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Functional Characterization of the Role of the Chromosome 1
Partitioning System in Genome Segregation in Deinococcus
radiodurans
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Deinococcus radiodurans, a radiation-resistant bacterium, harbors a multipartite genome. Chromosome I contains three puta-
tive centromeres (segS1, segS2, and segS3), and ParA (ParA1l) and ParB (ParB1) homologues. The ParB1 interaction with segS was
sequence specific, and ParA1 was shown to be a DNA binding ATPase. The ATPase activity of ParAl was stimulated when segS
elements were coincubated with ParB1, but the greatest increase was observed with segS3. ParA1l incubated with the segS-ParB1
complex showed increased light scattering in the absence of ATP. In the presence of ATP, this increase was continued with segS1-
ParA1B1 and segS2-ParA1B1 complexes, while it decreased rapidly after an initial increase for 30 min in the case of segS3. D. ra-
diodurans cells expressing green fluorescent protein (GFP)-ParB1 produced foci on nucleoids, and the AparB1 mutant showed
growth retardation and ~13%-higher anucleation than the wild type. Unstable mini-F plasmids carrying segSI and segS2
showed inheritance in Escherichia coli without ParA1B1, while segS3-mediated plasmid stability required the in trans expression
of ParA1B1. Unlike untransformed E. coli cells, cells harboring pDAGS3, a plasmid carrying segS3 and also expressing ParB1-
GFP, produced discrete GFP foci on nucleoids. These findings suggested that both segS elements and the ParA1B1 proteins of D.

radiodurans are functionally active and have a role in genome segregation.

he faithful transmission of genetic information from one cell

to other cells by accurate genome partitioning is coordinated
with cell division in both bacteria (16) and higher organisms (36).
In eukaryotes, the actin filaments perform a number of functions
associated with chromosome partitioning, the internalization of
membrane vesicles, and the formation of the cytokinetic ring (39).
In bacteria, genome partitioning occurs mainly by either the push-
ing or pulling of the duplicated genome toward the cell poles. This
involves three core components, (i) an origin-proximal centrom-
ere or a similar cis element, (ii) centromere binding, and (iii) P-
loop Walker ATPases, which, through polymerization/depoly-
merization dynamics, provide force leading to the movement of
the centromere (16, 19). In the case of the R1 plasmid, it was
demonstrated previously that ParR first binds to parC, a centro-
meric region, on the plasmid DNA, followed by the polymeriza-
tion of ParM. The force generated due to ParM polymerization is
utilized for pushing plasmid molecules toward opposite poles (8,
15, 37). In addition, an alternate genome partitioning system
comprised of the parAB operon and its cognate centromeric se-
quence parS has been reported for certain plasmids and the ma-
jority of bacterial chromosomes (3, 20, 49). The nucleation of
ParB or its homologues on cognate centromeric sequences (7, 33)
and a dynamic change in the polymerization/depolymerization
kinetics of cognate ParA-type proteins (19) eventually regulate the
segregation of genetic elements. Furthermore, it has been shown
that ParAs encoded on some of these plasmids and the majority of
the bacterial chromosomes bind nonspecifically with DNA and
move dynamically over the nucleoid (1, 9). These ParAs undergo
polymerization in the presence of ATP, which, upon an interac-
tion with ParB bound to the centromere, stimulates the intrinsic
activity of ParAs, and this results in depolymerization (19, 20, 40).
It has been shown that the levels of its intrinsic ATPase activity
regulate the polymerization/depolymerization dynamics of ParA.
A major understanding of the mechanisms underlying bacterial
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genome segregation has been obtained from bacteria harboring a
single circular chromosome per cell and a low-copy-number plas-
mid. Recently, the genome sequences of several bacteria from di-
verse phylogenetic groups have been reported. Some of these bac-
teria, such as Agrobacterium tumefaciens, Sinorhizobium meliloti
(25), Deinococcus radiodurans (52), and the human pathogen
Vibrio cholerae (21), harbor multipartite genomes, and both pri-
mary and secondary chromosomes in many of these bacteria con-
tain multiple centromeres (34). However, the molecular basis of
multipartite genome segregation and the nature of chromosome
partitioning systems in these organisms are not clearly known. In
the case of Vibrio cholerae, it was shown previously that both chro-
mosomes have distinct replication machineries (12) and that the
localization and segregation systems are different (13, 54) as well
as chromosome specific (24).

Deinococcus radiodurans is characterized by its extraordinary
resistance to several abiotic stresses, including radiation and des-
iccation (4, 47). This bacterium contains four genetic elements,
designated chromosome I (2.65 Mb), chromosome II (412 kb),
the megaplasmid (177 kb), and the small plasmid (46 kb) (52).
Chromosome I encodes the majority of the proteins essential for
the normal growth of this bacterium and functions as the primary
chromosome, while other genome replication units encode pro-
teins that contribute largely to secondary phenotypes (35) of this
bacterium. Except for the small plasmid, other genome replication
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units have their own encoded putative “Par” proteins, organized
as putative parAB operons. Except for a recent study that charac-
terized the roles of an SMC (structural maintenance of chromo-
some) protein and the SbcCD complex in chromosome mainte-
nance (6), further studies of the mechanisms of genome
maintenance and segregation have not been reported for D. radio-
durans and would be worth investigation.

