducible expression of recombinant ParA2 was con-
firmed by SDS-PAGE and ParA2-CFP by immunoblotting
using GFP antibodies using manufacturer protocols
(Clontech Laboratories, Inc.).
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2.4 Expression and purification of recombinant protein

The recombinant ParA2 protein of D. radiodurans expressing on
pETA2 in transgenic E. coli BL21 (DE3) pLysS was purified by
nickel-affinity chromatography using modified protocols as de-
scribed earlier (Kota ef al. 2010). In brief, the isopropyl p-D-1-
thiogalactopyranoside (IPTG) induced cell pellet was directly
suspended in Cell Lytic Express (Sigma Chemical Company,
USA) and incubated at 37°C for 1h with mild agitation. Lysate
was centrifuged at 15000g for 30 min and the pellet containing
majority of the recombinant protein into the inclusion bodies was
separated from clear supernatant. Pellet was dissolved in buffer B
containing 100 mM NaH,P0,4, 10 mM Tris-HCI, pH 8.0 and 8 M
urea. Mixture was incubated at room temperature for 30 min and
centrifuged at 12000g for 20 min. The recombinant protein was
purified from clear supernatant using protocols described earlier
(Kota et al. 2010). The eluted fractions were checked on SDS-
PAGE and refolded by serial dilution of urea with concurrent
increase of DTT concentration. The fractions showing near to
homogeneity in ParA2 preparation were pooled and dialysed in
buffer containing 20 mM Tris-HCl, S0OmM NaCl, 1 mM DTT, 1
mM EDTA, ImM PMSF and 50% glycerol. The protein was
stored in small aliquots at —20°C for subsequent uses. The mass
spectrometric analysis of ParA2 proteins was carried out com-
mercially (The Centre for Genomic Applications, New Delhi).
The peptide mass fingerprints of recombinant polypeptide
matched with ParA2 encoding from chromosome 2 of D.
radiodurans and ensured homogeneous preparation.

2.5 DNA protein interaction studies

For DNA binding activity assay of ParA2 protein, the 284 bp
putative BS3-type centromeric sequence of chromosome 1|
(Charaka and Misra 2012) was PCR-amplified from genomic
DNA from D. radiodurans using forward primer (5’AGAA
CCAGCCCGACTGGA 3’) and reverse primer (5" ACAGGAT
GCAC TCGTAACT 3’). DNA was purified from gel (QIAgen
Inc., Germany) and labelled at 3’ end with dig-dUTP (Roche
Biochemicals, Germany) following manufacturers protocols.
Approximately 10 pmol of labelled substrate was incubated with
increasing concentration of protein (200-1000 ng) at 37°C for 20
min in a 20 pL reaction mixture containing 50 mM HEPES,
pHS8.0, 100 mM NaCl, 5 mM MgCl,, 30 mM Na-Acetate.
Mixtures were separated on 5% native PAGE and Digoxigenin-
labelled DNA probe was immunoblotted with anti-digoxigenin-
AP antibodies (Roche Biochemicals, Germany) and signals were
detected using NBT/BCIP (Roche Biochemical) colour reagent
using the manufacturer’s protocol.

2.6  Measurements of ATPase and GTPase activities

ATPase activity of recombinant ParA2 was checked using a
modified protocol as described in (Kota et al. 2010). In brief,
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the increasing concentrations of ParA2 (0.05 to 4 pg) were
incubated with and without DNA, in reaction mixture con-
taining 50 mM HEPES pH 8.0, 100 mM NaCl, 5 mM
MgCl,, 30 mM Na-acetate and 1 mM ATP, for 20 min at
37°C. The reaction was stopped using malachite green re-
agent. The release of Pi from ATP was measured at 630 nm
and Pi concentration was estimated using standard procedure
as described in (Geladopoulos et al. 1991). ATPase activity
was calculated as nanomoles Pi formed per min/mg protein.
For studying the effect of ATP and dsDNA on ATPase
activity of ParA2, the dsDNA was pre-incubated with
ParA2 and then incubated with ATP for different time period
and assayed as described above. GTPase activity of FtsZ was
measured as the release of Pi from GTP and estimated as
described above. In brief, ~2 uM purified recombinant FtsZ
was incubated with ImM GTP for 1 h at 37°C in reaction
mixture containing 50 mM HEPES, pH 7.2, 50 mM KCl and
5 mM MgCl,. The reaction was stopped with malachite
green reagent and release of inorganic Pi was measured as
described above. For studying the effect of ParA2 on
GTPase activity of FtsZ, the above reaction mixture was
incubated with FtsZ, with and without 2 uM ParA2, 100
ng DNA and ImMATP as required. The DNA, ATP, ParA2
and FtsZ controls were processed in parallel under identical
conditions.

