
Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 8550–8555, July 1998
Biochemistry

Mechanism of DNA segregation in prokaryotes: Replicon pairing
by parC of plasmid R1

(partitioningycentromere)

RASMUS BUGGE JENSEN*, RUDI LURZ†, AND KENN GERDES*‡

*Department of Molecular Biology, Odense University, Campusvej 55, DK-5230 Odense M, Denmark; and †Max-Planck-Institut für Molekulare Genetik,
Ihnestrasse 73, D-14195 Berlin, Germany

Communicated by Nancy Kleckner, Harvard University, Cambridge, MA, May 21, 1998 (received for review March 13, 1998)

ABSTRACT Prokaryotic chromosomes and plasmids en-
code partitioning systems that are required for DNA segregation
at cell division. The systems are thought to be functionally
analogous to eukaryotic centromeres and to play a general role
in DNA segregation. The parA system of plasmid R1 encodes two
proteins ParM and ParR, and a cis-acting centromere-like site
denoted parC. The ParR protein binds to parC in vivo and in vitro.
The ParM protein is an ATPase that interacts with ParR
specifically bound to parC. Using electron microscopy, we show
here that parC mediates efficient pairing of plasmid molecules.
The pairing requires binding of ParR to parC and is stimulated
by the ParM ATPase. The ParM mediated stimulation of plasmid
pairing is dependent on ATP hydrolysis by ParM. Using a
ligation kinetics assay, we find that ParR stimulates ligation of
parC-containing DNA fragments. The rate-of-ligation was in-
creased by wild type ParM protein but not by mutant ParM
protein deficient in the ATPase activity. Thus, two independent
assays show that parC mediates pairing of plasmid molecules in
vitro. These results are consistent with the proposal that replicon
pairing is part of the mechanism of DNA segregation in pro-
karyotes.

Efficient DNA segregation is required for stable inheritance of
genetic material to the progeny cells at cell division. In eukaryotes
many components of the segregation apparatus have been iden-
tified and characterized (1–5). In contrast, the molecular appa-
ratus securing DNA segregation in prokaryotes is not as well
understood. Several genes involved in DNA segregation have
been identified, but the molecular mechanisms by which the genes
function are not known. The prokaryotic systems are more
difficult to study due to the lack of visible structures and in vitro
systems that can imitate parts of the DNA segregation process (6,
7). The best examined determinants of DNA segregation in
prokaryotes are partitioning systems of low-copy-number plas-
mids, such as par of plasmid P1 (8), sop of F (9), and parA of R1
(10). These systems all consist of a cis-acting site and two genes
that encode proteins required for the partitioning process. Here
we use the parA partitioning system of plasmid R1 to examine the
molecular mechanism of DNA segregation. The parA system is
composed of a cis-acting centromere-like site, parC, and two
genes encoding the trans-acting proteins, ParM and ParR (11).
The 160-bp parC site is located immediately upstream of the two
genes and contains the parA promoter flanked by two sets of five
direct repeats (iterons), see Fig. 1. The ParR protein binds
specifically to the ten iterons in parC (12–13). The presence of all
10 iterons is required for full plasmid stabilization, for incom-
patibility toward other parA carrying plasmids and for autoreg-
ulation of the parA promoter (11–13). ParM possesses an ATPase
activity that is required for plasmid partitioning. The ParM

protein interacts with ParR bound to parC and is probably present
in the protein-DNA complex formed at parC (14). Similar
functions have been described for the ParA and ParB partitioning
proteins of P1 and the SopA and SopB proteins of F (15–18). In
the P1 par and F sop systems, the centromere-like sites are located
downstream of the genes encoding the partitioning proteins
(8–9).

Recently, chromosomal genes that are homologous to plasmid
partitioning systems have been identified in a large number of
bacteria and shown to be involved in chromosome segregation in
Bacillus subtilis (soj and spo0J) and Caulobacter crescentus (parA
and parB) (19–21). The partitioning proteins Spo0J of B. subtilis,
ParA and ParB of C. crescentus, as well as the origin-proximal
regions of the chromosomes of B. subtilis and Escherichia coli
localize toward the poles of the cell (21–28). In B. subtilis, the
Spo0J protein is involved in maintaining the bipolar localization
of the origin-proximal region. The P1 and F plasmids and the
SopB partitioning protein of F are positioned at midcell or
quarter positions in the cell (26, 29, 30). Rapid movement of
newly replicated chromosomal origins or plasmids has been
observed, indicating that the replicons are actively separated (31,
32).

