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The par genes of Pseudomonas aeruginosa have been studied to increase the understanding of their mecha-
nism of action and role in the bacterial cell. Key properties of the ParB protein have been identified and are
associated with different parts of the protein. The ParB- ParB interaction domain was mapped in vivo and in
vitro to the C-terminal 56 amino acids (aa); 7 aa at the C terminus play an important role. The dimerization
domain of P. aeruginosa ParB is interchangeable with the dimerization domain of KorB from plasmid RK2
(IncP1 group). The C-terminal part of ParB is also involved in ParB-ParA interactions. Purified ParB binds
specifically to DNA containing a putative parS sequence based on the consensus sequence found in the
chromosomes of Bacillus subtilis, Pseudomonas putida, and Streptomyces coelicolor. The overproduction of ParB
was shown to inhibit the function of genes placed near parS. This “silencing” was dependent on the parS
sequence and its orientation. The overproduction of P. aeruginosa ParB or its N-terminal part also causes
inhibition of the growth of P. aeruginosa and P. putida but not Escherichia coli cells. Since this inhibitory
determinant is located well away from ParB segments required for dimerization or interaction with the ParA
counterpart, this result may suggest a role for the N terminus of P. aeruginosa ParB in interactions with host
cell components.

Bacterial genome sequencing has revealed many conserved
chromosomal features. Among them is a pair of genes located
near chromosomal replication origin oriC and coding for ho-
mologues of the plasmid partitioning proteins ParA and ParB
(4, 11, 41). In low-copy-number plasmids, these proteins en-
sure better-than-random segregation of the plasmids prior to
cell division (4, 12). The majority of bacterial genomes contain
a single copy of the putative partitioning operon (54), although
the genomes of some species contain multiple copies of one or
both genes (e.g., Vibrio cholerae, Streptomyces coelicolor,
Deinococcus radiodurans, and Bacillus subtilis). Only Esche-
richia coli and the closely related species Salmonella enterica
serovar Typhimurium and Haemophilus influenzae do not pos-
sess a conserved Par region. The chromosomal ParA and ParB
counterparts are proposed to play an accessory role during
regular cell division and chromosome segregation but to be-
come crucial under specialized conditions, such as sporulation
or entry into stationary phase during growth on minimal me-
dium (14, 18, 26, 31, 48, 52). There are also data suggesting
that one or both of these proteins may play important regula-
tory roles as molecular checkpoints in the cell cycle (6, 38, 42,
43). parB mutants of B. subtilis, S. coelicolor, or Pseudomonas
putida show increased levels of anucleate cells or sporulation
defects (14, 18, 26, 31). Caulobacter crescentus mutants with
parA or parB disruptions could not be obtained (38) unless a
wild-type copy of the gene in question was also supplied (37).
The ParB homologue in B. subtilis (Spo0J) binds to at least
eight sites concentrated in 20% of the genome around oriC (ori

domain) (32). Although the functions of ParA and ParB in
chromosome separation are still unknown, the colocalization
of ParB foci with oriC (30, 33), duplication of those foci in
parallel with oriC replication (13), rapid separation of both
structures, and their tethering in defined sectors of the bacte-
rial cell (49) suggest the involvement of ParB-DNA complexes
in the active segregation of chromosomes. In the well-charac-
terized plasmid partitioning systems, two components, ParA
and ParB, are predicted to interact directly either at the cen-
tromere-like site (5, 24) or at the autoregulated promoter of
the parAB operon (ParB potentiates repression exerted by
ParA) (10, 39). Direct protein- protein interactions have been
demonstrated so far for ParA and ParB of P1 (5, 51), SopA and
SopB of F (16, 27), ParM and ParR of R1 (24), and IncC and
KorB of RK2 (34, 46). Recent studies of spo0J mutants of B.
subtilis (2) and parAB mutants of C. crescentus (9) also dem-
onstrated the possibility of such interactions between chromo-
somal homologues.

Previous studies suggested a number of basic generalizations
about the structure and function of the chromosomal ParA and
ParB homologues. These include a strongly conserved ATPase
motif in ParA, thought to provide the energy for partitioning,
and putative �-helix–turn–�-helix (H-T-H) motifs in ParB, al-
lowing it to selectively bind the centromere-like sequence. N-
terminal parts of chromosomal ParB family members contain
two highly conserved sequences, previously identified as box I
and box II (54) (Fig. 1). A Comparison of ParB of Pseudomo-
nas aeruginosa with the four best-studied representatives of the
chromosomal ParB subfamily revealed additional regions of
high conservation separated by stretches with fewer conserved
amino acids (regions 1 to 4 in Fig. 1). One of the variable
regions, between W228 and P238 (coordinates from the P.
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aeruginosa sequence), corresponds exactly to the nonconserved
region between KorB from plasmid RK2 (KorBRK2) (IncP1�)
and KorB from plasmid R751 (IncP1�) (34), the closest of the
plasmid homologues of chromosomal ParB proteins of Pseudo-
monas. This variable region was designated by us the putative
linker region between the N-terminal and the C-terminal do-
mains of KorB proteins (34), and tentatively we gave it the
same designation for chromosomal ParB proteins (Fig. 1). Our
studies with ParB focused first on determining whether the P.
aeruginosa par system obeys the rules emerging for other chro-

mosome- and plasmid-encoded homologues. Whereas the
DNA-binding and dimerization domains conform to these
rules, the major difference that we found was the location of
the region of ParB that interacts with ParA. These results
suggest that ParA-ParB interactions occur in an area where
specificity may be exerted by different systems. We also local-
ized a region in ParB that was not involved in dimerization or
interactions with ParA and, whose overproduction caused
growth inhibition. We confirmed that the centromere-like se-
quence similar to that identified for the B. subtilis and S.

FIG. 1. Comparison of P. aeruginosa ParB with the other well-studied chromosomal members of the ParB family (P. aeruginosa, Pa; P. putida,
Pp; B. subtilis, Bs; C. crescentus, Cc; S. coelicolor, Sc). A black background indicates homology in all five proteins, and a gray background indicates
homology in three or four proteins. Regions of conservation are underlined; a thick line corresponds to previously identified blocks (54), and a
thin line corresponds to blocks identified here (for the first time). A broken line indicates the proposed linker region referred to in the text.
Positions defining the ends of the deletions (see Fig. 3) are marked with coordinate numbers and letters for cross-referencing.
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coelicolor genomes was recognized specifically by ParB of P.
aeruginosa in in vivo and in vitro experiments. We also dem-
onstrated that the chromosomal ParB protein might “silence”
the neighboring genes in a manner similar to that of its plasmid
counterparts—SopB of F (35) and ParB of P1 (45)—and that
the silencing was DNA sequence dependent and therefore
might contribute to the process that regulates the activity of
the oriC region after replication.

MATERIALS AND METHODS

Bacterial strains and growth. The E. coli strains used were K-12 strains DH5�
[F� (�80dlacZ�M15) recA1 endA1 gyrA96 thi-1 hsdR17 (rk

� mk
�) supE44 relA1

deoR �(lacZYA-argF)U196] and S17-1 (pro hsdR recA Tpr Smr

�RP4-Tc::Mu-Kn::Tn7) (C. M. Thomas), E. coli B strain BL21 [F� ompT hsdSB

(rB
� mB

�) gal dcm (�DE3)] (Novagen Inc.), and E. coli C strain C2110 (polA1
his rha) (D. R. Helinski, University of California at San Diego). P. aeruginosa
PAO1161 (leu r�) was kindly provided by B. M. Holloway (Monash University,
Clayton, Victoria, Australia), and PAO1161 parA::smh was constructed by K.
Lasocki by allele exchange with strain S17-1 and suicide vector derivative
pAKE600 (3). P. putida prototrophic strain KT2442 gfp Rifr was kindly provided
by K. Smalla (Braunschweig, Germany). Bacteria were generally grown in L
broth (25) at 37 or 30°C or on L agar (L broth with 1.5% [wt/vol] agar) supple-
mented with antibiotics as appropriate: benzylpenicillin sodium salt at 150 	g
ml�1 in liquid medium and 300 	g ml�1 on agar plates for penicillin resistance
in E. coli, kanamycin sulfate at 50 	g ml�1 for kanamycin resistance in E. coli,
and streptomycin sulfate at 30 	g ml�1 for streptomycin resistance in E. coli, 60
	g ml�1 for streptomycin resistance in P. putida, and 200 	g ml�1 for strepto-
mycin resistance in P. aeruginosa.