Here, we identified three putative chromosomal-type centro-
meric sequences on chromosome I of D. radiodurans, designated
segS (cis elements involved in genome segregation), and demon-
strated the sequence-specific interaction of a putative ParB-type
protein (here referred to as ParB1) with segS elements under both
in vivo and in vitro conditions. The ParA-type protein of chromo-
some I (here referred to as ParAl) was characterized as a DNA
binding ATPase. Levels of ATPase activity stimulation and ParA1l
polymerization/depolymerization dynamics measured by both
sedimentation analysis and light scattering were different with the
segS1, segS2, and segS3 elements. ParB1-green fluorescent protein
(GFP) formed foci on the nucleoids of D. radiodurans and of Esch-
erichia coli harboring recombinant plasmid pDAGS3 but not on
the nucleoid of wild-type Escherichia coli. A AparB1 mutant of this
bacterium showed growth retardation and a significantly high
level of anucleation compared to the wild type. E. coli cells harbor-
ing an unstable mini-F plasmid cloned with segS elements showed
very high levels of stable inheritance of these plasmids into daugh-
ter cells. These results suggested that ParB1 binding with segS was
sequence specific and that ParA1 could produce the higher-order
complex in the presence of segS-ParB1. Furthermore, the polym-
erization/depolymerization of ParA1 seems to be regulated by lev-
els of its intrinsic ATPase activity in vitro. In vivo results further
supported the role of the chromosome I “Par” system, comprised
of ParB1, ParAl, and segS elements, in the maintenance of the D.
radiodurans genome.

MATERIALS AND METHODS

Bacterial strains and materials. D. radiodurans (ATCC 13939) was a gen-
erous gift from M. Schaefer (46). Cells of the wild type and its derivatives
were maintained in TGY (0.5% Bacto tryptone, 0.3% Bacto yeast extract,
0.1% glucose) broth or on agar plates, as required, at 32°C. The E. coli
expression vectors pET28a+ and p11559 (28) and their derivatives were
maintained in E. coli strain DH5a.. Kanamycin (25 pg/ml) and spectino-
mycin (40 wg ml ™) for E. coli and spectinomycin (75 pg ml~') for D.
radiodurans were used. Standard recombinant DNA techniques were
used, as described previously (45). All molecular-biology-grade chemicals
were purchased from Sigma Chemical Company; Roche Biochemicals,
Germany; New England BioLabs; TaKaRa Bio Inc., Japan; and Bangalore
Genei, India.

Bioinformatic analysis. The genome sequence of D. radiodurans R1
was searched for both a B. subtilis-type centromere sequence (TGTTNC
ACGTGAAACA) and a PI plasmid-type centromere (14) by using an
NCBI-BLAST search. The consensus boxes similar to the typical P1
element were identified by using Bioedit, version 7, software. The
functional motif search was carried out by using standard online
bioinformatics tools, as reported previously (10). In brief, the amino
acid sequences of DR_0012 and DR_0013, annotated as putative ParB
and ParA proteins, respectively, on chromosome I of this bacterium
were subjected to a PSI-BLAST search with the Swiss-Prot database,
with “genome partitioning proteins” as key words. The sequences of
close homology were aligned by T-COFFEE, and the conserved motifs
were marked in CLUSTAL-X. The secondary structure was inferred
from PSIPRED, JNET, and Prof with the Quick2D server of the Max
Planck Institute for Developmental Biology.
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Expression and purification of recombinant ParBl and ParAl.
Genomic DNA of D. radiodurans R1 was prepared as reported previously
(2), and open reading frames (ORFs) DR_0012 (ParB1) and DR_0013
(ParAl) were PCR amplified from genomic DNA by using primers
dr0012F and dr0012R for the dr0012 (parBI) gene and primers dr0013F
and dr0013R for the dr0013 (parA1I) gene (see Table S1 in the supplemen-
tal material). PCR products were ligated at the Ndel and Xhol sites in
pET28a+ to yield pET0012 and pET0013, respectively. Recombinant
plasmids were transformed into E. coli BL21(DE3)/pLysS cells, and the
recombinant ParA1/ParB1 proteins were purified by nickel affinity chro-
matography, as described previously (27). In brief, the cells were lysed in
Cell-Lytic Express (Sigma Chemical Company), and the pellet-containing
majority of the recombinant protein in inclusion bodies was dissolved in
buffer B (100 mM NaH,PO,, 10 mM Tris-HCI [pH 8.0], and 8 M urea)
and purified by using Ni-nitrilotriacetic acid (NTA) Sepharose according
to the manufacturer’s protocol (Qiagen, Germany). Partially purified pro-
tein was refolded by the serial dilution of urea with a concurrent increase
in the dithiothreitol (DTT) concentration and repurified under native
conditions using nickel affinity column buffer supplemented with 10%
glycerol and 2% ethanol. Finally, the fractions showing more than 99%
purity were pooled, dialyzed in buffer (20 mM Tris-HCI, 50 mM NaCl, 1
mM DTT, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF],
and 50% glycerol), and stored in small aliquots at —20°C until further use.
The mass spectrometric analyses of both these recombinant proteins were
carried out commercially (The Centre for Genomic Applications, New
Delhi, India), and their identities were confirmed.

DNA-protein interaction studies. For the DNA binding assay of the
ParB1 protein, the 300-bp putative segS1, segS2, and segS3 elements lo-
cated on chromosome I were PCR amplified from genomic DNA of D.
radiodurans by using sequence-specific primers (see Table S1 in the sup-
plemental material). The PCR products were gel purified and kinased with
[y->*P]ATP. Approximately 0.1 pmol labeled substrate was incubated
with different concentrations of purified recombinant ParB1 and ParAl,
in different combinations, in 20 pl of reaction buffer containing 50 mM
Tris-HCI (pH 8.0), 5 mM MnCl,, 75 mM NaCl, and 0.1 mM DTT at 37°C
for 10 min. For the competition assay, ParB1 was incubated with seg se-
quences before the 250-bp competitor DNA was added and was further
incubated with or without ParAl and ATP in different combinations, as
per experimental requirements. Mixtures were separated on 6% native
PAGE gels, the gels were dried, and autoradiograms were developed with
a PhosphorImager (Molecular Dynamics Inc.). For studies of the effect of
ParA1 polymerization in the presence of segS and ParB1, the segS elements
were incubated with different concentrations of ParB1 and ParAl sep-
arately and in combination, with and without ATP. Because of the
formation of larger macromolecular complexes of these proteins with
cis elements, the interactions of ParAl, ParB1, and cis elements were
analyzed on a 1.2% agarose gel. DNA bands were visualized with
ethidium bromide, and the band intensity was quantified by using
Gene Genius ImageQuant software (SynGene Inc.), as required. The
integrated intensities for bound and unbound fractions per unit area
were measured separately, and the DNA fraction bound to the protein
was plotted as a function of the protein concentration by using Graph-
pad Prism 5. The K, (dissociation constant) for the curve fitting of
individual plots was determined with software working on the princi-
ple of the least-squares method by applying the formula Y = B, ,, X
[X]/K,; + [X], where [X] is the protein concentration, Y is the bound
fraction, and B,,,, is the maximum binding capacity, as described
previously (10).