Current models describing DNA segregation by plasmid and
chromosomal partitioning systems suggest that one or both of the
partitioning proteins bind to the cis-acting centromere-like site
and promote pairing of replicon copies via protein-protein in-
teractions (12, 28, 33). Here, we demonstrate that the cis-acting
parC site of plasmid R1 mediates efficient pairing of plasmid
molecules. Replicon pairing requires the presence of the ParR
partitioning protein and is stimulated by the second plasmid-
encoded partitioning protein ParM.

MATERIALS AND METHODS

Plasmids. Plasmid pMD330 (11) contains as the only R1
derived sequence the minimal parC region cloned into pUC19
(34). Plasmid pAB1922 contains parC22, in which the spacer
region of 39 bp between the two sets of direct repeats has been
deleted (13) and pMD333 contains parC33, in which the five
downstream repeats of parC have been deleted (11).

Electron Microscopy Analysis. Supercoiled or SspI digested
pMD330 DNA (40–500 ng) was incubated with ParR (25–500
ng), ParM (25–500 ng), ParM D170E (100–250 ng), or E. coli
RNA polymerase (40–250 ng) for 15 min at 37°C in 20 ml of 30
mM triethanolaminezHCl (pH 7.5), 50 mM KCl, 5 mM MgCl2, 1
mM DTT, and, when appropriate, 1 mM ATP, ADP, adenylyl-
imidophosphat, or adenosine-59-O-(3-thiotriphosphate). The
complexes were subsequently fixed with 0.2% glutaraldehyde for
15 min at 37°C and the glutaraldehyde was removed by using
Micro Bio-Spin 30 gel filtration columns (Bio-Rad). After cleav-
age of the DNA with SspI, the gel filtration step was repeated.
Adsorption to mica, rotational shadowing with platinum, and
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subsequent evaluation was carried out as described (35). In
experiments with linear DNA the complexes were adsorbed to
mica directly after fixation. In the experiments where the contour-
length of ParR bound fragments were measured, the DNA was
cut with PvuII instead of SspI to yield small parC-containing
fragments.

Ligation Kinetics Assay. Blunt-ended radioactively labeled
DNA fragments (10 ng) were incubated with or without ParR
(100 ng), ParM (200 ng), or ParM D170E (200 ng) for 15 min at
30°C in 20 ml of 10 mM TriszHCl (pH 8.0), 50 mM KCl, 5 mM
MgCl2, 1 mM ATP, 1 mM DTT, 12% PEG 6000, 50 mg/ml BSA,
and 15 mg/ml sonnicated salmon sperm DNA. Then 2 units T4
DNA-ligase were added and the reactions were incubated 15 min
at 30°C. The reactions were terminated by addition of 20 ml of 10
mM EDTA followed by phenol/chloroform extraction and the
DNA was loaded onto a 2% MetaPhor agarose gel (FMC
Bioproducts). The radioactivity was quantified by using a Storm
840 PhosphorImager (Molecular Dynamics). The quantitative
data reported are averages of at least three independent deter-
minations. The radiolabeled blunt-ended fragments were made
by digesting uniformly labeled PCR products with HincII. For the
parC containing fragment the primers M13revers: AACAGC-
TATGACCATG, parA172B: CCCCGTTAACACCAACATT-
TATAAAACTC and the template pDD19 (11) were used and
for the control fragment the primers M13revers: AACAGCTAT-
GACCATG, pUC-control: CCCCGTCGACGAGTGCAC-
CATATGCGGT and the template pUC19 were used in PCR
reactions containing a-32P-dCTP. In the experiments where the
orientation of the ligated parC fragments was examined, 15%
PEG 6000 was used when the fragment was ligated without ParR
and ParM. Half of the ligation reactions were digested with
BamHI and the DNA was loaded on a 3% MetaPhor agarose gel.