Yeast strains and growth conditions. Saccharomyces cerevisiae strain L40
(MATa trp1 leu2 his3 ade2 LYS2::lexA-HIS3 URA3::lexA- lacZ) was used for
transformation. Yeast cells were grown in 1% yeast extract– 2% Bacto Pep-
tone–2% glucose medium. Plasmid-containing yeast strains were grown in 0.67%
yeast nitrogen base–3% glucose (YNB) medium supplemented with a mixture of
appropriate nutrients lacking tryptophan (for selection of pBTM116 derivatives),
leucine (for selection of pGAD424 derivatives), or both (for selection of double
transformants) as required. Agar was added to a concentration of 2% (wt/vol) for
agar plates. To grow transformants for the �-galactosidase filter lift assay, YNB
agar contained 0.5% glucose instead of 3% glucose. For the �-galactosidase
assay with liquid cultures, the yeast cells were grown to logarithmic phase in YNB
medium with 0.5% glucose and then transferred to YNB-ethanol (3%) medium
for several hours. For testing of the expression of the His reporter gene in strain
L40, YNB agar plates were supplemented with a mixture of amino acids lacking
tryptophan, leucine, and histidine. 3-Amino-1,2,4-triazole (3-AT) (25 mM) was
added to the plates to repress the basal activity of the His3 reporter gene. The
plates were incubated at 30°C for 3 to 4 days.

Plasmids. The plasmids used in this study are listed in Table 1. Plasmids used
to create transcriptional fusions with regulated levels of expression were con-
structed as follows. For the expression of cloned open reading frames (ORFs),
the high-copy-number Penr vector pGBT30 (19), based on the pMB1 replicon
with lac1q and tacp separated from �tR1 by the multiple cloning site from pUC18,
was used. To make use of the associated tacp Shine-Dalgarno sequence, the ATG
codon of the inserted ORF must directly follow the EcoRI site. A BamHI-SalI
fragment of pGBT30 derivatives with the ORF of interest and all upstream
control elements was recloned into the broad-host-range Smr IncQ-based repli-
con pGBT400 (20). N-terminal parB deletions were obtained by using unique
restriction sites. The linearized plasmid with parB was treated (if necessary) with
the DNA PolI Klenow fragment and ligated with an oligonucleotide carrying an
EcoRI recognition site followed by an ATG codon in frame with the rest of parB.
C-terminal deletions of parB were also obtained by use of suitable restriction
sites, which were blunt ended and then ligated with an oligonucleotide carrying
a SalI site (italics) and stop codons (underlining) in all three frames (TGACCT
AGTCGACTAGGTCA). All constructions were checked by sequencing of the
new junction point. EcoRI-SalI fragments carrying the chosen parB alleles were
recloned into pGBT30 and pGBT400 under tacp control.

Plasmids used for protein purification were constructed by inserting parB
alleles as described above into a derivative of pET28a Kmr (Novagen) modified
with the help of a synthetic oligomer so that a His6 tag and a thrombin cleavage
site precede almost directly the EcoRI site (34). Purified His-tagged ParB de-
rivatives were N-terminally extended with the same amino acid sequence:
MGSSH6SSGLVPRGSHSEF.

E. coli-S. cerevisiae shuttle plasmids used in the two-hybrid system were con-
structed by using vectors pBTM116 and pGAD424 (Clontech Matchmaker) to
fuse the polypeptides encoded by the EcoRI-SalI inserts to the C terminus of
LexA (DNA-binding domain) and the Gal4 activation domain (Gal4AD), respec-
tively. The system provides Penr selection in E. coli cells and LEU� (pGAD424)
or TRP� (pBTM116) selection in yeast cells. All parB mutant alleles and the
parA gene were transferred to the shuttle vectors.

Plasmid DNA isolation, analysis, cloning, and manipulation of DNA. Plasmid
DNA was isolated by standard procedures (47), digested with restriction enzymes
under conditions recommended by the suppliers, and run on 0.8 to 2.0% (wt/vol)
agarose gels. DNA sequencing was performed at an internal sequencing facility
(Institute of Biochemistry and Biophysics, Warsaw, Poland) by using the dye
terminator method in conjunction with an ABI 373 automated DNA sequencer.
Standard PCRs (40) were performed as described previously (22) with the fol-
lowing pairs of primers for parA and parB amplification: ParA1 (CCGAATTCA
TGGCTAAGGTATTCGC) and ParA2 (CCGTCGACCCAGTCCACGTTTCT
TG), ParB1 (CCGAATTCATGGCAGCCAAGAAACGTGG) and ParB2 (CC
GTCGACCCGACTACCCGCTACAACCC), ParB1 and ParB3 (GGGGATCC
GTCCACTGCCGAACCAGGGC), and ParB4 (GGGGATCCCCTGCGGGAC
CGGTCAAGAG) and ParB2.

To amplify the parAparB fragment, primers ParA3 (CCGAATTCCTGCT
GATACTGCGGCGC) and ParB2 were used. Chromosomal DNA of P. aerugi-
nosa PAO1161 was used as the template. Cells from 1 ml of an overnight culture
were spun down, washed with H2O, and resuspended in 500 	l of H2O. After the
suspension was boiled for 5 min, the cell debris was separated by centrifugation,
and 10 	l of the supernatant was used in the PCR. PCR products were cloned
into vector pGEM-T Easy (Promega) and later recloned as EcoRI-SalI frag-
ments into appropriate vectors. All PCR-derived clones were analyzed by DNA
sequencing to check their fidelity.

E. coli and Pseudomonas transformation. Competent cells of E. coli and P.
putida were prepared by the standard CaCl2 method (47). Competent cells of P.
aeruginosa were prepared according to the modifications described by Irani and
Rowe (17). Transformation was accomplished either by 50°C heat-pulse treat-
ment or by electroporation with a BioPulser (Bio-Rad).

Yeast transformation. Yeast transformation was performed by the standard
polyethylene glycol-lithium acetate method recommended by Clontech. Either
single or double transformations were conducted, and transformants were se-
lected and stored on minimal YNB agar.

Determination of LacZ activity in yeast cells. �-Galactosidase activity was
monitored by the filter lift assay with 5-bromo-4- chloro-3-indolyl-�-D-galacto-
pyranoside (X-Gal) as a substrate and by the quantitative liquid culture assay
with 2-nitrophenyl-�-D-galactopyranoside (ONPG) as a substrate (Clontech).

Purification of His6-tagged polypeptides. Exponentially growing BL21(DE3)
strains with pET28 derivatives (1, 50) were induced with 0.5 mM isopropyl-�-D-
thiogalactoside (IPTG) at a cell density of approximately 2 
 108 CFU/ml and
grown for an additional 2 h with shaking at 37°C. Cells were harvested by
centrifugation and sonicated. Overproduced His-tagged proteins were purified
on Ni-agarose columns as recommended by Qiagen for soluble native proteins
with an imidazole gradient in phosphate buffer at pH 6.0. The purification
procedure was monitored by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) with a Pharmacia PHAST gel system.

Cross-linking with glutaraldehyde. His-tagged polypeptides purified on Ni-
agarose columns were cross-linked by use of glutaraldehyde (23) and separated
by SDS-PAGE with a PHAST gel system.

Analysis of protein-DNA interactions by gel retardation. The pairs of com-
plementary oligonucleotides were annealed and then cloned between SalI and
HindIII in pUC18 (37). AGCTTGTTGCTTGTTCCACGTGGAACAAGGCCG
and TCGACGGCCTTGTTCCACGTGGAACAAGCAACA were used to form
parS2/3, AGCTTGTTGCTTGTTCCACGTGGAACCAGGCCG and TCGACG
GCCTGGTTCCACGTGGAACAAGCAACA were used to form parS1/4, AGCT
TGTTGCTTGTTCCACGAGGAACGAGGCCG and TCGACGGCCTCGTTC
CTCGTGGAACAAGCAACA were used to form parS7, and AGCTTGTTGCT
TGTTTCACGTGAAACAAGGCCG and TCGACGGCCTTGTTTCACGTGAAA
CAAGCAACA were used to form S. coelicolor parS (parSSc).