Measurements of ATPase activity. The ATPase activity of recombi-
nant ParAl was checked by using a modified protocol described previ-
ously (27). In brief, increasing concentrations of purified ParA1 (200 ng to
1,000 ng) were incubated with 2 mM ATP at 37°C for 1 h. To determine
the effect of DNA elements on ParAl activity, ~1,000 ng of ParAl was
incubated with a preincubated mixture of 200 ng ParB1 and 100 ng DNA
at 37°C for 1 h. The reaction was terminated by the addition of a one-
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quarter volume of malachite green reagent to the mixture, followed by a
further incubation for 20 min. The release of P, was measured at 630 nm
and quantified by using standard procedures, essentially as described pre-
viously (53). The ATPase activity was calculated as nmol P; formed per
min g protein” .

Cloning of segS elements on the mini-F plasmid and plasmid stabil-
ity studies. All three segS elements were PCR amplified from genomic
DNA of D. radiodurans by using sequence-specific primers (see Table S1
in the supplemental material). The ends of the segS1, segS2, and segS3 PCR
products were made blunt with T4 DNA polymerase and cloned sepa-
rately at the end-filled SexAlI site in mini-F plasmid pDAG203 (30). The
recombinant plasmids were designated pDAGS1, pDAGS2, and pDAGS3,
respectively. Both recombinant plasmids and the pDAG203 vector were
separately mobilized into E. coli MG1655 cells. In parallel, the putative
parAl-parBl operon was PCR amplified by using primers CIOF and
CIOR and cloned at the BamHI and HindIII sites into pDSW209 (51).
Recombinant proteins were expressed in E. coli cells harboring plasmid
pDAGS3/pDAG203. The stable inheritance of plasmids pDAGSI,
pDAGS2, and pDAGS3 was compared with that of pDAG203 as a
control by scoring chloramphenicol (Cm) resistance in daughter cells, as
described previously (18). In brief, these cells were grown in the absence of
Cm, an antibiotic marker on plasmid pDAG203, and the cells were then
selected in the presence of Cm (15 pg ml™").

Nucleotide sequencing and determination of the plasmid-to-chro-
mosome ratio. Recombinant plasmids harboring segS1, segS2, and segS3
were sequenced for their respective segS elements by using dideoxy-chain
termination chemistry on an ABI 100 sequencer (model 377). The
sequences obtained were searched for homologous sequences in data-
bases. E. coli cells harboring these plasmids and the pDAG203 vector
were grown in LB medium supplemented with chloramphenicol (15
pg ml~'). Genomic DNA was prepared according to protocols de-
scribed previously (45). The plasmid-specific cat gene and the chro-
mosome-specific xerC gene were PCR amplified with 20 ng and 150 ng
of template from the same pool of genomic DNA, respectively. Prod-
ucts were analyzed on an agarose gel, and the band intensity was esti-
mated densitometrically. The ratio of the yield of caf to the yield of
xerC was estimated and analyzed.

Construction of a parB1 deletion mutant in D. radiodurans. For the
generation of a parBI deletion mutant in D. radiodurans, a suicidal plas-
mid, pPNOK0012, was constructed by using a strategy described previously
(26). In brief, the fragments 1 kb upstream and 1 kb downstream of ORF
DR_0012 were PCR amplified with primers hari64 and hari65 for up-
stream fragments and primers hari66 and hari67 for downstream frag-
ments (see Table S1 in the supplemental material) and cloned at the KpnlI-
EcoRI and BamHI-Sacl sites, respectively. The recombinant plasmid thus
obtained, pNOKO0012, was linearized with Xmnl and transformed into D.
radiodurans cells. Transformants were maintained through several
rounds of subculturing, and the homozygous replacement of parB1 with
nptll was ascertained by PCR amplification using internal primers of
parBI. Mutant cells completely missing parBI were taken for subsequent
studies. The growths of mutant and wild-type cells were monitored as the
optical density at 600 nm.

Preparation of the translational fusion of ParB1 with GFP. The
parBI gene was PCR amplified by using primers Haril2F and Haril2R
(see Table S1 in the supplemental material) and cloned at the N terminus
of GFP at compatible sites of pDSW209 (51) to yield pHJ0012. This al-
lowed the generation of a translational fusion of ParB1 with GFP. Subse-
quently, the gfp-parBI chimera was PCR amplified from pHJ0012 by us-
ing primers GfpF and ParB1R (see Table S1 in the supplemental material).
In parallel, p11559 was modified by subcloning a 42-bp linker (5'-CATA
TGAGATCTAGTACTGAGCTCGTCGACCTTAAGCTCGAG-3') at its
Ndel and Xhol sites, generating Ndel, Scal, Sacl, Sall, Afll], and Xhol
cloning sites downstream of the existing promoter, and the resulting plas-
mid was named pVHS559. The PCR-amplified gfp-parBl chimera was
subcloned at the Sacl and Xhol sites of pVHS559 to yield pD12GFP. D.
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radiodurans cells harboring the vector and recombinant pD12GFP plas-
mids were grown in TYG broth containing spectinomycin (75 pg ml™ ),
and the inducible expression of recombinant proteins was ascertained
as described previously (28). In brief, the E. coli cells were induced with
500 wM isopropyl-B-p-thiogalactopyranoside (IPTG) for 4 h, while D.
radiodurans cells were induced with 10 mM IPTG for 16 h. The IPTG-
inducible expression of the GFP-ParB1 chimera on plasmids pHJ0012
and pDI12GFP was confirmed for both E. coli and D. radiodurans,
respectively, by immunoblotting using antibodies against GFP (Clon-
tech, TaKaRa, Japan), according to protocols described previously
(43).