2.7  Expression of ParA2-CFP and FtsZ-YFP and fluorescence
microscopic studies

E. coli cells harbouring pA2CFP were grown in presence of
ampicillin (100 pg/mL), and those harbouring pETA2 and
pLAUSS together, were grown in LB supplemented with Kan
(25 pg/mL) and ampicillin (100 pg/mL) overnight and inducible
expression of recombinant proteins on pA2CFP and pETA2 was
achieved with 200 uM IPTG while on pLAUS5 with 0.005%
arabinose using standard protocols. Expression of recombinant
proteins was confirmed by immunoblotting using respective
antibodies as described earlier (Misra ef al. 2006). Fluorescence
microscopy of E. coli cells were carried out as described in
(Weiss et al. 1999) using Zeiss Axiolmager (Carl Zeiss) equipped
with Zeiss AxioCam MRm camera. In brief, the E. coli cells were
induced with 200 uM IPTG for 4h before every fluorescence
microscopic experiments were conducted. E. coli BL21 express-
ing ParA2 with and without FtsZ-YFP and E.coli AB1157
expressing ParA2-CFP and ParAl separately were analysed
under fluorescence microscope. In brief, the 5 pL cells expressing
these proteins in different combinations were mounted onto 1%
agarose coated slide and pictures were taken on Axio Imager M1
Florescence Microscope (Carl Zeiss). The images were analyzed
by using Axiovision 4.8 Rel software. Final image preparation
was done using Adobe Photoshop CS3 software. Cell length
measurements were done using Axiovision 4.8 software, data
was analysed and plotted using Graph pad prism.
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3. Results
3.1 ParA2 was a DNA-binding ATPase

Multiple sequence alignment of ParA2 with other ParA-type
proteins using CLUSTAL X program showed that ParA2 con-
tains the typical A, A’ and B components of Walker motifs that
are found in P-loop ATPases (figure 1A). Unusually, it was
found that ParA2 is missing one of the largely conserved lysine
at the beginning of the Walker A motif, which was also con-
served in ParA encoded on chromosome I of D. radiodurans
(DrParA1l). Phylogenetic analysis indicated that ParA2 is evo-
lutionarily different from other chromosomal type ParAs in-
cluding ParAl of D. radiodurans (figure 1B) and it was placed
between chromosomal type ParAs and other small ATPases
involved in regulation of bacterial cell division. ParA2 showed
considerable identity with the cell division regulatory proteins at
amino acid levels. Recombinant ParA2 was purified (supple-
mentary figure 1) and its identity was further confirmed by mass
spectrometry (data not given). The purified ParA2 showed both
DNA binding (figure 2A) and ATPase activities (figure 2B).
The DNA binding efficiency of ParA2 increased further in the
presence of ATP, and its ATPase activity was stimulated with
DNA. These results suggested that ParA2 is evolutionarily
different from other bacterial ParAs and is a DNA-binding
ATPase. Increase in dsDNA binding activity of ParA2 in the
presence of ATP and the concentration-dependent increase in
ATPase-specific activity indicated the cooperative binding of
this protein interaction with DNA, and therefore, ParA2 binding
with bacterial nucleoid could be hypothesized.