An NdeI-EcoRI fragment of 284 nucleotides (nt) containing the palindrome
was purified, dephosphorylated, and 5�-end labeled with polynucleotide kinase
(Bethesda Research Laboratories) and [�-32P]ATP. The labeled fragment was
then cleaved by PvuI into a 191-nt fragment with the palindrome and a control
fragment of 93 nt. For gel retardation experiments, radioactive fragments were
incubated for 15 min at 37°C with purified His6-ParB (wild type or truncated
derivatives) in binding buffer (20 mM Tris [pH 8.0], 150 mM NaCl, 1 mM EDTA,
1 mM dithiothreitol) and then separated by PAGE under previously described
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TABLE 1. Plasmids used in this study

Category of derivatives Plasmid Relevant featuresa Reference
or source

pBBR1MCS1 Cmr mob; BHR 28
pJMB500 pBBR1MCS1 derivative; lacIq tacp-parBPa This work

pGBT400 derivatives pGBT400 Smr lacIq tacp expression vector; IncQ rep 20
pABB100 tacp-parB This work
pABB111 tacp-parB�230–290 This work
pABB114 tacp-parB�91–290 This work
pABB128 tacp-parB�1–234 This work
pABB130 tacp-parB�121–183 This work

pET28mod derivatives pET28a(�) Knr T7p expression vector; His6 tag T7tag pMB1 ori Novagen
pET28mod Knr T7p expression vector; His6 tag pMB1 ori 21
pABB211 T7p-parB�230–290 This work
pABB216 T7p-parB�230–290-korBRK2�1–257 This work
pABB228 T7p-parB�1–234 This work
pKLB28 T7p-parB This work
pMLB6.0 T7p-korBRK2�1–257 34

pGBT30 derivatives pGBT30 Pnr lacIq tacp expression vector; pMB1 ori 19
pKLB1 tacp-parA This work
pKLB2 tacp-parB This work
pKLB3 tacp-parAB This work
pABB311 tacp-parB�230–290 This work
pABB316 tacp-parB�230–290-korBRK2�1–257 This work
pABB323 tacp-parB�1–18 This work
pABB324 tacp-parB�1–53 This work
pABB326 tacp-parB�1–142 This work
pABB328 tacp-parB�1–234 This work
pABB330 tacp-parB�121–183 This work

pGAD424 derivatives pGAD424 Pnr leu2 shuttle vector; pMB1 2	m ori gal4AD
fusions

Clontech

pKLB1.4 gal4AD-parA translational fusion This work
pKLB2.4 gal4AD-parB translational fusion This work

pBTM116 derivatives pBTM116 Pnr trp1 shuttle vector; pMB1 2	m ori lexADB
fusions

Clontech

pKLB1.6 lexADB-parA translational fusion This work
pKLB2.6 lexADB-parB translational fusion This work
pABB511 lexADB-parB�230–290 translational fusion This work
pABB512 lexADB-parB�163–290 translational fusion This work
pABB513 lexADB-parB�143–290 translational fusion This work
pABB514 lexADB-parB�91–290 translational fusion This work
pABB515 lexADB-parB�55–290 translational fusion This work
pABB526 lexADB-parB�1–142 translational fusion This work
pABB527 lexADB-parB�1–200 translational fusion This work
pABB528 lexADB-parB�1–234 translational fusion This work
pABB529 lexADB-parB�1–234-�284–290 translational fusion This work
pABB530 lexADB-parB�122–184 translational fusion This work

pOG04 derivatives pOG04 Pnr pMB1/P7 rep; no par 53
pABB70 tacp-parAB lacIq This work
pABB71 parS2/3 This work
pABB72 parS2/3 tacp-parAB lacIq This work

pUC18 derivatives pUC18 Pnr pMB1 ori 55
pKLB181 parS2/3 This work
pABB182 parS1/4 This work
pABB183 parS7II This work
pABB184 parSSc This work

pGB2 derivatives pGB2 Smr Spr pSC101 rep par 7
pABB811 parS2/3I This work
pABB812 parS2/3II This work
pABB821 parS1/4I This work
pABB822 parS1/4II This work
pABB831 parS7I This work
pABB832 parS7II This work
pABB841 parSScI This work

a DB, DNA-binding domain; I, orientation I; II, orientation II.
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conditions (23). The gels were dried and autoradiographed by using a Phosphor
Imager system.

Preparation of anti-ParB antiserum. Purified His-tagged ParB protein (0.6
mg/ml) was used to inject a rabbit. The blood collected from the rabbit was
allowed to clot at room temperature before antiserum was collected. To decrease
cross-reactivity with E. coli proteins, 1 ml of antiserum was pretreated with E. coli
extracts as previously described (23) and diluted in 20 ml of phosphate-buffered
saline (PBS; phosphate buffer [pH 6.5]–150 mM NaCl).

Western blotting. The growth of bacteria was monitored by measuring the
optical density at 600 nm (OD600); the culture was diluted and plated on L agar
to establish CFU per milliliter. Bacteria were harvested, washed in water, and
resuspended in 200 	l of sonication buffer (50 mM phosphate buffer [pH 8.0]–
300 mM NaCl). Bacteria were kept on ice and disrupted by sonication in short
bursts for 2 min. Crude extracts were cleared by centrifugation in a microcen-
trifuge at 4°C for 15 min at 12,000 
 g, and proteins from the cleared extracts
were separated by SDS–12.5% (wt/vol) PAGE and electroblotted onto nitrocel-
lulose membranes (Protron; Schleicher & Schuell). Probing of the blots was
carried out by using the amplified alkaline phosphatase–goat anti-rabbit antibody
immunoblot assay (Promega) with a 1:100,000 dilution of anti-ParB antiserum as
the primary antibody. The cell extracts were compared to a range of concentra-
tions of purified His-tagged ParB on the same gel. Band intensity on Western
blots was determined by using ImageQuant (Molecular Dynamics).

Fluorescence microscopy. P. aeruginosa PAO1161 with appropriate plasmids
was grown in L broth with selection, and the production of ParB derivatives was
induced with various amounts of IPTG. At an OD600 of 0.4, the cells were
collected and used to prepare microscope slides. Fixation and permeabilization
of cells and subsequent 4,6-diamidino-2-phenylindole (DAPI) staining were car-
ried out as described previously (3). A coverslip was placed on a slide with a 1:4
(vol/vol) solution of DAPI (1 	g/ml) and Vectorshield (Vector Laboratories
mounting medium). Cells were studied with an Olympus IX70 inverted reflected-
light fluorescence microscope fitted with a Sensys charge-coupled device camera
(Photometrics). Images were captured and manipulated on a Macintosh G3
computer with the Smartcapture I program (Digital Scientific).

For immunofluorescence microscopy, anti-ParB antibodies were affinity puri-
fied (44) as previously described (3). Affi-Gel 10 (Bio-Rad) was used as the
support for purified ParB in 20-	l columns made with protein gel loading tips.
Affinity-purified anti-ParB antibodies (10 	l) were used as the primary antibod-
ies (1:100 dilution in 2% [wt/vol] bovine serum albumin–PBS), followed by 10 	l
of anti-rabbit immunoglobulin G (IgG) conjugated to fluorescein isothiocyanate
(FITC) (6.9 	g/ml in 2% [wt/vol] bovine serum albumin–PBS) (Sigma). The
images were analyzed as described above.

Determination of plasmid stability. For pOG04 (53) derivatives, E. coli C2110
transformants were grown under selection and then diluted 105-fold in nonse-
lective L broth. Samples of the culture were collected at hourly intervals for the
first 12 h and then every 12 h (at which point the cultures were diluted 105-fold
and transferred to fresh medium), diluted, and plated on L agar and L agar with
penicillin. The CFU were counted to determine the proportions of bacteria
retaining plasmids. DNA was extracted from each overnight culture to check the
plasmid identity and to determine whether the copy number had changed sig-
nificantly.