RESULTS

ParR Binds Specifically to the Centromere-Like parC Site. We
investigated the protein-DNA complexes formed between ParR
and parC by using electron microscopy (Fig. 2). Depending on the
actual experiment, 43% to 76% of linear parC containing DNA
molecules had ParR bound specifically to a single site in the
plasmid. Measurements of the binding-position confirmed that
ParR interacts specifically with the parC site (Fig. 3). Control
DNA (pUC19) that does not contain parC did not exhibit such
binding. When ParR was bound to supercoiled DNA and the
DNA subsequently was linearized (Fig. 2A), the protein-DNA
complexes appeared more compact than when ParR was bound
to prelinearized DNA (Fig. 2B). Contour-length-measurements
of the protein-bound DNA molecules showed that the length of
the DNA was reduced by '130 bp compared with that of free
DNA molecules (Table 1). The shortening was apparent only
when ParR was bound to supercoiled DNA, whereas binding of

ParR to linear parC DNA or to supercoiled DNA containing
truncated parC derivatives (parC22 and parC33, see Fig. 1) did not
shorten the DNA (Table 1). These results are consistent with the
proposal that the parC DNA is wrapped around a core of ParR
molecules only on supercoiled DNA and only when the entire
parC region is present.

Pairing of Plasmid Molecules by ParR. In addition to ParR
bound DNA monomers, we also observed paired structures in

FIG. 1. Schematic overview of the parA partitioning system of plasmid
R1. h, parM gene; m, parR gene; and ?3, parA promoter. The full-length
parC region and the truncated parC sites used in this work are shown.
Iterons are indicated with 3 and the 235 and 210 regions of the parA
promoter are indicated with —.

FIG. 2. Electron micrographs of protein-DNA complexes formed at
the parC centromere-like site of plasmid R1 showing ParR binding (A and
B), specific pairing of two DNA molecules (C–E) or a higher-order-
complex containing multiple DNA molecules (F). ParR and/or ParM
were incubated with the parC containing plasmid pMD330 and prepared
for electron microscopy. The plasmid was linearized at a unique SspI site
to generate a fragment in which the parC region is located asymmetrically.
The linearization with SspI was performed either before or after addition
of proteins as described below. Bar 5 1 kb. (A) ParR bound to parC
prepared by incubation of supercoiled pMD330 plasmid DNA with ParR
and linearization after binding. (B) ParR bound to parC prepared by
incubation of ParR with prelinearized pMD330 DNA. (C) Paired
pMD330 plasmid molecules prepared by incubating supercoiled pMD330
with ParR followed by linearization. (D) Paired plasmid molecules
prepared by incubating supercoiled pMD330 DNA with ParR, ParM, and
ATP. (E) Paired pMD330 molecules formed with prelinearized DNA in
the presence of ParR, ParM, and ATP. (F) Typical higher-order-complex
where three or more parC DNA molecules are aggregated by ParR
protein.
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which two parC-containing DNA molecules were joined at a
protein complex (Fig. 2 C–E). The intersection corresponded to
the location of parC. When supercoiled parC DNA was incubated
with ParR, 40–45% of the protein-bound DNA molecules were
present as paired structures. When linear instead of supercoiled
DNA was used, the frequency of pairing was reduced to 6–14%
depending on the experimental conditions (Table 2 and Fig. 4).
When supercoiled DNA containing truncated parC sites (parC22
or parC33) were used, DNA binding was still efficient but a lower
pairing frequency was observed (Table 2). This result indicates
that pairing is more efficient between wrapped parC complexes.

None or very few higher-order-complexes containing more
than two aggregated plasmid molecules (Fig. 2F) were observed
by electron microscopy under the conditions used here (Table 2
and Fig. 4). The low abundancy of higher-order-complexes indi-
cates that binary pairing is a specific phenomenon.

E. coli RNA polymerase, which binds to specific sites (i.e.,
promoters) in the DNA used, was included as a control. RNA
polymerase did not mediate significant cohesion of parC con-
taining DNA molecules (Table 2). Similar low frequencies of
pairing were observed when other DNA binding proteins not
expected to give pairing were used (not shown). Thus the efficient

DNA pairing mediated by ParR is not caused by the method of
preparation.

