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The segrosome is the nucleoprotein complex that mediates accurate plasmid segregation. In addition to its
multifunctional role in segrosome assembly, the ParG protein of multiresistance plasmid TP228 is a tran-
scriptional repressor of the parFG partition genes. ParG is a homodimeric DNA binding protein, with
C-terminal regions that interlock into a ribbon-helix-helix fold. Antiparallel �-strands in this fold are pre-
sumed to insert into the OF operator major groove to exert transcriptional control as established for other
ribbon-helix-helix factors. The OF locus comprises eight degenerate tetramer boxes arranged in a combination
of direct and inverted orientation. Each tetramer motif likely recruits one ParG dimer, implying that the fully
bound operator is cooperatively coated by up to eight dimers. OF was subdivided experimentally into four
overlapping 20-bp sites (A to D), each of which comprises two tetramer boxes separated by AT-rich spacers.
Extensive interaction studies demonstrated that sites A to D individually are bound with different affinities by
ParG (C > A � B �� D). Moreover, comprehensive scanning mutagenesis revealed the contribution of each
position in the site core and flanking sequences to ParG binding. Natural variations in the tetramer box motifs
and in the interbox spacers, as well as in flanking sequences, each influence ParG binding. The OF operator
apparently has evolved with sites that bind ParG dissimilarly to produce a nucleoprotein complex fine-tuned
for optimal interaction with the transcription machinery. The association of other ribbon-helix-helix proteins
with complex recognition sites similarly may be modulated by natural sequence variations between subsites.

The accurate segregation of chromosomal and extrachromo-
somal DNA requires specialized molecular machines, both in
procaryotes and in eucaryotes (8, 19, 38, 41). For bacterial
low-copy-number plasmids, the segrosome is the nucleoprotein
complex that ensures their precise segregation to daughter cells at
cytokinesis (13, 19, 20, 38, 39). Segrosomes can be categorized
into subtypes based on their molecular components (39), but the
best-characterized complexes consist of either a Walker (ParA)
or actin-type ATPase, a cis-acting centromere site, and a cen-
tromere binding factor. ATP-mediated assembly of the actin-
like ATPase into a bipolar spindle elicits bidirectional polymer
growth, forcing the attached plasmids in opposite directions
(15). Evidence is accumulating that the widespread ParA-type
plasmid segregation ATPases also polymerize in response to
nucleotide binding and that this polymerization mediates plas-
mid segregation. However, the molecular mechanisms that un-
derpin this behavior and how plasmid segregation is achieved
remain to be fully unraveled (1, 3, 5, 12, 14, 26, 27).

The tripartite segrosome of multiresistance plasmid TP228
consists of the ParA homolog, ParF, and the ParG centromere
binding protein, which assemble on the parH centromere (4,
18). ParF (22.0 kDa) is a member of the ParA superfamily of
segregation proteins that are widely encoded by eubacterial
and archaeal chromosomes and plasmids. Like its homologs,
ParF is a weak ATPase whose nucleotide hydrolysis is en-
hanced by the partner protein, ParG (5). Strikingly, ATP
binding promotes the polymerization of ParF into extensive
multistranded filaments. ParG (8.6 kDa) enhances ParF po-
lymerization independently of ATP but also superstimulates
filamentation in the presence of ATP. In contrast, ParF
polymerization is blocked by ADP (3, 5). This suggests that
ParF action during partitioning may involve a cycle of po-
lymerization and depolymerization in which, following se-
grosome formation at the centromere, the binding of ATP
and ParG initially augments ParF filamentation. Stimulation
of ParF nucleotide hydrolysis by ParG subsequently may
induce the formation of ParF-ADP species within polymers,
blocking further filament growth. Pushing of plasmids by ParF
polymer extension or plasmid pulling by filament depolymer-
ization may drive replicated plasmids to either side of the
septal plane (5).