Microscopy studies. Fluorescence microscopy of D. radiodurans, its
derivatives, and E. coli cells was carried out as described previously (55),
using a Zeiss Axiolmager (model LSMS10 Meta; Carl Zeiss) equipped
with a Zeiss AxioCam HRm camera. For the localization of GFP-ParB1
foci, both E. coli and D. radiodurans R1 cells harboring pD12GFP were
induced with IPTG, and the cells were stained with DAPI (4',6-di-
amidino-2-phenylindole). Both GFP and DAPI fluorescences were im-
aged. Micrographs were superimposed for the localization of ParB1-GFP
spots on the DAPI-stained nucleoid.

For deletion mutant studies, both AparBI mutant and wild-type
cells were grown overnight, and cells were imaged under bright-field
and DAPI fluorescences by using a fluorescence microscope (AxioCam
model MRC5; Carl Zeiss). A large number of cells from both wild-type
and AparBI mutant populations were examined for comparisons of
anucleation frequencies at different time intervals of growth. Experi-
ments were repeated to ensure the reproducibility and significance of
these data.

Oligomerization studies using sedimentation assays and light scat-
tering. A sedimentation assay was carried out by using modified protocols
described previously (5). In brief, 750 ng ParA1 was incubated with 100 ng
segS elements, 200 ng ParB1, and 1 mM ATP in different combinations
and permutations in a solution containing 50 mM HEPES (pH 7.6), 50
mM KCI, 5 mM MgCl,, 30 mM sodium acetate, and 100 pg/ml bovine
serum albumin (BSA) for 15 min at 25°C. Reaction mixtures were centri-
fuged at 22,000 X g for 30 min at 4°C, and the proteins were analyzed on
10% SDS-PAGE gels. Protein bands were visualized with silver nitrate,
and the ParA1 band intensity was quantified by densitometric scanning
using GeneGenius ImageQuant software (SynGene Inc.).

Dynamic light scattering was measured as described previously (5), by
using a Malvern 4800 Autosizer employing a 7132 digital correlator, as
described previously (50). In brief, ~1 wM ParA1 was incubated with ~25
nM ParB1 and ~5 nM segS centromeric sequences in 400 pl of reaction
buffer (50 mM HEPES [pH 7.6], 50 mM KCl, 5 mM MgCl,, 100 pg ml~*
BSA, 30 mM sodium acetate) in the presence and absence of 1 mM ATP,
as described in the figure legends. The scattered light intensity was mea-
sured at 90° from a 150-pm pinhole at 25°C for 10 s with 10 shots at
10-min intervals using a 25-mW He-Ne laser light source at 633 nm. The
data obtained as kilocounts per second were analyzed by using inbuilt
software for the machine.

RESULTS AND DISCUSSION

Chromosome I was identified to contain centromeres and en-
code genome partitioning proteins. The genome sequence of D.
radiodurans was searched for the plasmid-type cis element parS
(14) and chromosomal-type centromere sequences, as reported
previously for Bacillus subtilis (33). Homologous sequences were
examined for features typical of bacterial centromeres. For exam-
ple, the canonical parS element contains boxes of inverted repeats,
which are sequentially organized as A1-B1-IHF (integration host
factor) binding site-A2-A3-B2 in the P1 plasmid (14). Analyses
showed that chromosome I and chromosome II of D. radiodurans
(52) contain boxes of inverted repeats similar to those of typical
plasmid-type parS elements (Dpl and Dp2, respectively) (Fig.
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FIG 1 Identification of centromeric regions in the genome of Deinococcus
radiodurans. The genome sequence of this bacterium was searched for the
presence of typical parS elements, as reported previously for the P1 plasmid
and chromosomal-type centromeres in Bacillus subtilis. (A) The inverted re-
peat boxes characteristic of parS elements were detected in chromosome I
(Dpl) and chromosome II (Dp2). (B) Three putative centromeric regions
similar to Bacillus subtilis-type chromosomal centromeres were detected in
chromosome I and named segSI, segS2, and segS3. (C) These elements are
distributed at different locations on circular chromosome I. The ParA1B1
(A1B1) operonislocated upstream of the segSI element, between bp 13333 and
15073.

1A). However, the arrangement of these repeats on the chromo-
somes and the spacing between these boxes were different from
the typical structure of parS elements. In addition, both Dp1 and
Dp2 lacked conserved IHF binding sites. The precise spacing be-
tween the boxes of inverted repeats and the presence of the IHF
binding site are the features necessarily required for the produc-
tive interaction of parS with ParB. Therefore, the possibility of
Dp1 functioning as a centromere for chromosome I segregation
was nearly ruled out. On the other hand, chromosome I was
found with three putative chromosomal-type centromeres
(here referred to as segS) (Fig. 1B) similar to those reported pre-
viously for B. subtilis (33) and many other bacteria (34). Since
these elements showed some difference in nucleotide sequence,
they are designated segS1, segS2, and segS3 (Fig. 1). Previously, it
was found that nearly 69% of bacterial chromosomes contain B.
subtilis-type chromosomal centromeres (34). Homology searches
and comparative analyses of centromeric sequences in the ge-

5742 jb.asm.org

nomes of a large number of bacteria showed the presence of mul-
tiple centromeres on both primary and secondary chromosomes
(34).