ParM Increases the Pairing Frequency in the Presence of
ATP. Only ParR was required for the binary interaction of
plasmid molecules, but the pairing-frequency was increased
when ParM and ATP also were present (Table 2 and Fig. 4B).
Thus, in the presence of ParR, ParM, and ATP up to 64% of
the protein-bound DNA molecules were present as paired
complexes. The stimulatory effect of ParM was largest under
conditions in which ParR alone yielded a modest degree of
pairing by itself, i.e., when linear DNA was used or at low ParR
concentrations (Table 2 and Fig. 4). Thus, at low concentra-
tions of ParR, ParM, and ATP stimulated pairing up to 3-fold.
The modest stimulation by ParM at conditions where ParR
alone gives efficient pairing was expected, because ParR alone
formed close to saturating amounts of paired complexes.

The ParM mediated enhancement of pairing required ATP, as
the pairing frequency was not stimulated by ParM in the absence
of the nucleotide, in the presence of ADP or in the presence of
the nonhydrolyzable ATP analogs adenylyl-imidophosphate or
adenosine-59-O-(3-thiotriphosphate) (Table 3). Additionally, the
ParM D170E mutant protein, which exhibits reduced ATPase
activity (14), did not increase pairing even in the presence of ATP.
Thus, it appears that ATP hydrolysis by ParM is required for the
ParM-mediated enhancement of pairing. The strict dependency
of ATP for the ParM mediated stimulation of pairing indicates
that pairing is a specific phenomenon and that ParM may have a
function in plasmid pairing in vivo.

Variation of the Concentrations of the Components in the
Pairing Reaction. The highest pairing frequencies were observed
at high concentrations of ParR and parC DNA (Fig. 4 A and B).
This result most likely reflects the increased rate by which ParR
bound parC DNA monomers meet and form paired complexes.
Varying the ParM concentration within a 20-fold range had no
effect on the pairing frequency (not shown). At very high
concentrations of ParR we observed aggregation of protein on
the DNA and increased amounts of higher-order-complexes (Fig.
2F and Fig. 4A). Such aggregation could be caused by binding of
ParR to the regions next to parC thereby allowing the simulta-
neous pairing of more than two molecules.

ParR and ParM Stimulates Ligation of parC Containing DNA
Fragments. To further assess the ability of ParR and ParM to

FIG. 4. Pairing efficiencies at different concentrations of ParR and
DNA measured by electron microscopy. E and F indicate % of protein-
bound DNA molecules present as paired structures and h and ■ represent
% of protein-bound DNA molecules present as higher-order-complexes.
F and ■ indicate the frequencies in the presence of ParR alone and E and
h represent the frequencies in the presence of ParR, ParM, and ATP.
More than 250 molecules were counted for each data point. In A, 100 ng
linearized pMD330 DNA were incubated with the amounts of ParR as
indicated. In B, the indicated amounts of linearized pMD330 DNA were
incubated with ParR and when relevant ParM and ATP. In B, the
amounts of ParR and ParM were titrated for each DNA concentration to
optimize DNA binding and pairing.

Table 1. Contour length of ParR bound parC-containing
fragments

parC DNA used
Fragment

size

Measured length
of ParR-bound

fragment

Molecules
measured,

n

Supercoiled parC 466 335 6 38 266
Linear parC 466 456 6 22 287
Supercoiled parC22 439 419 6 26 170
Supercoiled parC33 390 371 6 25 164

ParR (100 ng) was bound to 100 ng pMD330 DNA (wt parC), pAB1903
DNA (parC22), or pMD333 DNA (parC33) and prepared for electron
microscopy. The contour lengths in bp (6SD) of free and protein-bound
DNA fragments were measured and analysed statistically.