3.2 ParA?2 binds to nucleoid and inhibits cell division
in E. coli

ParA2-CFP was expressed in E. coli AB1157 on pA2CFP plas-
mid (supplementary figure 2) and cells were examined under
fluorescence microscope. Results showed cell elongation and
localization of multiple spots of ParA2-CFP on false blue-
coloured DAPI-stained nucleoid spread throughout the cell
(figure 3). Since chloramphenicol treatment was used for study-
ing genome condensation in £. coli (Zusman et al. 1973), the cells
expressing ParA2 were treated with chloramphenicol and the
localization of ParA2-CFP on the condensed nucleoid was
ascertained (figure 3). These results indicated that ParA2
colocalizes with nucleoid in E. coli. Effect of ParA2 on growth
and cell division was monitored in E. coli. Transgenic E. coli
expressing ParA2 showed a significant reduction in colony-
forming units (CFU) as compared to untransformed cells and
the cells expressing ParAl (figure 4) on multicopy plasmid
(Charaka and Misra 2012). ParA2 expressing in E. coli IM109,
a recA minus host, showed similar effects as that of ParA2
expressing in E. coli AB1157 (data not shown). Nearly no effect
in optical density at 600 nm while several-fold decrease in CFU in
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Figure 1. Functional motifs search in the putative ParA-type protein
of chromosome II (ParA2) in Deinococcus radiodurans. Amino acid
sequence of ParA2 was searched for homology with other related
proteins in database. Multiple sequence alignment (MSA) of ParA2
with ParA1 of D. radiodurans (DrParA1l) and other bacterial proteins
having Walker-type motifs showed the presence of Walker A and A’,
Walker B motifs and DNA-binding motifs (A). Position of respective
boxes in ParA2 is shown in schematic representation (B). Closeness
of ParA2 with its relatives was determined and shown in phylogenetic
tree (C). MSA of ParAs from D. radiodurans (identified with suffix
Dr) were aligned with ParA, MinD and MipZ proteins of other
bacteria available in the database and identified with a suffix of first
letters of their genus followed by species.

the cells expressing ParA2 could be attributed to the continued
increase in cell volume but inhibition of the cytokinesis. This
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Figure 2. In vitro activity characterization of recombinant ParA2.
The 284 bp long dsDNA was purified and labelled at 3' end using
DIG labelling kit. The ~0.5 uM DIG-labelled DNA probe was
incubated with increasing concentration of purified ParA2 (0.3
UM to 1.5 uM) in binding buffer (50 mM HEPES, 100 mM NaCl
pH 8.0, 5 mM MgCl2, 30 mM Na-acetate) for 20 min at 37°C and
then separated by 5% native PAGE. DNA was transferred to nylon
membrane and DIG-labelled DNA detected using anti-DIG anti-
body conjugated with alkaline phosphatase (A). ATPase activity of
ParA2 was determined with increasing concentration of protein in
absence (open box) and presence (filled box) of dSDNA (B).

indicated that ParA2 is most likely affecting cell division in E.
coli. Effect of cell division inhibition on cell elongation was
further monitored microscopically. As expected, the number of
cells showing cell elongation increased on longer induction with
IPTG (figure 5). Cells harbouring expression vector and those
expressing another recombinant protein ParAl as control did
not show cell elongation (figure 5SA) at least up to 6 h post IPTG
treatment. After 9 h post IPTG induction, nearly 80% of the
cells expressing ParA2 were more than 2 um in size as against
the cells harbouring only vector or not making ParA2, where
nearly 95% of the cells were less than 2 um in size (figure 5B).
Over-expression of FtsZ on plasmid did not rescue the ParA2
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DAPI CFP DAPI MERG LM

Figure 3. Localization of recombinant ParA2 in E. coli cells. E.
coli AB1157 harbouring pA2CFP were induced with 100 uM IPTG
for 4 h. Cells were collected and treated with 2 pL. DAPI (2 mg/mL)
and imaged under bright field (BF) and under DAPI fluorescence
(DAPI) and CFP fluorescence (CFP). These cells were also treated
with chloramphenicol (100 pg/mL) for 1 h and imaged as men-
tioned above. These images were superimposed (MERG) for locat-
ing the ParA2-CFP foci position in E. coli cells.

effect in ParA2 over-expressing E. coli cells (data not given).
These results suggested that the increase in cell length and
decrease in CFU per mL of cells expressing ParA2 seems to
be due to ParA2 affecting cell division in E. coli.