ORFs DR_0012 and DR_0013 were annotated as a dicistronic
operon on chromosome I of D. radiodurans and encode putative
ParB (ParB1) and ParA (ParAl) proteins (35), respectively. The
amino acid sequences of ParB1 showed similarity with the cen-
tromere binding protein Spo0]J reported previously for both B.
subtilis and Thermus thermophilus (7,31). ParB1 contains con-
served regions (region I, region II, and region III) and ParB-
specific boxes (box I and box II) along with HTH motifs (38)
(see Fig. S1 in the supplemental material). Similarly, the amino
acid sequences of ParA1 showed homology with chromosomal
and plasmid-encoded ParAs (19, 22, 32) (see Fig. S2 in the
supplemental material) and were configured with the P-loop-
type Walker ATPase domain. Both these proteins also contain
two conserved arginine residues forming the characteristic
DNA binding arginine pairs (32). These analyses suggested that
chromosome 1 of D. radiodurans encodes putative ParA
(ParAl)- and ParB (ParB1)-type proteins and contains three
putative centromeric sequences (segS). The functional signifi-
cance of segS elements in genome segregation and their inter-
action with the cognate putative centromere binding protein
ParB1 was further investigated.

ParBl is characterized as a centromere-specific DNA bind-
ing protein. Both the ParB1 and ParA1 proteins were expressed in
E. coli, and recombinant proteins were purified to homogeneity
and confirmed by peptide mass fingerprints (PMFs) obtained by
mass spectrometry (see Fig. S3 in the supplemental material). The
purified recombinant ParB1 protein was checked for the charac-
teristics known for other ParB-type proteins. ParBl showed
strong binding with all three segS elements(segS1, segS2, and segS3)
and showed similar K; values of 398.4 = 96.32 nM, 486.5 = 79.41
nM, and 316.1 * 34.83 nM, respectively (data not shown). The
ParB1 interaction with all three segS elements was specific, which
remained unaffected even in the presence of a 100-fold-higher
molar ratio of nonspecific DNA (Fig. 2). The nearly identical in-
teractions of ParB1 with all three centromeric sequences indicated
a strong possibility of functional redundancy among these cis ele-
ments, which was investigated independently. Previously, it was
shown that ParB binding on chromosomal centromeres flanking
the long regions of inverted repeats is advantageous for the inter-
action of ParA during genome segregation (17, 32). Our results
showed that ParB1 could form a specific interaction with segS
elements, which suggests the possibility that these elements func-
tion like chromosomal-type centromeres for chromosome I seg-
regation in D. radiodurans.

ParAl is a DNA binding ATPase. A functional domain search
showed that ParA1 contained both Walker ATPase domains and a
characteristic arginine pair implicated in the DNA-protein inter-
action. This indicates the possibility that this protein functions as
a DNA binding ATPase. Purified recombinant ParA1l was subse-
quently checked for its ATPase activity and interactions with
DNA. It showed double-stranded-DNA (dsDNA) binding activity
in vitro (Fig. 3A), with a K; value of 211.6 = 55.79 nM (data not
shown). A gel mobility shift assay of ParA1 with a 400-bp dsDNA
yielded multiple mobility-retarded DNA bands, suggesting the
random and concentration-dependent binding of ParA1 on DNA.
ParAl showed ATPase activity in vitro, which increased with in-
creasing concentrations of protein (Fig. 3B) and was stimulated
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A NonspDNA - - - - 1 2 3 456
paBi(UM) - 0.5 0.751.0 1.01.01.01.01.01.0

PaB1-
segS1

segS1

B Non-spDNA - - - -

1 23456
-0.50.7510101.01.01.01.01.0

C NonspDNA - - - -1 2 34 5 6
parB1 (UM) - 0.50.751.01.01.01.01.01.01.0

ParB1-
segS3

segS3

FIG 2 Interaction of ParB1 with segS-type centromeres of chromosome I. All
three chromosomal-type centromeres, segSI (A), segS2 (B), and segS3 (C),
were PCR amplified, and approximately 300-bp PCR products of each element
were labeled with [y->*P]ATP and incubated with different concentrations of
recombinant ParB1. For competition with 400 bp nonspecific DNA, the segS
elements were incubated with ParB1 and chased with 1:1 (lane 1), 1:5 (lane 2),
1:10 (lane 3), 1:20 (lane 4), 1:50 (lane 5), and 1:100 (lane 6) molar ratios of 250
bp of nonspecific dssDNA (Non-spDNA). Products were separated on 5% na-
tive PAGE gels and dried, and autoradiograms were developed. Experiments
were repeated two times, and reproducible data from a representative experi-
ment are shown.

when both ParB1 and segS elements were coincubated (here re-
ferred to as the segS-ParB1 complex) (Fig. 3C). Note that the stim-
ulation of ATPase activity was severalfold higher with segS3 than
with segS1 and segS2, which is intriguing. Nevertheless, these re-
sults suggested that ParA1 was a dsDNA binding ATPase in vitro,
and its activity was stimulated, although to different levels, in the
presence of the segS-ParB1 complex. Since ParB1 alone and/or
with segS elements did not show ATPase activity, the characteristic
increase in the ATPase activity of ParAl in the presence of both of

Chromosome Type Partitioning System in Deinococcus

+ + +++ + + ++ o+ + o+ o+
ParBl - + + - - ++ + + ++ + +++ + ++ +
SegS - - - - 5353 - - S51515151525252525353653653
ATP - - - - 4+ + +4+ - - +4+ - -+ + - - +

3 6 9 1
PS PS PSPS PSPS PSPS PSPS

B.S 1200
5 100.0
2
= ¢ 800
:§§60.0
o 40.0
- S
5020'0
g 0.0
2 PS PS PS PS PS PS PSPS PS PS

Fraction types

FIG 4 Sedimentation analysis of ParAl in the presence of its cognate pu-
tative chromosome I partitioning components. Recombinant ParAl was
incubated with segS1 (S1), segS2 (S2), segS3 (S3), ParB1, and ATP in dif-
ferent combinations. (A) Mixtures were centrifuged at 22,000 X g for 30
min, and both supernatant (S) and pellet (P) fractions were analyzed by
SDS-PAGE. (B) The gel was stained with silver nitrate, and the intensity of
the protein band corresponding to ParAl was estimated by densitometric
scanning of the respective gel. Each experiment was repeated three times,
and results from one reproducible experiment are shown in panel A and
with standard deviations in panel B.

these elements was interesting. The stimulation of ParA’s ATPase
activity upon an interaction with ParB or homologues bound on
centromeric sequences was reported previously to be one of the
factors contributing to the dynamic change in the polymerization/
depolymerization kinetics of such proteins (44). Therefore, the
functional significance of segS-ParB1-stimulated ATPase activity
for the polymerization/depolymerization dynamics of ParA1 was
hypothesized and checked.