FIG. 3. Measurement of the position of ParR binding. ParR was
bound to supercoiled pMD330 DNA, the DNA was linearized with SspI,
prepared for electron microscopy and the distances from the DNA ends
to the ParR binding position were measured. The histogram represents
the measurement of binding positions of ParR to 270 molecules. Shown
above the graph is a schematic drawing of the DNA fragment used for
electron microscopy. The parC region is shown as ■ and the restriction
sites relevant to this work are indicated. The upper bar represents the free
fragment and the lower bar the ParR-bound fragment, which appeared
shortened by 130 bp as compared with the free fragment (Table 1). The
shortening of the ParR-bound parC fragment is consistent with DNA
wrapping (see Materials and Methods). Bar 5 500 bp.
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connect two parC containing DNA fragments, a ligation kinetics
assay was performed (Fig. 5A). In this assay, short blunt-ended
DNA fragments were incubated with the partitioning proteins
and T4 DNA ligase. If the proteins added pair the DNA frag-
ments, the rate of intermolecular ligation increases because of the
proximity of the DNA ends (36). When a parC containing DNA
fragment was used, ParR increased the amount of ligated prod-
ucts (average, 2.2-fold increase). Addition of both ParR and
ParM increased the amount of ligated products further (average
6-fold increase). The ATPase activity of ParM was required for
this increase, because addition of ParM D170E did not stimulate
ligation (Fig. 5A, lane 6). These results corroborate the conclu-
sions drawn from the experiments using electron microscopy.
When a DNA fragment that did not contain parC was used in the
ligation kinetics assay, ParR and ParM did not stimulate dimer
formation (Fig. 5B). Circularization of the monomer control-
fragment was stimulated by ParR. This could be caused by
bending of the DNA fragment by nonspecifically bound ParR
molecules.

The Binary ParR-ParM-parC Complex Has a Specific Ori-
entation. To examine whether the pairing mediated by the Par
proteins was orientation-specific, we exploited that the parC
DNA fragment used in the ligation kinetics assay contains an
asymmetrically located BamHI restriction site. As shown in
Fig. 6A, three types of ligated dimer fragments form during
ligation. The expected relative frequencies of the three types
of dimers when ligation is random are also shown in Fig. 6A.
Cleavage with BamHI was used to discriminate between
head-to-head inverted dimers and the other two forms of

dimers (Fig. 6). The concentrations of the molecular crowding
agent PEG in the ligation reactions were adjusted to give equal
amounts of multimeric DNA in the presence and in the
absence of the partitioning proteins (see Materials and Meth-
ods). When the parC-fragment was ligated in the absence of
ParR and ParM, purified and restricted with BamHI, 29% of
the multimeric DNA was present in the 386-bp band that
corresponded to a head-to-head inverted dimer (top fragment
in Fig. 6A). This frequency is compatible with random for-
mation of dimers. However, when the parC-fragment was
ligated in the presence of ParR and ParM and treated similarly,
94% of the multimeric DNA was present in the head-to-head
inverted dimer band (Fig. 6B). This is significantly higher than
the expected (25%) and observed (29%) frequencies when
ligation was random, thus indicating that ParR and ParM
orients the parC DNA in the binary complexes in a nonrandom
fashion.

DISCUSSION

The mechanism of DNA segregation in prokaryotes remains
elusive. Previously, we proposed that partitioning by the parA
system of plasmid R1 involves pairing of plasmid molecules
before segregation to the progeny cells (12). Similar pairing
models have been proposed for other plasmid and chromosome
partitioning systems (28, 29, 33). Using two independent assays,
electron microscopy of protein-DNA complexes and a ligation
kinetics assay, we obtained results showing that two parC con-
taining DNA molecules are paired by the plasmid-encoded

FIG. 5. T4 DNA-ligase mediated multimerization of blunt-end DNA fragments. In A, a 203-bp parC containing fragment with short equally
sized arms was used and in B, a 203-bp fragment from pUC19 was used as a nonspecific control DNA. Shown are autoradiograms of agarose gels
with the ligation products formed in the presence or absence of ParR, ParM, and the mutated ParM D170E protein as indicated. The dimer band
obtained in A consists of two closely spaced bands that correspond to a linear dimer and a circular dimer, respectively.

Table 2. Quantification of protein-mediated cohesion of parC DNA molecules

parC DNA used

Proteins and
nucleotides

added

% of protein-bound
DNA molecules

present as

Molecules counted, nPairs
Higher order

complexes

Supercoiled parC ParR 45 2.2 138
Supercoiled parC ParR 1 ParM 1 ATP 52 2.5 202
Supercoiled parC22 ParR 23 1.5 197
Supercoiled parC33 ParR 10 1.9 158
Linear parC ParR 5.5 0.0 181
Linear parC ParR 1 ParM 1 ATP 12 0.0 212
Linear parC RNA polymerase 0.7 0.0 289