3.3 ParA2 affected proper localization of FtsZ

In order to understand the mechanism of ParA2 inhibition of
cytokinesis, the effect of ParA2 on FtsZ localization was
monitored in recombinant E. coli BL21 co-expressing both
ParA2 under T7 promoter and FtsZ-YFP under araBAD pro-
moter on pLAUS8S plasmid (Lau et al. 2003). Since over-
expression of E. coli FtsZ is known to affect cell division,
which eventually leads to cell elongation, the levels of FtsZ-
YFP expression under P,,pap Was deliberately kept at a
minimum to avoid the FtsZ-YFP transgenesis effect on cell
elongation. Subsequently, the level of total FtsZ (FtsZ + FtsZ-
YFP) in cells with and without ParA2 was determined and
found to be same (supplementary figure 3). Cells expressing
FtsZ-YFP alone showed a false-yellow-colour dense spot at
the mid cell position while those harbouring pETA2 (ParA2
expression under T7 promoter) and pLAUSS, but were in-
duced with only arabinose, showed complete FtsZ ring forma-
tion in most of the cells as seen in control. When these cells
were induced with both IPTG and arabinose for expressing
both ParA2 and FtsZ-YFP concurrently, nearly 90% of the
cells were exceptionally long and FtsZ-YFP mislocalization
was observed throughout the elongated cells (figure 6). The
relative position of FtsZ-YFP foci in the cells expressing only
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Figure 4. Effect of ParA2 expression on growth characteristics of E. coli. E. coli cells harbouring expression vector pAMCY AN (Con, -
H- and -@-) and plasmid expressing ParA2 (ParA2, -A- and -V-) were induced with IPTG (-A- and -B-) and compared with uninduced
cells (-V- and -@-). The effect of ParA2 expression on optical density (A) and colony-forming units per milliliter was monitored (B).
Similarly, E. coli cells harbouring vector (Con) and expressing ParAl (ParA1l) were induced with IPTG and optical density at 600 nm (C)

and colony-forming units (D) were monitored.

FtsZ-YFP was almost in mid cell and the average number of
FtsZ-YFP foci per cell was ~1.0. On the other hand, the cells
expressing both ParA2 and FtsZ-YFP concurrently showed
random positioning of FtsZ-YFP foci through the cells and
the average number of such foci per cell was ~6.0 (figure 6).
These results indicated that ParA2 over-expression per se
could affect the productive pattern of FtsZ localization and
eventually cytokinesis.

3.4 ParA2 complemented SImA phenotype in E. coli

Binding of ParA2 with nucleoid and its effect on inhibition
of cell division are the functions known also for nucleoid
occlusion proteins such as SImA in E. coli (Bernhardt and de
Boer 2005) and ‘Noc’ in Bacillus subtilis (Wu and Errington
2004). These proteins are known to inhibit cell division by
bringing nucleoid occlusion to the vicinity of FtsZ ring
formation. Therefore, the possibility of ParA2 inhibiting cell
division either by nucleoid occlusion or by affecting DNA
replication and genome segregation could be hypothesized.
ParA2 was expressed in E. coli strain TB85 (AsimA) and E.
coli strain TB86 (AminCDEAsimA) cells, and the effect of
ParA2 on growth characteristics of these mutants were ex-
amined. The s/mA mutant expressing ParA2 grew similar to
mutant control, while ParA2 could help simAminCDE
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double mutant to recover its growth defect in rich medium
(figure 7A) and produce asymmetric cell division generating
high frequency of minicells (figure 7B). Double mutants
expressing ParA2 produced 19.24+2.12% minicells as
against 5.12+1.26% in control without ParA2. Asymmetric
cell division has been observed in E. coli cells lacking
MinCDE system (Lutkenhaus 2007). This indicated that
ParA2 expression could make s/mAminCDE double mutants
similar to minCDE single mutants, implying the complemen-
tation of SImA loss in the double mutant. These results may,
therefore, suggest that ParA2 effect on cell division is most
likely by affecting genome compaction, a process integral to
nucleoid occlusion mechanisms operated by two distinctly
different proteins SImA in E. coli and ‘Noc’ in B. subtilis.