ParA1 produced a heavier complex with segS elements and
ParBl. Both sedimentation analysis and light scattering ap-
proaches were used to check the oligomerization of ParAl. Puri-
fied recombinant protein was incubated with segS in the presence
and absence of ATP, and the distribution of ParAl between the
pellet and supernatant was monitored. Purified ParAl reproduc-
ibly showed a level of sedimentation which did not change in the
presence of ATP (Fig. 4), which may be explained if we assume
that ParAl might be forming shorter polymers independent of
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FIG 3 Activity characterization of recombinant ParAl. (A) The DNA binding activity of purified ParA1 was checked with 400 bp PCR-amplified nonspecific
DNA and increasing concentrations of protein, and products were analyzed on a 1.2% agarose gel. S, supernatant. (B) The ATPase activity of ParA1 was measured
with cold ATP, and the release of inorganic phosphate was estimated as a function of the ParA1 concentration. (C) Similarly, the ATPase activities of ParAl,
ParB1, and ParAl plus ParB1 (A1B1) incubated with aberrant parS (Dp1+A1B1), segSI (S1+A1B1), segS2 (S2+A1B1), and segS3 (S3+A1B1) of chromosome
I were measured as described in Materials and Methods, and the release of inorganic phosphorous was estimated.
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FIG5 Light scattering studies of ParAl incubated with ParB1 and segS elements in the presence and absence of ATP. Recombinant purified ParAl (ParAl)
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were recorded as a function of time. For experiments where both ParAl and ParB1 were incubated with segS elements, ParB1 was preincubated with segS
before ParAl was added. For the ATP effect, the ATP was added last in any given combination. Experiments were repeated at least three times
independently. Data presented here are the means of values obtained with 10 shots of 10 s each at every single time point from a representative experiment.

dsDNA and ParB1. When ParA1 was incubated with ParB1-segS1
or ParB1-segS2 complexes in the absence of ATP, the amount of
ParAl increased significantly in the pellet (Fig. 4) in the cases of
segS2 and segS3 but did not change in the case of segSI. This in-
crease in the concentration of ParAl in the pellet was relatively
higher with segS3 than with segS2, which could be explained by the
relatively higher affinity of ParB1 for segS3 than for segS2 (data not
shown). In the presence of ATP, however, the levels of ParAl in
the pellet increased in the case of segSI and continued to be high in
the case of segS2, while they decreased significantly in the case of
segS3. This showed that although ParB1 forms complexes with all
segS elements, the interactions of ParAl with segS-ParBl com-
plexes were different in the presence of ATP. Presumably, it dis-
sociates faster from a hypothetical segS3-ParA1B1 complex in the
presence of ATP than from similar types of complexes with segS1
and segS2. This result also agrees with an independent observation
where the higher mobility of the segS3-ParA1B1 nucleoprotein
complex was observed in the presence of ATP (data not shown).
The ATP effect on the higher mobility of the segS3 nucleoprotein
complex, the higher sedimentation rate of ParAl in mixtures con-
taining ParA1l incubated with the segS3-ParB1 complex, and the
greater stimulation of ATPase activity in the presence of segS3
together suggested a correlation between the stimulation of
ATPase activity and the depolymerization of the ParAl poly-
mer. The ATPase activity stimulation-mediated depolymeriza-
tion of ParA, which provides the force for the movement of the
replicated genome toward the cell poles, was suggested previ-
ously (16, 44). Furthermore, sedimentation analysis has also
been used as a tool for demonstrating the oligomerization of
ParA-type proteins (5), including ParA2 from V. cholerae (24).
It has been shown that the conditions that favor the polymer-
ization of SopA/ParA2 also produced the larger pellets of these
proteins upon centrifugation.

The effect of ATP, segS elements, and ParB1 on the oligomer-
ization of ParA1 was also checked by light scattering analyses. The
results showed that ParB1 and ParAl, both individually and to-
gether, did not change light scattering significantly. However, the
incubation of ParAl with segS-ParB1 complexes of all three segS
elements showed a steady increase in light scattering albeit in the
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absence of ATP (Fig. 5). However, in the presence of ATP, the
increase in light scattering continued for 60 min in the cases of
segS1 and segS2. With segS3, however, the initial increase in light
scattering for 30 min was followed by a sharp decrease, indicating
the possibility of a rapid change in the macromolecular interac-
tion between ParA1l and the segS3-ParB1 complex. The light scat-
tering approach was used previously to determine the dynamic
variations in the sizes of macromolecular complexes. An increase
in light scattering with time has been attributed to an increase in
the sizes of ParA protein polymers (5), while a decrease in light
scattering was suggested to be due to the disassembly of the ParA
filament (44, 48). Note that ParA, belonging to the type I category,
e.g., Soj or pSM 19035 delta, polymerizes in the presence of ATP
and DNA; the interaction of this complex with Spo0J stimulates
the intrinsic ATPase activity of ParA, leading to its depolymeriza-
tion (40—42). Thus, a rapid decrease in light scattering, a higher gel
mobility, and a relatively smaller amount of ParA1 in the pellet in
the presence of segS3 and ATP may suggest that the higher ATPase
activity of ParAl upon the interaction with the ParB1-se¢S3 com-
plex could lead to its rapid depolymerization. The in vitro results
obtained so far suggested that ParB1 is a sequence-specific centro-
mere binding protein and that ParAl is a DNA binding ATPase.
The sequence-specific interaction of ParB1 with all three segS ele-
ments with nearly similar K; values indicated a strong possibility
of multiple centromere-like sequences functioning in chromo-
some I partitioning in D. radiodurans.