For pGB2 (7) derivatives, the recipient strains were transformed with an
estimated 1 	g of DNA from the pGBT30 expression vector and its derivatives.
Undiluted and serially diluted transformation mixture (100 	l) were plated in
repetition on different selection plates. The selection was either for an incoming
plasmid only (L agar with penicillin) or for both resident and incoming plasmids
(L agar with penicillin and streptomycin). We also used selective media supple-
mented with 0.5 mM IPTG.

RESULTS

Cloning and manipulation of P. aeruginosa par genes. PCR
was used to amplify the parA and parB ORFs of P. aeruginosa
as well as the segment containing parA, parB, and the putative
parA ribosome-binding site to ensure the natural balance in the
production of both proteins (Fig. 2A). The products were
cloned into the T-tailed vector pGEM-T Easy and checked by
DNA sequencing. The segments were transferred to special-
ized vectors for the various functional analyses described be-
low. Derivatives were created by restriction and ligation or

site-directed mutagenesis in pGEM-T Easy or other vectors
and recloned as appropriate.

The C-terminal region of ParB is responsible for the dimer-
ization domain and the interaction with ParA. The yeast two-
hybrid system (36) was used to probe the interactions between
the putative ParA and ParB homologues of P. aeruginosa. The
ORFs for P. aeruginosa ParA and ParB (ParAPa and ParBPa,
respectively) were cloned into shuttle vectors pBTM116 and
pGAD424 in frame with the DNA-binding protein LexA and
Gal4AD, respectively. S. cerevisiae strain L40, which was used to
monitor the interactions between the hybrid proteins, contains
two genes under the control of Gal4-activated promoters with
LexA-binding sites: HIS3 from yeasts, needed for growth with-
out histidine, and lacZ from E. coli, coding for �-galactosidase.
Qualitative filter tests for �-galactosidase activity indicated the
presence of weak interactions between ParA molecules and
strong interactions between ParB molecules. The apparent
strength of the ParA-ParB interactions depended on the pro-

FIG. 2. Detection of ParA-ParA, ParA-ParB, and ParB-ParB in-
teractions with the yeast two-hybrid system (YTH). (A) Region of the
genome used as the template in PCRs; genome coordinates define the
primer sites. Coordinates shown correspond to P. aeruginosa genome
coordinates. Primer A3 includes the ribosome-binding site for parA.
Primers B3 and B4 introduce a BamHI site into the DNA sequence
without changing the protein sequence. (B) Summary of results of the
YTH assay. S. cerevisiae strain L40 was transformed with two compat-
ible plasmids expressing only Gal4AD, LexA, or products of transla-
tional fusions between Gal4AD or LexA and ParA or ParB (parA was
amplified with primers A1 and A2; parB was amplified with primers B1
and B2). �, no interactions (�-galactosidase activity of 0.2 U); �,
weak interactions (�-galactosidase activity of 1 to 3 U); ��, strong
interactions (�-galactosidase activity of �10 U).
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tein (Gal4 or LexA) to which ParA and ParB were fused (Fig.
2B). The results were verified by quantitative assays of �-ga-
lactosidase activity in liquid cultures and by the histidine pro-
totrophy of the tested derivatives of strain L40.

To facilitate mapping of the regions of interaction, a BamHI
site was engineered by PCR into the linker region to allow
separate cloning of the N-terminal and C-terminal parts of the
ParB protein. Two sets of N-terminal and C-terminal deletions
of parB and an internal deletion removing the putative H-T-H
motif were constructed by using suitable restriction sites. The
different parB deletion mutants were first transferred into the
BL21(pET28) system to check the stability of the truncated
products. All ParB derivatives seemed to be stable when over-
produced in E. coli (data not shown), and so they were fused to
the C termini of Gal4AD and LexA. The data summarized in
Fig. 3 show that a region of C-terminal 56 amino acids (aa) of
ParB (ParB�1–234) interacts strongly with itself and with
ParA. Removal of the C-terminal 7 aa from ParB�1–234
(ParB�1–234�284–290) abolishes both of these interactions.
The data also show that the removal of different parts of the
ParB protein from the C terminus (from 61 to 236 aa) does not
unmask a secondary dimerization domain in the more N-ter-

minal region, as was observed previously for the homologues
ParB of plasmid P1 (51) and KorB of plasmid RK2 (34).

pET28 derivatives with the wild-type parB gene and frag-
ments encoding separately the N-terminal two-thirds of ParB
(parB�230–290) and the C-terminal 56 aa of ParBPa (parB�1–
234) were introduced into strain BL21(DE3) to allow overex-
pression. ParB proteins extended by an N-terminal His6 tag
and thrombin cleavage site (an additional N-terminal 23 aa)
were purified on Ni-agarose columns and used in cross-linking
experiments with glutaraldehyde. Figure 4A shows that intact
ParB can be cross-linked to dimers as well as tetramers under
such conditions. The purified C-terminal domain of ParBPa

was efficiently cross-linked to dimers and higher-order multim-
ers, whereas the N-terminal part of ParBPa without the C-
terminal 61 aa was not. The negative result for the N-terminal
domain acts as a control that shows that cross-linking of the
C-terminal domain is specific. The results indicate that the
C-terminal domain of ParBPa is sufficient and necessary for
dimerization and confirm the conclusions from the yeast two-
hybrid analysis.

As already mentioned, it was previously proposed on the
basis of a functional analysis and sequence alignment for

FIG. 3. Mapping of ParB-ParB and ParB-ParA interaction domains with the yeast two-hybrid system. The linear map at the top shows the
restriction sites used for manipulations. The BamHI site was engineered by PCR (Fig. 2A). The putative H-T-H motif in ParB is indicated by black
box. Lettering at the ends of deletions is the same as in Fig. 1. Interactions between deletion derivatives of ParB fused to LexA (pBTM derivatives)
and intact ParA or ParB fused to Gal4AD (pGAD424 derivatives) were monitored. The two panels on the right summarize �-galactosidase activity:
�, no interactions (�- galactosidase activity of 0.2 U); ovals, positive interactions (numbers in ovals correspond to mean units of �-galactosidase
activity averaged from at least three assays).
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KorBRK2 (IncP1�) and KorB from R751 (IncP1�) that the
central DNA-binding domain and the C-terminal dimerization
domain are separated by a variable linker region (21, 34). The
dimeric nature of the C-terminal 62 aa of KorBRK2 was also
confirmed by crystallographic studies (8). The similarity of the
C termini of the dimerization domains of KorBRK2 and ParBPa

prompted us to test whether the dimerization domains could
substitute for each other. This was done by joining parB�230–
290 (N-ParB) with a KorBRK2 fragment (korB�1–258) coding
for the C-terminal 100 aa (C-KorB) via the BamHI site in the
proposed linker region (34). The hybrid protein N-ParBPa-C-
KorBRK2 and the C-terminal part of KorBRK2 were overpro-
duced and purified. Cross-linking experiments with glutaralde-
hyde (Fig. 4B) showed that the CTD of KorBRK2 formed very
stable dimers resistant to boiling in the presence of SDS even
without glutaraldehyde added (control). The addition of the
CTD of KorBRK2 to the N-terminal part of ParB created a
hybrid protein with in vitro dimerization ability. We also fused
the N-terminal 258 aa of KorBRK2 to the C-terminal 56 aa of
ParBPa. The hybrid protein N-KorBRK2-C-ParBPa was less sta-
ble but still formed dimers, as indicated by glutaraldehyde
cross-linking (data not shown). Thus, the separated C-terminal

domain of ParB dimerizes alone, is necessary for dimerization
of the whole protein, can drive the dimerization of heterolo-
gous N-terminal domains, and is responsible for the interaction
with ParA.