ParG is a homodimeric DNA binding protein (4) with C-
terminal regions that interweave into a ribbon-helix-helix
(RHH) fold and mobile N-terminal tails (16). Dimerization,
DNA binding at the operator site, and interaction with ParF
are mediated by the C-terminal regions (3, 7, 16). The flexible
N termini are also multifunctional. First, the N-terminal tail of
ParG includes an arginine finger-like motif that enhances ATP
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hydrolysis by ParF (3). The motif may be part of a semiflexible
loop that intercalates into the ParF nucleotide binding pocket,
analogous to arginine fingers in proteins such as human Ras-
GAPs (2, 31). Arginine finger loops stabilize the transition
state during nucleotide hydrolysis by their partner proteins (6),
and the same may be the case with ParF-ParG. Stimulation of
nucleotide hydrolysis by ParG may be an important step in the
ParF polymerization-depolymerization cycle (3). Second, and
separately from its role in ATPase enhancement, the ParG
mobile tail is required for stimulation of ParF polymerization
(3). ParG may either bundle filaments more extensively or
stabilize ParF protomers within filaments (3, 5). The flexible
tails within each ParG dimer potentially enwrap ParF mono-
mers, either on the same or on adjacent protofilaments, or
might act at points of polymer disassembly. Thus, ParG may be
functionally analogous to microtubule-associated proteins that
regulate tubulin kinetics or to formins and other factors that
modulate growth and retraction of eucaryotic actin filaments
(27). Third, ParG is a transcriptional repressor of the parFG
genes (7), with antiparallel �-strands thought to insert into the
major groove at the operator site as established for other RHH
proteins (17, 34, 36, 42). The tail modulates the interaction of
ParG with the operator site (here designated OF) during au-
toregulation. Specifically, a transient �-strand element in the
tail that associates with the RHH domain is implicated in
formation of the repressive nucleoprotein complex (7). Here,
we probe further the interaction between ParG and the oper-
ator: the locus comprises a complex set of related motifs that
ParG recognizes with different affinities, suggesting that the
operator has evolved with sites that bind ParG dissimilarly to
generate a nucleoprotein complex that is optimized for parFG
regulation.

MATERIALS AND METHODS

Strains, growth medium, and protein purification. Escherichia coli was grown
at 37°C in Luria-Bertani medium with ampicillin (100 �g/ml) and/or kanamycin
(50 �g/ml) when required for plasmid maintenance. Strain DH5� (43) was used
for molecular cloning, and strain BL21(DE3) (Novagen) was used for ParG
overproduction and transcriptional fusion assays. His-tagged ParG was purified
by Ni2� affinity chromatography as described elsewhere (4).

CDO reporter assays. Transcriptional fusions of the wild-type parFG promoter-
operator region (ABCD) and the same region in which site B was disrupted
(AXCD, where X indicates the mutated site within OF) to a xylE reporter gene
in plasmid pDM3.0 have been described previously (7). Equivalent fusions bear-
ing sites XBCD, ABXD, and ABCX were constructed by annealing four over-
lapping, single-stranded oligonucleotides in each case (121 to 124; 125 to 128;
and 125, 126, 129, and 130, respectively) (see Table S1 in the supplemental
material) and cloning the assembled fragments in the BamHI site of pDM3.0.
The sequences of the cloned inserts were verified. Catechol 2,3-dioxygenase
(CDO) assays were performed essentially as outlined elsewhere (7). Briefly, E.
coli BL21(DE3) was cotransformed with a pDM3.0 derivative bearing the xylE
transcriptional fusion of interest and with pET22b or this vector expressing parG.
Colonies were inoculated in Luria-Bertani broth under selective conditions and
grown at 37°C until the A600 was �0.5. After growth for an additional 60 min,
cells were pelleted, resuspended in 100 mM potassium phosphate buffer (pH 7.4)
with 10% acetone, and sonicated. The cell lysate was clarified by centrifugation,
and protein concentrations were estimated using the Bio-Rad protein assay.
CDO activity was measured by monitoring the A375 change for 40 s at 24°C with
0.2 mM catechol. Measurements were performed at least in duplicate. One CDO
unit is the amount of enzyme that oxidizes 1 �mol catechol/min at 24°C.

DNase I footprinting. A 231-bp fragment covering the parFG promoter region,
including sites ABCD, and 30 bp downstream of the parF translational start was
amplified from plasmid pDM-Oper (7) using oligonucleotides 17/18 (see Table
S1 in the supplemental material). Oligonucleotides carrying sites A, B, C, D, or
CD (19/20, 21/22, 23/24, 25/26, and 27/28, respectively) were cloned separately