The segS elements and ParA1B1 proteins support the inher-
itance of the mini-F plasmid in E. coli. The in vitro characteriza-
tion of both cis elements and partitioning proteins produced some
intriguing observations, such as the observation that segSI and
s5egS2 elements bound to ParB1 produced a stable complex with
ParAl even in the presence of ATP, while these interactions be-
haved differently with segS3. This may allow us to speculate that
the minor differences in the sequences of these cis elements could
make them function differently in vivo. In order to test this hy-
pothesis and the in vivo functions of these elements as centromeres
in genome segregation, we employed plasmid stability assays us-
ing unstable mini-F plasmid pDAG203 (23). All three segS ele-
ments (segS1, segS2, and segS3) were cloned into pDAG203, yield-
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FIG 6 Centromere activity assay of segS elements using a plasmid stability test
in Escherichia coli. (A and B) The segS1 (S1), segS2 (S2), and segS3 (S3) elements
were cloned into unstable mini-F plasmid pDAG203 (V), and cells carrying
recombinant plasmids pDAGS1, pDAGS2, and pDAGS3 and pDAGS3-har-
boring cells coexpressing either ParB1 (S3+B1) or ParB1 and ParAl together
(S3+A1BI1) (B) were checked for plasmid stability as a function of chloram-
phenicol resistance (A). Data were compared with data for cells carrying vector
pDAG203 (V) alone and also coexpressing both ParAl and ParB1 in the vector
background (V+A1B1) (B). (C and D) Genomic DNAs prepared from 5 in-
dependent clones (clones 1 to 5) of E. coli each harboring pDAGS1, pDAGS2,
pDAGS3, and pDAG203 (pDAG) and relative proportions of plasmid (cat)
and genomic (xerC) DNAs were checked for each clone (C), and the ratios of
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ing pDAGSI, pDAGS2, pDAGS3, respectively, and transformed
into E. coli. Cells harboring these derivatives were grown to differ-
ent generations, and the numbers of cells conferring chloram-
phenicol resistance (a phenotype encoded on pDAG203) were
scored. Interestingly, the cells carrying pDAGSI1 and pDAGS2
showed a nearly 100% stable inheritance of the respective plas-
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mids independently of ParA1B1 (Fig. 6A), while the stability of
plasmid pDAGS3, in terms of cells expressing chloramphenicol
resistance, although significantly high even in the absence of
ParA1B1 compared to the control, was improved further to nearly
100% when both ParAl and ParB1l were coexpressed (Fig. 6B).
These results indicated that (i) all three segS elements could func-
tion like bacterial centromeres, and (ii) segS1 and segS2 could find
the partitioning protein complements in an E. coli host, while
5egS3 recognition by the E. coli complement(s) was partial and
required cognate ParA1B1 for its complete inheritance in a divid-
ing population. Previously, a plasmid stability assay using unsta-
ble mini-F plasmid pDAG203 was employed for the characteriza-
tion of genome partitioning systems in other bacteria (11, 18).
These results suggested that segS3 functions differently from segS1
and segS2. While the latter elements could support the stable seg-
regation of the mini-F plasmid independently of ParA1B1, the
function of segS3 required ParA1B1 for its efficient function in E.
coli. The molecular basis for segSI and segS2 stabilizing the unsta-
ble mini-F plasmid independently of its cognate partitioning pro-
teins in E. coli is not clear. However, the possibility of any change
in copy number in terms of the amount of plasmid DNA per unit
of chromosomal DNA (Fig. 6C and D) and mutations in segS
elements (see Fig. S4 in the supplemental material) has been ruled
out. Furthermore, the possible mechanisms of how all three segS
elements coordinate genome segregation in D. radiodurans will be
studied independently.

ParB1 interacts with the nucleoid in D. radiodurans, and its
deletion results in growth defects and anucleation. D. radio-
durans cells harboring pD12GFP were induced with IPTG, and the
synthesis of the GFP-ParB1 fusion protein was confirmed by im-
munoblotting using GFP antibodies. A microscopic examination
of D. radiodurans cells expressing the GFP-ParB1 fusion showed
the presence of at least 1 fluorescent focus per cell, which was not
observed for wild-type cells harboring the p11559-GFP vector
control (data not shown). The overlapping of the micrographs
imaged under GFP and DAPI fluorescences showed that GFP-
ParB1 formed foci directly on the nucleoids of Deinococcus cells

ParB1-GFP

DAPL

Merged

Merged

pDAGS3 cells

FIG 7 In vivo interaction of ParB1 with nucleoids containing a segS element(s) in bacteria. D. radiodurans R1 (A) and E. coli (B) cells harboring the pDAG203
vector (pDAG) and pDAGS3 (pDAGS3) were expressed with ParB1-GFP on a plasmid and micrographed for GFP fluorescence (ParB1-GFP), and cells were
stained with DAPI. These images were merged to localize the position of the GFP spot on the nucleoid or otherwise, as the case may be.
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FIG 8 Effect of ParBl deletion on genome maintenance in Deinococcus
radiodurans. (A) The parBI deletion mutant (AparBI) of D. radiodurans
was generated, and its growth pattern at an optical density at 600 nm
(ODggo) was compared with that of D. radiodurans R1 (wild type [WT]).
(B) The effect of the parBI deletion on anucleation was examined micro-
scopically. Cells grown at different time intervals were micrographed un-
der bright-field (BF) fluorescence, and cells were stained with DAPI. The
percentage of anucleation was calculated from the number of cells missing
a genome out of the total number of cells counted. Micrographs shown are
those of wild-type and AparBI mutant cells grown for 10 h under normal
growth conditions.