An excess of ParBPa causes inhibition of the growth of P.
aeruginosa and P. putida strains. The overproduction of
ParBPa had a very strong inhibitory effect on the growth of P.
aeruginosa PAO1161. The growth inhibition estimated by CFU
per milliliter (Fig. 5A) was directly proportional to the con-
centration of IPTG used to induce a tacp-parB transcriptional
fusion on an IncQ derivative (pABB100). Microscopic obser-
vations revealed the appearance of anucleate cells (Fig. 5B) at
frequencies of up to 5% in logarithmic phase and up to 9% in
stationary phase during growth in the presence of low concen-
trations of IPTG (0.05 to 0.2 mM). At higher IPTG concen-
trations, the bacteria increased in size, doubling in size at 1
mM IPTG. In such cells, chromosomes became condensed and
mislocated, and many cell appeared to be dividing without
proper chromosome separation, so that the DAPI-stained ma-
terial was guillotined and some progeny cells seemed to have
just part of the nucleoid. The internal concentration of ParBPa

in the logarithmic culture was estimated by Western analysis to

FIG. 4. Cross-linking of purified ParB and its truncated derivatives by glutaraldehyde. Proteins at a concentration of 0.1 mg/ml were incubated
with various amounts of glutaraldehyde (GA). The samples were separated on homogeneous gels by SDS–12.5 or 20% PAGE and visualized by
Coomassie blue staining (PHAST gel system). Lane O corresponds to the purified protein without GA; lanes 1 to 4 correspond to GA
concentrations of 0.001, 0.002, 0.005, and 0.01% (wt/vol), respectively. m, monomer; d, dimer; h, higher-order complex. Lane M contains protein
molecular weight markers; different molecular markers were used—one for the gels with ParB and C-ParB and another for the gels with N-ParB,
N-ParB-C-KorB, and C-KorB.
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oscillate around 1,000 molecules per cell (data not shown). The
presence of pABB100 increased this concentration to 4,000 to
5,000 molecules per cell. Induction by 0.02 mM IPTG for 3 h
led to a further three fold increase. Estimation of the amount
of ParB produced at higher inducer concentrations (0.2 to 0.5
mM) or with prolonged incubation was complicated by the
appearance of degradation products. Prolonged exposure of
PAO1161(pABB100) to 1 mM IPTG selected mutants no
longer sensitive to IPTG. Representatives of such mutants
were studied and shown to carry mutations in plasmid
pABB100 either in the parB gene or in tacp. Similar inhibitory
effects of ParB overproduction were observed in P. putida
strain KT2442(pABB100) but not in E. coli strain
DH5�(pABB100) (Fig. 5C). ParB from P. putida and ParB
from P. aeruginosa showed 88% similarity at the amino acid
levels. Using anti-ParBPa antibodies, we could also detect a
signal for the P. putida protein. The amount of ParB protein in
logarithmically grown P. putida cells was comparable to that in
P. aeruginosa cells. The lack of an effect of ParB overproduc-
tion on E. coli cells may correlate with the absence of the par
operon on its chromosome or the involvement of different
accessory proteins. Although studies with E. coli are often used
as the paradigm of cell cycle events, the data accumulated
indicate that this species of the Eubacteria differs from the
others.

The parB deletion derivatives were introduced into IncQ
overexpression vector pGBT400 to map the region of ParB
responsible for the strong inhibitory effect on its host. Strong
inhibition of P. aeruginosa growth was still observed with a
ParB derivative deprived of the internal 63-aa H-T-H domain
(Fig. 5D). This derivative was still able to dimerize (and so it
might form heterodimers with wild-type ParB) and to interact
with ParA but was not able to bind to parS in vitro (data not
shown). When only the C-terminal 56-aa peptide responsible
for both of these functions was overproduced (pABB128 tacp-
parB�1–234), no inhibitory effect was observed. These results
indicate that the negative effect is not due to interference with
dimerization or the ParA-ParB interaction. The presence of
derivatives producing N-terminal parts of ParB, parB�230–290
(pABB111) and parB�201–290 (pAB114), inhibited the
growth of PAO1161, although not to the same extent as wild-
type ParB or ParB�122–184. Interestingly, all of the cultures

overproducing the truncated versions of ParB, with the excep-
tion of PAO1161(pABB128), showed an increased number of
anucleate cells that apparently started to divide without nucle-
oid separation. However, in contrast to the strain grown in the
presence of excess wild-type ParB, where cells appeared to
almost double in size, the nucleate cells from these cultures
were of normal size but had slightly condensed chromosomes
(Fig. 5E).

The growth inhibition caused by excess Par proteins was
observed for other chromosomal systems (14, 26, 38) and was
attributed to the disturbances in the relative proportions of Par
proteins. The data obtained with the overproduction of trun-
cated versions of ParBPa suggested no role of ParA in this
process. To confirm this suggestion, we constructed mutant
PAO1161 parA::smh, the properties of which will be described
in more detail elsewhere. The introduction of tacp-parB on a

FIG. 6. Circular map of P. aeruginosa with localization of the pu-
tative ParB-binding sequences. The arrows indicate the putative ParB-
binding sites; the numbers correspond to the positions of these sites on
the circular map of the chromosome. The black box indicates the
position of parAB less than 150 kb counterclockwise from oriC (posi-
tion 0). The nucleotide sequences and exact locations of identified sites
are listed in Table 2.

FIG. 5. Inhibition of host growth by the expression of parB. Overnight bacterial cultures carrying the plasmids indicated and grown under
selection were diluted 104-fold into fresh selective medium without or with IPTG over a range of concentrations. Every hour, culture samples were
serially diluted, and 20-	l aliquots were spotted on L agar and L agar-streptomycin plates. No plasmid loss was observed. The data shown are based
on CFU from L agar plates. After approximately 4 h, samples were stained with DAPI and studied. (A) Effect on the growth of PAO1161 of
increasing ParB expression from pABB100. Bacteria with empty vector pGBT400 and grown with 1 mM IPTG were used as the negative control.
(B) Fluorescent images of samples from cultures monitored in panel A. White arrows indicate anucleate cells; black arrows indicate dislocalized,
condensed chromosomes. (C) Effect of ParB production on the growth of E. coli DH5� and P. putida KT2442 carrying pABB100.
PAO1161(pABB100) was used as a control. The data for all cultures grown without IPTG looked very similar and are represented by
DH5�(pABB100) as the control (no IPTG). (D) Effect of overproduction of truncated forms of ParB on P. aeruginosa growth.
PAO1161(pGBT400) not producing ParB and PAO1161(pABB100) producing wild-type ParB were used as controls. No difference in growth was
observed for uninduced cultures. Only data for the induced cultures are presented. Expression plasmids with different derivatives of parB are listed
in Table 1. (E) Fluorescent images of PAO1161 transformants overproducing truncated forms of ParB. The cultures were sampled after 4 h of
growth in the presence of 0.5 mM IPTG. White arrows indicate anucleate cells; black arrows indicate cells with condensed chromosomes. (F) Effect
of ParB overproduction on the growth of the PAO1161 parA::smh strain. The broad-host-range plasmid pBBR1MCS1 and its derivative pJMB500
carrying lacIq and a tacp- parB transcriptional fusion were used to transform PAO1161 parA and PAO1161. The cultures of the transformants were
diluted 100-fold into L broth with 0.5 mM IPTG and without IPTG. Growth was monitored as the OD600. The growth of strains with vector
pBBR1MCS1 is shown only for cultures with 0.5 mM IPTG.
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pBBR1MCS1 Cmr (28) derivative into this mutant had an
inhibitory effect very similar to that seen with the wild-type
strain (Fig. 5F).

Stabilization of a segregationally unstable replicon by
parAB and a putative parS sequence. The par systems of both
B. subtilis and P. putida have been shown to stabilize unstable
plasmid replicons in E. coli (14, 54), and this property has been
used to confirm not only the activity of the parAB genes but
also the function of the cis-acting centromere-like parS se-
quence. The whole P. aeruginosa genome sequence was
searched for matches to the sequence 5�TGTTNCACGTGA
AACA3� identified in B. subtilis (32). We found 10 repeats of
this sequence (with two mismatches allowed); 8 of these local-
ized in the 20% of the genome around oriC of P. aeruginosa,
and the remaining 2 localized almost directly opposite oriC
(Fig. 6 and Table 2). They were numbered starting from oriC
in the clockwise direction. Inspection of the putative parS se-
quences from the P. aeruginosa chromosome revealed that
among the block of four sites located in the proximity of oriC
(between nt 3590 and 15496 on the chromosome map), two,
designated parS2 and parS3, represent the perfect palindromic
sequence 5�TGTTCCACGTGGAACA3�; the two flanking
them have only one mismatch (A3C) at position 16 (parS1 and
parS4). Other sequences are less conserved. Therefore, for the
initial analysis, we chose the 16-nt oligonucleotide that was
already mentioned and that corresponds to the perfect palin-
drome (parS2/3) and cloned it into pOG04 (53), which carries
dual pMB1 and P7 replicons deprived of auxiliary stabilization
mechanisms. Plasmid pOG04 replicates with a low copy num-
ber in a polA E. coli host (C2110) where the high-copy-number
pMB1 replicon cannot function; consequently, pOG04 is very
unstable, giving rise to a high frequency of plasmid-free cells at
cell division. Three derivatives of pOG04 were constructed,
with lacIq tacp-parAB (pABB70), with parS2/3 (pABB71), and
with both lacIq tacp-parAB and parS2/3 (pABB72). Neither the
lacIq tacp-parAB cassette inserted into pOG04 nor parSPa