4. Discussion

D. radiodurans exposed to non-permissive dose of y radiation
shows relatively longer lag phase in the growth. During this
period, the transcript levels of both divisome components and
genome partitioning (Par) proteins do not change significantly
(Liu et al. 2003; Tanaka et al. 2004). Although the composition
and architecture of the cell wall and cell membrane in D.
radiodurans (Baumeister et al. 1981; Thompson and Murray
1981), B. subtilis (Rogers, 1970) and E. coli (Lugtenberg and
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Figure 5. Effect of ParA2 expression on cell morphology of E. coli. E. coli cells harbouring pAMCY AN (vector) and expressing ParA2
(ParA2) and ParA1l were induced with IPTG for different time periods (as shown within parenthesis) and observed under a microscope (A).
Similarly, E. coli cells harbouring pAMCYAN (VC) and pA2CFP (ParA2) were grown in absence (VC and ParA2) and presence of IPTG
(VCHIPTG and ParA2 +IPTG) for 9 h and cells were imaged. The length of ~100 cells per sample was measured by Axiovision rel 4.8
software and the frequency of cells showing different sizes were calculated using Graphpad Prism 5 software (B).

Van 1983) are different, the divisome components in these
bacteria are highly conserved at least at the levels of their
primary sequences. ParA2 is found to be a DNA-binding pro-
tein in vitro and localizes with nucleoid in vivo. ParA2 expres-
sion also inhibits cell division and induces mislocalization of
FtsZ-YFP throughout elongated cells of E. coli. Therefore, the
possibility of ParA2’s nucleoid binding activity contributing to
cell division inhibition was hypothesized, and its expression
on cellular lethality either by affecting DNA metabolism and/
or by working like SImA was checked. ParA2 expression did

not pose further lethality in wild-type E. coli lacking SImA,
which could have been anticipated if this protein had indis-
criminately affected DNA replication and genome segregation
in E. coli. However, the possibility of ParA2 regulating ge-
nome segregation in the presence of cognate ParB protein in its
native host cannot be ruled out and is being investigated
independently. Cellular lethality of ParA2 expressing in
wild-type E. coli, which is already expressing indigenous copy
of SImA, could be due to increased dose effect on the common
functions performed by both SImA and ParA2. A similar
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Figure 6. Effect of ParA2 expression on FtsZ ring formation in E. coli. The cells expressing FtsZ-YFP under araBAD promoter on
pLAUSS were further transformed with pET28a (+) (A) and pETA2 (B, C) plasmids. These cells were induced with 0.005% arabinose and
further grown in the absence (B) and presence (A, C) of IPTG. Cells were imaged using Axioimager microscope for the expression of YFP
was shown. Slices obtained from the images taken at 2 um scale are shown in supplementary figure 4. Cell length and number of FtsZ-YFP
foci per E. coli cell grown in absence (VC) and presence of ParA2 (ParA2) were computed from 100 cells each and plotted as density of

FtsZ-YFP foci in form of the number of foci /cells versus cell length.