ParR (100 ng), ParM (100 ng), andyor RNA polymerase (125 ng) were bound to 100 ng supercoiled
or linearized pMD330 DNA (wt parC), pAB1922 (parC22), or pMD333 DNA (parC33) and prepared for
electron microscopy. The frequencies of protein-bound DNA molecules present in paired structures or
higher-order-complexes were determined by counting randomly selected fields. Shown are the results
from a single, representative experiment.
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partitioning proteins in vitro. Pairing required only binding of
ParR to the centromere-like parC site. The pairing most likely
involves protein-protein interactions between ParR molecules
bound to the two plasmids. In the presence of ATP, ParM

stimulated pairing specifically. The ParM mediated increase of
pairing was largest at low concentrations of DNA and ParR (Fig.
4). We have shown previously that ParM interacts specifically
with ParR bound to parC (14). Possibly, ATP bound ParM could
stimulate pairing by interacting with ParR and thereby stabilizing
the paired complex. We believe that the observed replicon-
pairing is a specific phenomenon that reflects the in vivo functions
of the parA system, because of the following observations: (i) in
two independent assays, ParR yielded pairing of parC-containing
DNA fragments; (ii) very efficient pairing was observed with
supercoiled DNA (up to 64% of the protein-bound DNA mol-
ecules were present as paired structures) virtually in the absence
of higher-order-complexes; (iii) pairing was specifically increased
by the second plasmid encoded partitioning protein ParM in the
presence of ATP. This specificity is also inconsistent with pairing
being a consequence of nonspecific aggregation; (iv) in the
ligation kinetics assay, monomers were ligated to dimers in a
nonrandom orientation. This result suggests that the paired
protein-DNA complex had a specific structure. Together, our
results clearly indicate that the observed plasmid pairing is caused
by intrinsic properties of the partitioning proteins and not by
nonspecific aggregation. Thus, ParR and ParM mediated asso-
ciation of two parC containing DNA molecules is likely to be a
part of the partitioning process in vivo.

When ParR was bound to supercoiled DNA, the protein-
DNA complexes were very compact and the contour-lengths of
the DNA molecules were shortened by '130 bp (Fig. 2 and
Table 1). This is consistent with wrapping of the parC DNA
around a core of ParR protein. When linear parC DNA or
supercoiled DNA containing truncated parC sites were used,
shortening of the DNA molecules were not observed and the
protein-DNA complexes were less compact. Thus, wrapping
(i.e., shortening) presumably requires supercoiled DNA and
full-length parC (Table 1). Because pairing was most efficient
when supercoiled parC DNA was used, the presumed wrapped
complex may have a conformation in which interactions be-
tween parC-bound ParR molecules are more efficient. This
may also explain the observation that only a full-length parC
site is fully active in in vivo partitioning (11, 13). We cannot
exclude that the truncated parC sites can form unstable
wrapped complexes on supercoiled DNA, that are less efficient
in pairing and that cannot be detected by using electron
microscopy. Wrapping was previously observed in the sop
partitioning system of the F plasmid, where the centromere-
like sopC site is wrapped around a core of SopB protein
(37–39). The wrapping was evident in vivo, but no wrapping
was observed in vitro when linear DNA was used (40).

FIG. 6. Orientation-specific ligation of parC fragments. (A) Sche-
matic representation of the possible orientations of ligated dimer parC
DNA fragments. The iterons are indicated as triangles and the
asymmetrically located BamHI site is indicated with a B. The numbers
(in %) are theoretical proportions of the different fragments if ligation
is random. (B) DNA fragments containing the parC region were
ligated in the absence (lanes 1 and 3) or in the presence (lanes 2 and
4) of ParR and ParM. The reactions were performed such that equal
amounts of the ligated multimeric fragments were obtained in lanes 1
and 2 (see Materials and Methods). Lanes 1 and 2 show undigested
ligation products. The ligated fragments were treated with BamHI,
which cleaves 10 bp from one end of the monomer fragment (lane 3
and 4). The same amount of ligation reaction was loaded in all lanes.
The 386-bp fragment in lanes 3 and 4 corresponds to a head-to-head
inverted dimer in which two monomer fragments were ligated end to
end opposite to the BamHI site (top fragment in A). The position of
the circular dimer band, which runs above the linear dimer band, is
indicated.