alone had an observable effect on plasmid stability (Fig. 7A).
After 20 generations of growth without selection, the percent-
age of bacteria positive for plasmid pOG04, pABB70, or
pABB71 had decreased 10-fold, and after 60 generations, the
percentage had decreased by 300-fold. In contrast, the percent-
age of bacteria with pABB72 had decreased by less than 30%
after 60 generations of growth without selection. No increase
in the copy numbers of the tested plasmids was observed (data

not shown). These results indicate that the P. aeruginosa
parABS system works as a stabilization cassette in E. coli.

Purified His6-ParBPa was used to obtain rabbit anti-ParB
antibodies. To increase the specificity of the polyclonal anti-

FIG. 7. Segregational stabilization of an unstable plasmid in E. coli
C2110 polA by parABS of P. aeruginosa. (A) Rate of loss of vector
pOG04 and its derivatives with parS2/3 only (pABB71) and with a
tacp-parAB transcriptional fusion and parS2/3 (pABB72), determined
as described in Material and Methods. The values presented were calcu-
lated relative to the plasmids present in the initial overnight cultures.
These values were about 30% for pOG04 and all of its derivatives, with
the exception of pABB72, for which 50% plasmid retention occured. No
effect of IPTG was observed for all plasmids, with the exception of
pABB72. To simplify the diagram, data for cultures without IPTG are
shown only for pABB72. Data for pABB70, carrying the tacp-parAB
transcriptional fusion but lacking a parS site, were the same as for pOG04
and pABB71 (data not shown). (B) E. coli C2110 polA (pABB72 parS
tacp-parAB lacIq) from a logarithmic culture grown without selection for
3 h. The cells were stained with DAPI and treated with primary anti-ParB
antibodies and secondary FITC-conjugated anti-rabbit IgG antibodies.
Only cells with ParB foci are presented.

TABLE 2. Nucleotide sequences and locations of identified sitesa

No.b Sequencec Location (nt) Gene- or

1 5�TGTTCCACGTGGAACC3� 3590 recF (DNA- or ATP-binding protein)
2 5�TGTTCCACGTGGAACA3� 4220 recF (DNA- or ATP-binding protein)
3 5�TGTTCCACGTGGAACA3� 14121 Intergenic
4 5�TGTTCCACGTGGAACC3� 15481 Intergenic
5 5�TGTTCCATGTAGAACA3� 449263 gshB (glutathione synthetase)
6 5�CGTTCCACGTGGAAGA3� 552924 PA0493 (probable biotin-requiring enzyme)
7 5�TGTTCCACGAGGAACG3� 3444057 PA3071 (hypothetical protein)
8 5�TGTTCCACGAGGCACA3� 3748953 PA3339 (hypothetical protein)
9 5�TCTTCCTCGTGGAACA3� 5571447 PA4963 (hypothetical protein)
10 5�TGTTCCCTGTGGAACA3� 5931301 PA5266 (hypothetical protein)

a The consensus sequence is 5�tGTTCCacGTgGaAca3�.
b Numbers correspond to those shown in Fig. 6.
c Underlining indicates a mismatch from the perfect palindromic sequence present in parS2 and parS3.
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bodies, they were purified on an Affi-Gel column to which
ParBPa was attached. Immunofluorescence signals were used
to localize ParBPa in C2110(pABB70) and C2110(pABB72). In
the absence of parS, the signal from ParB was spread through-
out the bacterial cell, whereas when parS was present, there

were regularly distributed ParB foci, probably corresponding
to ParB bound to plasmid molecules (Fig. 7B).

ParB binds to parS sequences in vitro. For in vitro studies,
we used the oligonucleotide 5�TGTTCCACGTGGAACA3�,
corresponding to parS2/3 (the perfect palindrome); the oligo-

FIG. 8. DNA-binding activity of ParB. A radioactively labeled 284-nt EcoRI-NdeI DNA fragment of pUC18 with different parS sequences
inserted between SalI and HindIII sites was further cut with PvuI to produce 93- and 191-nt fragments, the latter with the putative parS sequence.
Purified N-His6-ParB was used in mobility shift experiments at the amounts shown above the lanes. Lanes marked with minus signs indicate DNA
in binding buffer, with no protein included. Different retarded species are indicated by arrows: black arrows for complexes formed with parS and
white diamonds for nonspecific complexes.
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nucleotide 5�TGTTCCACGTGGAACC3�, corresponding to
parS1/4; the oligonucletide 5�TGTTCCAGGAACG3�, corre-
sponding to parS7 (positioned opposite oriC in the P. aerugi-
nosa chromosome); and the palindromic oligonucleotide
5�TGTTTCACGTGAAACA3�, based on the S. coelicolor parS
consensus sequence. All sequences were cloned between the
SalI and HindIII sites of pUC18, purified as 282-nt EcoRI-
NdeI fragments, radiolabeled, and used in an in vitro mobility
shift assay with purified His-tagged ParBPa. The fragments
were digested either with PvuI to generate a 191-nt parS-
containing fragment or with HaeIII to generate a 76-nt frag-
ment containing parS.

The results obtained with the Pvul digest showed that
ParBPa demonstrated the specificity of ParB toward DNA frag-
ment containing parS sequences (Fig. 8). ParBPa preferentially
bound DNA fragments with parS and, at increasing concentra-
tions, formed distinct, multiple complexes which we tentatively
identified as complexes I, II, and III on the gels, relating newly
appearing species to those disappearing. At higher concentra-
tions of ParB, different mobility complexes with nonspecific DNA
fragments also became visible (Fig. 8). By comparison of data
from many electrophoretic mobility shift assay experiments, we
could conclude that the apparent affinity of ParB (estimated ex-
perimentally as the concentration of ParB needed to shift 50% of
a radioactive fragment) was the highest for the fragment with
parS2/3 (120 nM); for the other analyzed oligonucleotides, it was
two- to threefold lower (240 to 360 nM). We confirmed that the
specific ParB binding was independent of the size of the fragment
by using the HaeIII digest of labeled DNA (data not shown). In
this experiment, the smaller fragment with parS was retarded
before the larger control fragment.

ParB can silence genes adjacent to its parS sequence. It was
demonstrated previously that some plasmid homologues of the
ParB family can silence the expression of adjacent genes after
binding to the centromere-like sequence and polymerization
on DNA (35, 45). This feature of plasmid ParB proteins has
been suggested to be vital for their function in the pairing of

plasmid molecules prior to separation during active partition-
ing. No information on the ability of chromosomal ParB family
members to silence gene expression is so far available. Plasmid
pGB2, which contains a stable pSC101 replicon with its repA
gene adjacent to a multiple cloning site, was used previously to
test for the ability of plasmid ParB homologues to interact with
the inserted fragments and to interfere with pGB2 replication
and thus cause loss of the plasmid (7, 15). The presence of
putative parS2/3 in pGB2 (pABB811) did not influence plasmid
stability during host growth without selection. Competent cells
of DH5�(pABB811) were transformed with an empty pGBT30
tacp vector, pKLB1 (tacp-parA), and pKLB2 (tacp-parB) (Ta-
ble 1), and the expression of the cloned gene(s) was either left
at a basal level or induced with 0.5 mM IPTG. In general, all
three plasmids gave similar transformation frequencies, except
when parA was expressed on its own; in that case, the fre-
quency was slightly reduced, apparently because of the nega-
tive effect of ParA on host growth (Table 3). The transformants
were selected either for both plasmids or only for the incoming
plasmid. Table 3 shows that no effect was observed on reten-
tion of the resident plasmid when the incoming plasmid was
either the empty vector or carried just parA. However, when
the incoming plasmid produced ParB, the resident plasmid was
displaced in the vast majority of transformants, as judged by
both loss of plasmid-encoded antibiotic resistance and loss of
plasmid DNA from standard profile. Resident plasmid loss was
accentuated by the addition of IPTG. No displacement was
observed when the resident plasmid lacked parS. The results
suggest that displacement is dependent on parS in the resident
plasmid and parB in the incoming plasmid.