(Fig. 7A), suggesting that ParB1 could bind on the genome of this
bacterium. On the other hand, wild-type E. coli cells expressing the
GFP-ParB1 fusion did not show GFP-ParB1 focus formation, fur-
ther indicating that the ParB1 interaction with the genome is spe-
cific to sequences present in the genome of D. radiodurans but not
E. coli. However, E. coli cells harboring recombinant plasmid
pDAGS3, harboring segS3 and also expressing ParB1-GFP,
showed discrete focus formation on DNA, which was not ob-
served for cells harboring pDAG203 as a vector control (Fig. 7B).
These results suggest that ParB1 is a typical ParB-type protein that
nucleates on the segS3 sequence present on a plasmid in E. coli and
possibly on the genome of D. radiodurans.

In order to understand the role of ParB1 in the maintenance of
the D. radiodurans genome, the ParB1 gene was deleted from the
bacterial genome, and the AparB1 mutant was compared with the
wild type to determine its growth characteristics and anucleation
phenotype under normal growth conditions. Mutant cells showed
a significant decrease in turbidity measured at 600 nm compared
to the turbidity measured for wild-type cells (Fig. 8A). Previously,
the effect of the parAB deletion on similar types of growth defects
was observed for other bacteria, e.g., Pseudomonas putida (18).
Fluorescent micrographs of mutant cells stained with DAPI
showed notable effects of the parBI deletion on genome mainte-
nance under normal growth conditions. The anucleation fre-
quency in mutant cells was in the range of 8 to 13%, compared to
the less than 1% observed for wild-type cells (Table 1). Morpho-
logically, several tetrads were seen as triads, possibly because one
of the four cells that lacked a nucleoid did not survive. These triads
also showed three nucleoids by DAPI staining, instead of the four
nucleoids normally observed for unaffected populations (Fig. 8B).
Also, a large number of tetrad populations showed a relatively low
density of DNA in one of the four compartments of the tetrads.
Similar levels of anucleation were reported previously for other
bacteria when the parB gene and/or the parA gene was deleted
(29). These results suggest that ParB1 interacts with the nucleoid
of this bacterium and has a functional role in genome mainte-

5746 jb.asm.org

nance. The heterogeneity in cell populations showing anucleation
could be attributed to the toroidal packaging of all genome repli-
cation units and also to the functional redundancy if contributed
by other ParB-type proteins encoded on other replication units in
this bacterium.

D. radiodurans is known for its extreme phenotypes, including
its extraordinary resistance to gamma radiation (47). The genome
sequence of this bacterium revealed several interesting facets (52).
Among these, the presence of a multipartite genome system,
ploidy, and multicopy genes was speculated to be key for its ex-
treme phenotypes. The maintenance of the multipartite genome
and ploidy in dividing cells of bacteria has been an interesting
question and equally intriguing. Recent studies of V. cholerae,
which also has a multipartite genome, showed that both chromo-
somes I and II of this bacterium encode independent systems of
genome segregation. This study has brought forth some interest-
ing findings to suggest that chromosome I of D. radiodurans con-
tains an independently functional partitioning system that in-
cludes three chromosomal-type centromeric sequences named
segS1 to segS3 and the partitioning proteins ParA1 and ParB1. This
study further demonstrated the roles of these elements in the seg-
regation of an unstable mini-F plasmid and genome maintenance
in D. radiodurans. Molecular interaction studies between the
ParA1/ParB1 and segS elements suggested that ParA1l could form
polymers in the presence of dsDNA, as evidenced by sedimenta-
tion analyses (Fig. 4) and light scattering studies (Fig. 5). The
higher ATPase activity of ParAl in the presence of segS3-ParB1
than in the presence of centromeric complexes and the higher gel
mobility of a hypothetical segS3-ParB1P nucleoprotein complex,
butnot a segS1-ParB1P or segS2-ParB1P complex, especially in the
presence of ATP (data not shown), suggested that ParAl isa DNA
binding protein and that ParA1 polymerization/depolymerization
may be regulated by the levels of its intrinsic ATPase activity. Both
the DNA binding of ParA1 and its polymerization/depolymeriza-
tion as a function of its ATPase activity are typical characteristics
of ATPases associated with genome segregation (31, 40, 48). Fur-
ther studies will be required to understand the real-time function-
ing of segS and ParA1B1 and the oscillation of ParAl proteins on
the genome of D. radiodurans. Results obtained for the ParA1B1-
dependent role of segS3 elements in mini-F plasmid stability (Fig.
6) and the nearly 8 to 13% loss of nucleoids in the AparBI mutant
of D. radiodurans, in comparison to the 1% loss in normal cells
(Table 1), strongly supported the roles of both segS and the “Par”
proteins of this bacterium in its genome segregation. The results
presented here report for the first time that (i) ParAl is a DNA
binding ATPase; (ii) ParBl is a sequence-specific centromere
binding protein; (iii) the ATPase activity of ParA1 was stimulated
in the presence of both ParBl and dsDNA, which seems to be

TABLE 1 Effect of a parBI deletion on the anucleation of the genome of
D. radiodurans

Wild type AparBI mutant
Growth
period  No. of cells Mean anucleation No. of cells  Mean anucleation
(h) counted frequency (%) = SE  counted frequency (%) = SE
2 189 0.60 = 0.12 280 8.57 = 1.34
4 203 0 297 9.42 +0.98
6 202 0.049 * 0.021 258 10.07 £ 1.45
8 249 0 255 10.19 = 1.58
10 295 0 206 13.39 £ 0.87
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regulating the dynamics of ParAl polymerization; and (iv) segS
elements function like bacterial centromeres for unstable plasmid
segregation, and ParB1 has a role in genome maintenance in D.
radiodurans. An attempt to delete segS3 from the genome of D.
radiodurans was unsuccessful. Cells approaching the homozygous
replacement of segS3 with a selection marker lose viability. This
indicates a strong possibility that segS3 acts as a preferred centromere
during the ParAB1-mediated partitioning of chromosome I in D.
radiodurans. These findings collectively suggested that both segS ele-
ments and Par proteins harbored on chromosome I of D. radiodurans
are functionally active and play a role in genome segregation and the
maintenance of the chromosome in this bacterium.
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