Table 3. Quantification of the nucleotide dependency of the ParM mediated enhancement of pairing

Proteins used Nucleotide used

% of protein-bound
DNA molecules

present as

Molecules counted, nPairs
Higher order

complexes

ParR — 6.3 0.0 253
ParR 1 ParM — 4.7 0.0 253
ParR 1 ParM ATP 11 0.0 229
ParR 1 ParM ADP 6.3 0.0 224
ParR 1 ParM AMP-PNP 7.1 0.0 225
ParR 1 ParM ATPgS 5.7 1.2 243
ParR 1 ParM D170E ATP 5.6 0.0 259

ParR (100 ng), ParM (100 ng), andyor ParM D170E (100 ng) were bound to 100 ng linearized pMD330
DNA in the presence of the indicated nucleotides and prepared for electron microscopy. AMP-PNP and
ATPgS are nonhydrolysable ATP analogs. The frequencies of protein-bound DNA molecules present in
paired structures or higher-order-complexes were determined by counting randomly selected fields.
Shown are the results from a single, representative experiment. AMP-PNP, adenylyl-imidophosphate;
ATPgS, adenosine-59-O-thiotriphosphate.
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All known partitioning systems possess an interference
phenotype called incompatibility. The phenotype is associated
with the centromere-like sites and is manifested as destabili-
zation of a test-plasmid by the centromere-like site present on
a second, heterologous plasmid in the same cell line (41). The
observed interference with the function of the partitioning
system is most readily explained as being a consequence of
centromere-mediated pairing of heterologous replicons. Our
observations support that mechanism for partitioning associ-
ated incompatibility. This suggestion is further supported by
the finding that the truncated parC33 site neither gives effi-
cient pairing in vitro (Table 2) nor exerts significant incom-
patibility toward plasmids stabilized by parA (13).

Information on plasmid pairing in prokaryotes was obtained
during the study of iteron containing copy-number-control
systems. Such systems contain multiple repeats (iterons) that
control plasmid copy-number at the origin of replication.
Binding of a plasmid-encoded replication protein to the iterons
is essential for initiation (42). In the P1, R6K and RK2
plasmids, iteron containing DNA molecules are paired by the
cognate replication protein and the observed pairing was
proposed to inhibit initiation of replication (43–45). In the
parA partitioning system, binding of a plasmid-encoded pro-
tein to iterons mediates replicon pairing and this pairing may
confer directionality to plasmid DNA segregation. Thus,
mechanistically analogous DNA pairing reactions control dif-
ferent processes in prokaryotes.

Pairing (cohesion) of sister chromatids is a part of the
mechanism of DNA segregation in eukaryotes. The role of
chromatid cohesion is to constrain the kinetochores of the
sister chromatids such that they attach to microtubules origi-
nating from both spindle poles. Upon release of the cohesion,
the sister chromatids are pulled toward the opposite poles by
the spindle apparatus (1–5). We propose that the function of
plasmid pairing by the parA system is analogous. Symmetrical
pairing of two DNA molecules can providing the dividing cell
with the directionality required for ordered segregation of
replicons. The paired plasmids could be recognized by an
apparatus that moves the plasmid copies in opposite directions.
Alternatively, the paired plasmids could attach to a cellular
structure that positions the plasmid copies at opposite sides of
the mid-cell septum.

The partitioning proteins Spo0J of B. subtilis, ParA and ParB
of C. crescentus and SopB of the F plasmid have been found to
localize toward the poles or at the cell quarter sites in
predivisional cells (21, 23–25, 30). A bipolar localization is also
observed for the ParM partitioning protein from plasmid R1
(R.B.J. and K.G., unpublished). For the B. subtilis chromo-
some and the F plasmid it is known that partitioning systems
are involved in tethering the replicons to the specific positions
in the cell (22, 28, 29). The function of specific localization of
the partitioning proteins could be to tether replicons that
already have been physically separated to positions in both
daughter cells that are located far from the septum. In this
model, the sister replicons are only paired in a part of the cell
cycle before they are recognized by an apparatus that moves
the replicons in opposite directions and tethers them to the
bipolar positions. The similar genetic structure of the prokary-
otic partitioning systems (i.e., two proteins and a centromere-
like site that mediates incompatibility) suggests that replicon
pairing before DNA segregation may occur in the process
mediated by these systems as well.
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