DH5�(pABB811) was also transformed with pGBT30 deriv-
atives with different parB alleles linked to tacp to assess which
regions were required to cause the segregation. Four N- ter-
minal deletions, one internal deletion, and one C-terminal
deletion were chosen. The shortest N-terminal deletion
(ParB�1–18; pABB323) was still able to displace pABB811,
whereas the overproduction of the ParB deletion derivative

TABLE 3. Relative transformation frequencies of two recipient strains with plasmids overexpressing various parB allelesa

Recipient Plasmid used for transformation

Transformation frequency with the following selection:

Pen PenSm Pen �
IPTG

PenSm
� IPTG

DH5�(pGB2) pGBT30 (vector) 1 (2.37 
 103) 0.89 0.84 0.89
pKLB1 (ParA) 1 (1.18 
 103) 0.93 1.08 1.06
pKLB2 (ParB) 1 (1.75 
 103) 1.20 1.10 1.14

DH5�(pABB811) (parS2/3I) pGBT30 (vector) 1 (1.2 
 103) 0.73 1.00 0.83
pKLB1 (ParA) 1 (3.6 
 103) 1.00 0.83 0.20
pKLB2 (ParB) 1 (1.82 
 103) 0.03 0.83 <0.001
pABB311 (ParB�230–290) 1 (2.22 
 104) 0.82 0.84 0.74
pABB323 (ParB�1–18) 1 (1.56 
 104) 0.08 0.88 <0.001
pABB324 (ParB�1–53) 1 (1.43 
 104) 0.84 0.92 0.73
pABB326 (ParB�1–142) 1 (1.58 
 104) 0.98 1.04 0.93
pABB328 (ParB�1–234) 1 (1.52 
 104) 0.78 0.67 0.78
pABB330 (ParB�121–183) 1 (1.84 
 104) 0.90 0.77 0.69
pABB316 (N-ParBPa-C-KorBRK2 1 (4.2 
 103) 0.38 1.06 <0.001

a Approximately 1 	g of plasmid DNA was used for each transformation. To estimate the amounts of transformants, we prepared 1:10, 1:100, and 1:1,000 dilutions
of the initial transformation mixture. Samples of 100 	l of the initial mixture and the subsequent dilutions were plated on each of the selective plates in repetition. Pen,
pencillin; PenSm, penicillin and streptomycin. IPTG was added to some plates at a concentration of 0.5 mM. The frequencies presented are relative to the number of
transformants (indicated in parentheses) obtained on penicillin plates per 1 	g of plasmid DNA. Frequencies in bold type indicate a significant decrease in
transformation frequency.
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truncated at the N terminus by 53 aa (pABB324 tacp-parB�1–
53) or more (pABB326 tacp-parB�1–142 and pABB328 tacp-
parB�1–234) did not cause segregation. Similarly, the parB
deletion derivative lacking the putative H-T-H motif
(pABB330 tacp-parB�122–184) and the ParB derivative trun-
cated at the C terminus and thus lacking the dimerization
domain (pABB311 tacp-parB�230–290) caused no destabiliza-
tion. Dimerization could be restored in vitro by linking with the
heterologous dimerization domain protein CTD-KorBRK2

(Fig. 4B). The plasmid overproducing the hybrid protein N-
ParBPa-C-KorBRK2 (pABB316) was also able to destabilize
pABB811, although not as strongly as wild-type ParB. None of
the overproducing plasmids used in these experiments dis-
placed pGB2 itself in the absence of the cloned parS sequence.
These data suggests for the first time that a chromosomal ParB
homologue is able to interfere with the expression of the neigh-
boring genes and that the H-T-H motif, a dimerization domain
(even a heterologous dimerization domain), and the N-termi-
nal sequence (although not including the first 18 aa) are all
required for this activity.

The silencing phenotype caused by an excess of ParBPa

depends on the sequence and orientation of the binding site.
Since there is asymmetry in many parS sequences, it is possible
that there is directionality in the action of ParB in the P.
aeruginosa chromosome. This possibility prompted us to clone
parS1/4 and parS7 sequences in both orientations relative to the
promoter of the repApSC101 gene of pGB2. The perfect palin-

drome (parS2/3) was also cloned in the orientation opposite
that in pABB811 to estimate the role of the DNA sequences
flanking parS. None of the inserted oligonucleotides influenced
the stability of plasmid pGB2. DH5� carrying different pGB2
derivatives was transformed with plasmids pGBT30 (vector)
and pKLB2 (tacp-parB) (Table 4). The results clearly showed
that the sequences adjacent to parS2/3 had no effect on the
silencing of repA by excess ParB (compare the data for
pABB811 and pABB812). The loss of the pGB2 derivatives
was observed only with parS2/3 in both orientations and parS1/4

in the one specific orientation. Neither parS7 nor parSSc (data
not shown) caused any changes in the stability of pGB2 in the
presence of excess ParBPa. These results suggest that either the
weak binding in vitro is not sufficient to bind in vivo or that not
all binding events must result in the formation of complexes
influencing the expression of the adjacent genes.

DISCUSSION

In this article we have presented data that support many of
the generalizations that are emerging about the ParB family of
proteins but that demonstrate a number of unique properties
for these proteins. First, we showed that ParB of P. aeruginosa
dimerizes and may also form higher-order multimers, an ac-
tivity which could be vital for its role in driving partitioning.
This dimerization function was localized to the C-terminal
domain, as found in plasmid-encoded ParB proteins. This re-

TABLE 4. Relative transformation frequencies of recipient strains with plasmids overexpressing parBa

Recipient Selection

Transformation frequency with the following plasmid used for
transformation:

pGBT30 (vector) pKLB2 (tacp-parB)

DH5�(pABB811) (parS2/3I) Pen 1 (8.68 
 104) 1 (1.27 
 104)
PenSm 0.75 0.002
Pen � IPTG 1.00 0.94
PenSm � IPTG 0.70 <0.0001

DH5�(pABB812) (parS2/3II) Pen 1 (4.83 
 104) 1 (1.06 
 104)
PenSm 0.85 <0.0001
Pen � IPTG 0.98 0.76
PenSm � IPTG 0.6 <0.0001

DH5�(pABB821) (parS1/4) Pen 1 (6.1 
 104) 1 (1.4 
 105)
PenSm 0.81 0.27
Pen � IPTG 1.00 1.00
PenSm � IPTG 0.64 0.25

DH5�(pABB822) (parS1/4II) Pen 1 (3.35 
 104) 1 (3.38 
 104)
PenSm 0.26 <0.0001
Pen � IPTG 0.94 0.95
PenSm � IPTG 0.23 <0.0001

DH5�(pABB831) (parS7I) Pen 1 (9.7 
 104) 1 (1.58 
 105)
PenSm 0.89 0.67
Pen � IPTG 1.00 0.95
PenSm � IPTG 0.82 0.63

DH5�(pABB832) (parS7II) Pen 1 (1.58 
 104) 1 (3.79 
 104)
PenSm 0.55 0.21
Pen � IPTG 1.38 1.00
PenSm � IPTG 1.06 0.18

a Approximately 1 	g of plasmid DNA was used for each transformation, and the number of transformants was calculated as described in Table 3. Pen, penicillin;
PenSm, penicillin and streptomycin. IPTG was added to some plates at a concentration of 0.5 mM. Frequencies in bold type indicate significant results.
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gion is separated from the rest of ParB by a region that shows
less-than-average conservation between ParB homologues,
and we have therefore designated this region as a probable
variable linker region that may be responsible for providing
some of the properties that are unique to each ParB protein.
The sequence of the dimerization domain aligns well with the
C-terminal domain of KorB from RP4 or KorBRK2 (21), whose
crystal structure was recently reported (8). In particular, the
leucines or isoleucines and acidic or basic residues, which form
a vital part of the dimerization interface, show strong conser-
vation. Removal of 3 aa from the C terminus of KorBRK2

impairs its dimerization phenotype (K. Kostelidou and C. M.
Thomas, unpublished data). An identical effect was obtained
by the removal of 7 aa from the C terminus of ParBPa. The
C-terminal domain of KorBRK2 has an SH3 structure, which
seems in eukaryotes to participate particularly in signal trans-
duction or membrane-cytoskeleton interactions (8). This sim-
ilarity may be significant if the Par complex is associated with
the bacterial cytoskeleton.