between the EcoRI and BamHI sites of pUC18 (32). The nucleotide sequences
of the inserts were confirmed. The recombinant plasmids were used as templates
in PCRs with primers 15/16 (see Table S1 in the supplemental material) to
generate fragments (215 to 239 bp) in which either the top or bottom strand was
5� biotinylated. PCR products were electrophoresed on 10% polyacrylamide gels
in 0.5	 Tris-borate-EDTA (TBE) buffer. Fragments were excised from gels and
electroeluted in 0.5	 TBE for 30 min at 100 V. The DNA was concentrated and
purified with the QIAquick PCR purification kit (Qiagen) and resuspended in 50
�l sterile water. Footprinting reactions were performed essentially as described
previously (22). Briefly, reaction mixtures containing biotinylated DNA (5 nM
final concentration) and ParG (0.1 to 5 �M) were mixed in binding buffer [10
mM Tris-HCl, pH 7.5, 50 mM KCl, 1 mM dithiothreitol, 5 mM MgCl2, 0.05
mg/ml poly(dI-dC)] in final volumes of 20 �l and incubated for 20 min at 25°C.
Samples were treated with 0.0075 units of DNase I (Roche) diluted in 20 mM
Tris-HCl, pH 7.5, 50 mM NaCl, 7.5 mM MgCl2, 5 mM CaCl2 for 45 s at 25°C.
Reactions were stopped by addition of 200 �l of 10 mM EDTA, pH 7.0, 300 mM
sodium acetate, followed by extraction with an equal volume of phenol-chloro-
form (1:1). The upper phase was collected, and 1 �l of glycogen (20 mg/ml;
Roche) and 500 �l of ethanol were added. The DNA was precipitated at 
80°C
for 30 min and harvested by centrifugation, and the pellets were washed with
70% ethanol. Pellets were dried, resuspended in 10 �l of loading buffer (95%
formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol), and
heated at 99°C for 10 min. Reaction mixtures were electrophoresed on equili-
brated 6% sequencing gels (SequaGel [GeneFlow]) at 60 W in 1	 TBE buffer
for 2 h. DNA was transferred by capillary action to positively charged nylon
membranes (Roche), and the transferred DNA fragments were immobilized by
UV cross-linking. Detection of the biotin end-labeled DNA was performed using
the LightShift chemiluminescent electrophoretic mobility shift assay (EMSA) kit
(Pierce) (4).

EMSAs. 5� biotinylated DNA substrates were obtained by PCR using labeled
primers or by annealing complementary oligonucleotides (see Table S1 in the
supplemental material). The resulting fragments were electrophoresed on 10%
polyacrylamide gels in 0.5	 TBE buffer followed by electroelution and further
purification as described above. EMSAs with the intact operator DNA (amplified
from plasmid pDM-Oper using oligonucleotides 13/14) or with variants possess-
ing sites XBCD, AXCD, ABXD, and ABCX (prepared by annealing oligonu-
cleotides 3/4, 7/8, 1/2, and 5/6, respectively) and XXCD or XXXD (amplified
from pUC18 derivatives with primers 9/10 and 11/12, respectively) were per-
formed with 98-bp substrates. In EMSA with single repeat motifs, synthetic 50-bp
oligonucleotides carrying site A, B, C, or D (oligonucleotides 19/20, 21/22, 23/24,
and 25/26, respectively) or site C in which the right half-site was inverted (Cinv)
(oligonucleotides 29/30) were used. For scanning mutagenesis, a 48-bp synthetic,
double-stranded fragment (oligonucleotides 33/34) corresponding to sites AB
and a replica of this oligonucleotide in which site B was randomized (site AX;
oligonucleotides 31/32) were employed as core sequences from which mutated
sites, each carrying either a single substitution in one site or paired substitutions
in two sites, were derived. Oligonucleotides 37/38 through 119/120 (see Table S1
in the supplemental material) carried the mutated sites. Biotinylated DNA (2 nM
final concentration) was incubated at 25°C for 20 min in binding buffer [10 mM
Tris-HCl, pH 7.5, 50 mM KCl, 1 mM dithiothreitol, 5 mM MgCl2, 0.05 mg/ml
poly(dI-dC)] with ParG (concentrations given in figure legends). Reaction mix-
tures were electrophoresed on 10% polyacrylamide gels in 0.5	 TBE buffer for
90 min at 80 V at 22°C. Gels were processed further as outlined above. Images
were captured on FujiFilm RX NIF film and scanned into a digital format. The
intensity of each band was determined using Gel-Pro Analyzer 3.1 (Media Cy-
bernetics) software after subtracting background from a blank area adjacent to
each sample band. ParG affinity for different DNA sites was determined as the
apparent equilibrium dissociation constant Kapp (defined as the concentration of
protein required to generate 50% occupancy), which was estimated from binding
curves, similar to previous analysis of the MetJ RHH protein (21). The term Kapp

is used because protein concentration and activity (the effective concentration)
are different (29) due to the use of a competitor in binding reactions (24, 25).
Results shown in figures are representative images of experiments performed at
least in duplicate.

SPR. Surface plasmon resonance (SPR) measurements were obtained with a
Biacore 3000 instrument (Biacore AB) primed with immobilization buffer (10
mM Tris-HCl, pH 7.5, 200 mM NaCl, 1 mM EDTA). Streptavidin (SA) chips
(Biacore) were conditioned with three consecutive 2-minute injections of acti-
vation buffer (1 M NaCl, 50 mM NaOH) prior to immobilization of biotinylated
DNA (2 nM injected at 10 �l/min). Oligonucleotides (50 bp) possessing sites A
to D were bound to the surface of the chip with similar response units (�350) to
allow comparison of results with different substrates. An oligonucleotide with an
identical base composition but with an unrelated sequence was immobilized in
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one flow cell as a reference. The SA chips were primed with running buffer (10
mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM dithiothreitol) prior
to injection of proteins (100 nM) in running buffer at a flow rate of 50 �l/min at
25°C. The chip surface was regenerated by injection (15 �l) of 2 M guanidine-
HCl (25 �l/min) after each protein sample. Data were reference subtracted using
the oligonucleotide of unrelated sequence (oligonucleotides 35/36; see Table S1
in the supplemental material) and analyzed using BIAevaluation 3.1 software
(Biacore AB). None of the kinetic models proposed by the software gave a
satisfactory close curve-fitting for the interactions, thereby excluding them from
derivation of binding constants for the ParG-DNA associations.