phenotype was observed when SImA was expressed on
multicopy plasmid (Bernhardt and de Boer 2005). On the other
hand, ParA2 expressing in s/mAminCDE double mutants shows
unequal cell division and produced higher frequency of
minicells (figure 7B). E. coli cells defective in MinCDE proteins
undergo asymmetric cell division at the poles, leading to for-
mation of minicells (Lutkenhaus 2007). These results indicated
that ParA2 could complement SImA loss in double mutants.
Recently, Cho and coworkers have shown that the purified
SImA could inhibit both GTPase activity and sedimentation
characteristics of FtsZ in vitro (Cho et al. 2011). The similar
effect of MipZ on FtsZ polymerization and Z ring formation was
also reported earlier in Caulobacter crescentus (Thanbichler and
Shapiro 2006). Since ParA2 is found to be evolutionarily closer
to MipZ (figure 1A), the effect of ParA2 on FtsZ activity and
sedimentation characteristics was checked. Remarkably, there
was no effect of purified recombinant ParA2 on GTPase activity
and the sedimentation characteristics of FtsZ up to 5-fold molar
excess of ParA2 coincubated with FtsZ in the presence and
absence of non-specific DNA (figure 8). Considering the diver-
sity of the proteins regulating cell division and genome segre-
gation in bacteria, this result did not surprise us. As we know,
SImA and ‘Noc’ proteins, which bring about nucleoid occlusion

J. Biosci. 38(3), September 2013

in E. coli (Tonthat et al. 2011) and Bacillus subtilis (Wu and
Errington 2004), are also different in terms of their amino acid
sequences and mechanism of action. For example, SImA is
shown to affect FtsZ polymerization and GTPase activity in
vitro while such effects of ‘Noc’ has not been reported (Cho
etal. 2011). Also, amongst the SImA, ‘Noc’ and MipZ proteins,
which regulate bacterial cell division, the SImA and Noc are
sequence-specific DNA-binding proteins while MipZ interacts
with the chromosome of Caulobacter non-specifically
(Thanbichler and Shapiro 2006). Although the precise mecha-
nism underlying ParA2 inhibition of cell division could not be
outlined, mechanistically it seems to be different from SImA
and MipZ, at least in respect to its direct interaction with FtsZ.
Interestingly, the purified recombinant ParA2 by itself showed
sedimentation at centrifugal force equivalent to 20000g, which
increased further in the presence of dsSDNA and ATP. However,
when this mixture was co-incubated with cognate ParB2, the
amount of ParA2 in the pellet had decreased significantly (data
not shown), indicating that ParB2 could destabilizes the ParA2—
dsDNA interaction. Therefore, the possibility of ParA2 affect-
ing bacterial cell division by stabilizing genome compaction
albeit in the absence of cognate ParB2 cannot be ruled out.
Since ParA2 did not affect FtsZ characteristics in solution,
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Figure 7. Functional complementation studies with E. coli mutants. The AsimA and AsimA AminCDE (AslmA AminCDE / double) mutants of E.
coli were transformed with pAMCY AN (vector) and pA2CFP (ParA2) and grown in the presence and absence of IPTG for 4 h. The 2 uL of IPTG
induced cells were spotted in different dilutions and growth was recorded (A). Similarly, the both vector containing cells and ParA2 expressing cells
were grown in absence (vector, ParA2) and presence of IPTG (vector + IPTG, ParA2 + IPTG) were observed under microscope (B).
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Figure 8. Effect of ParA2 on polymerization characteristics and GTPase activity of FtsZ from D. radiodurans. (A) Sedimentation analysis of
FtsZ was checked under standard assay conditions in the presence of the different combination of ATP, GTP and DNA and without ParA2 (upper
panel) and with ParA2 (lower panel). Pellets and supernatants were analysed on SDS-PAGE and the distributions of FtsZ in the pellet and
supernatant fractions were checked in respective samples by coomassie staining. (B) Purified FtsZ (Z) was incubated with ATP (P), GTP (G),
ParA2 (A2) and dsDNA (D) in different combinations and release of inorganic phosphate from GTP/ATP was measured as described in section 2.

J. Biosci. 38(3), September 2013



496

which SImA and MipZ do, and ParA2 was found to be a non-
specific DNA-binding protein like MipZ while SImA and ‘Noc’
bind to the specific sites on nucleoids, the possibility of ParA2
regulating bacterial cell division and FtsZ localization through
nucleoid compaction by an as-yet uncharacterized mode of
action may be suggested.
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