Despite the fact that CTD-KorB restores dimerization to the
N-terminal two-thirds of ParBPa, not all ParBPa properties can
be substituted. Silencing with the hybrid protein was less ef-
fective than that with intact ParB, indicating either a change in
structure or that CTD-ParB carries important determinants of
oligomerization needed for silencing. In addition, we do not
expect CTD-KorB to be able to restore the interaction with
ParAPa, which we mapped to CTD-ParB. This localization of
the domain that interacts with ParA is different from that in
well-characterized plasmid systems. For example, in P1 (51)
and F (27), the N terminus of ParB/SopB is essential for the
interaction with ParA, and in the RP4/RK2 system, the central
segment of KorB is essential (34). Recent data on ParB of C.
crescentus localized the domain of interaction with ParA to the
N-terminal 40 aa (9). It contains highly conserved region 1 (the
first 16 aa) and the region where chromosomal members of the
ParB family show no homology (Fig. 1). These data suggest
that the architecture of these complexes with ParA is not
universal. Recent work on Spo0J of B. subtilis (2) showed that
Spo0J mutants with substitutions in box II, the H-T-H motif,
and regions 2, 3, and 4 (Fig. 1) exhibited an abnormal nucleoid
structure and lost the ability to form condensed Spo0J foci.
The authors suggested that the role of region 3 in DNA bind-
ing is to provide a dimerization surface. Our results strongly
indicate that region 4 plays the role of the dimerization domain
for ParBPa. Similar results were recently reported for ParB of
C. crescentus (9). Further mutational analysis of parBPa will be
undertaken to understand the function of conserved features
of chromosomal members of the ParB family.

In line with other systems, we were able to show that ParB
binds specifically to DNA fragments carrying putative centro-
mere-like parS sequence. Although this sequence was identi-
fied by similarity to the B. subtilis parS sequence, there are
some differences between the P. aeruginosa and B. subtilis
consensus sequences, most notably, the highly conserved CG
pair at positions �4 and �4 (from the center of dyad symme-
try). This difference is also found in the related species P.
putida. As with P. putida (14) and B. subtilis (54), we were able
to show that the combination of parAB and parS is able to drive
plasmid partitioning in a heterologous system (E. coli). It
seems that this rule is well established, and yet it is not clear

whether the processes of chromosome partitioning and plas-
mid partitioning are identical. Indeed, the need for the chro-
mosomal par system, as judged by its Par phenotype, is only
pronounced in P. putida under specific conditions (14, 31),
whereas its ability to stabilize an unstable plasmid occurs
throughout exponential phase. The data obtained with E. co-
li(pABB72) demonstrate that the abilities to promote plasmid
stability and form ParB foci depend on ParAPa and the pres-
ence of parS sequences. The stability of the tested plasmid and
the typical distribution of ParBPa-parS complexes in E. coli
suggest either that no accessory proteins are needed for their
function or that the accessory elements are so conserved
among bacterial species that Par complexes work equally well
in heterologous hosts and irrespective of whether the genes are
carried on the chromosome or on a plasmid.

The strong growth-inhibitory effect of overproducing full-
length ParB not only in P. aeruginosa but also in P. putida may
reflect the high degree of conservation of ParB functions in this
genus. Mapping of the inhibitory determinant to the N-termi-
nal part of ParB, which does not show interactions with either
full-length ParB or ParA, or subsegments thereof, indicates
that the inhibition is not the simple result of an imbalance in
the concentrations of the ParA and ParB proteins. This con-
clusion is also supported by the inhibitory effect of intact
ParBPa on the PAO1161 parA strain. The presence of ParA is
not required for ParB “toxicity.” The results of imaging also
indicate that the observed inhibition is not the result of distur-
bances in ParB function through the formation of het-
erodimeric forms (wild-type ParB–truncated ParB) (in con-
trast to ParB from C. crescentus) (9). Mapping of the inhibitory
determinant to the N-terminal part of ParB suggests that the N
terminus of ParBPa interacts with other cell components im-
portant for growth. Thus, ParB overproduction not only would
block the interaction of those components with the normal
ParA-ParB complex, resulting in anucleate cell formation, but
also would interfere with growth. Implicit in this model is the
idea that the cell component with which the ParB N terminus
interacts is important for its function, although we consider the
possibility that its action may be either positive or negative.
Indeed, it is possible that it acts both positively and negatively.
Such a possibility could explain how the ParABPa system can
stabilize an unstable plasmid in E. coli but the ParB protein is
not inhibitory for E. coli cells. Although it seems clear that E.
coli has an alternative method of chromosome segregation
independent of ParA and ParB homologues, the strong con-
servation of cell division machinery in bacteria makes it likely
that the positive action involved in active partitioning depends
on the same or equivalent cellular components. If this is the
case, then it should be possible to isolate point mutations that
prevent the inhibitory effect in Pseudomonas species but that
do not inactivate the plasmid stabilization function. These mu-
tations would allow exploration of the link with specific con-
served protein motifs in the N-terminal region of ParB (Fig. 1),
which includes region 1 in the N tip (the first 16 aa) and ParB
box I between aa 65 and 78, according to ParBPa coordinates.

In vitro studies demonstrated that ParB is a general DNA-
binding protein. It exhibited specificity for parS sequences,
with the highest affinity for a perfect palindrome (5�TGTTCC
ACGTGGAACA3�) present twice in the chromosome close to
oriC (parS2 and parS3) and between two palindromes with one
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mismatch at position 16 (parS1 and parS4). One of the prop-
erties associated with plasmid partitioning proteins and rele-
vant to cellular levels of the proteins is the ability to silence
genetic functions adjacent to parS sites (35, 45). This activity is
thought to occur either by spreading along the DNA or com-
partmentalization of parS-ParB nucleoprotein complexes away
from RNA polymerase. We have shown that ParBPa can
achieve the same effect of silencing and that this effect is
dependent on a putative H-T-H motif, the ability of ParB to
dimerize, and the N terminus. The N-terminal 18 aa seem not
to be necessary for ParB functioning in the silencing process,
whereas further deletion up to 53 aa changes ParB properties
drastically, although the protein should still be able to form
higher-order complexes, bind to DNA, and interact with ParA.
In our experiments, the putative polymerization of ParB was
initiated only from particular parS sequences and, in the case
of the imperfect palindromes (parS1 and parS4), proceeded
only in one direction. A comparison of these data with oriC
region organization, indicated the possibility of unidirectional
spreading of ParB from parS4 toward oriC and then beyond
parS1 in the direction of the parAB operon. How far such
spreading may proceed depends on how many molecules of
ParB are available for binding, which other parS sequences
function in the same way, and what role (if any) ParA plays in
this process. Neither parS7 nor parS of C. crescentus allowed
ParB to exert its negative effect, although in vitro experiments
confirmed the ability of ParB to bind to them; therefore, we
can assume that only the sequences closest to oriC are in-
volved. Recent data on Spo0J (29) suggest that it may be
directly or indirectly involved as the negative regulator in the
initiation of chromosome replication in B. subtilis. The ques-
tions of whether ParBPa helps to silence the oriC region be-
tween the rounds of replication and how this process may be
regulated still remain open.

In conclusion, while ParBPa clearly can perform the same
functions as other members of the family, it has unique prop-
erties that may allow further dissection of the function of ParB
proteins. Its ability to bring about gene silencing suggests that
it may switch off the oriC region between rounds of replication
and that it is necessary to remove this effect during stationary
phase so that oriC is ready for reactivation when nutritional
conditions improve. These observations may provide the basis
for designing the key experiments that will reveal the role of
ParB and its link to the intracellular architecture in the active
partitioning of chromosomes.
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