RESULTS

Refinement of the OF operator site boundaries. Based on in
silico analysis, we recently proposed that the operator site
(here designated OF) for negative autoregulation of parFG

expression comprised an imperfect inverted repeat (IR) that
overlaps the putative 
10 promoter box (7). Disruption of the
IR abolished ParG-mediated repression, establishing the re-
peat as a regulatory site. To determine the boundaries of the
region contacted by ParG, a 231-bp fragment that spans the
parFG regulatory region was subjected to DNase I footprinting
in the presence of ParG (Fig. 1A). The protein protected a
region on both strands from digestion that was almost twice the
length of the IR previously identified. More specifically, pro-
tection included the IR, as well as the entire region between
the repeat and the parF translation start codon. Examination
of the nucleotide sequence of the protected region revealed
eight 5�-ACTC-3� (or variant) tetramer motifs separated by
4-bp AT-rich spacers. Three of the tetramers are in direct

FIG. 1. DNase I footprinting of the OF locus. (A) Footprinting reactions were performed as outlined in Materials and Methods using PCR
fragments biotinylated at the 5� ends of either top or bottom strands. ParG concentrations (�M monomer, left to right): 0, 0.05, 0.1, 0.2, 0.4, 0.6,
0.8, and 1.0. The locations of sites A to D are marked by open arrows. Tetramer boxes within the sites are indicated by filled arrows. Shaded boxes
denote the regions protected from DNase I digestion by ParG. The adjoining hatched box indicates the segment of site D that is only partially
protected from DNase I digestion by ParG. The black line denotes the position of the parF translation start codon. A�G, Maxam-Gilbert
sequencing reactions. The relative dispositions on the top and bottom strands of the parFG promoter-operator region that are protected from
DNase I digestion are illustrated in the bottom panel. Putative 
10 and 
35 promoter motifs are boxed. (B) Alignment (5� to 3�) of the top strands
of sites A and C and the bottom strands of sites B and D. The degenerate 5�-ACTC-3� tetramer motifs are boxed. The inverted motif in site C
is shaded.
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orientation, whereas five of the motifs are inverted. A single
tetramer box is insufficient for ParG binding in EMSA (see Fig.
8), but two appropriately spaced boxes produce a single nu-
cleoprotein complex with the protein (7). This correlates with
observations with other RHH proteins which assemble on ad-
joining sites as dimers of dimers (36). Thus, the tetramer boxes
in OF can be arranged functionally as sites A to D: sites A and
B correspond approximately to the IR previously identified (7),
each consisting of a pair of 5�-ACTC-3� tetramer motifs spaced
by 4-bp AT-rich tracts and flanked by 4 bp on either side. In the
case of site D, the motifs are 5�-ACTT-3�, whereas in site C the
motifs are 5�-ACAC-3� and its imperfect inverted counterpart
5�-GAGT-3� (Fig. 1B).

Close inspection of the DNase I footprinting patterns with
OF suggests that site C was protected from digestion at slightly
lower ParG concentrations than were the other sites, most
obviously on the bottom DNA strand (Fig. 1A). Conversely,
site D required larger amounts of ParG for protection and was
not fully protected on the top strand even at the highest pro-
tein concentration that was tested.

In view of the extension of the OF boundaries described
above, multiple mutations were introduced separately into
each of the sites A to D, and the effects of the alterations on
transcriptional repression by ParG were assessed by fusing the
mutated promoter-operator regions and the 5� end of parF to

a promoterless xylE cassette in plasmid pDM3.0 as described
previously (7). The unrepressed promoter activities were sim-
ilar for transcriptional fusions bearing the wild-type and each
of the mutated operator regions, except for the fusion possess-
ing the XBCD operator, which exhibited �50% of the CDO
activity of the unmutated site (Fig. 2). It is likely that the parFG
promoter sequences overlap site A within the operator (Fig.
1A), causing a reduction in basal promoter levels when the
latter is mutated. Transcriptional fusions bearing the wild-type
and AXCD operators were repressed �16- and �2-fold, re-
spectively, by ParG provided in trans (Fig. 2), which correlates
well with previous data (7). Disruption of sites A (XBCD) and
C (ABXD) in OF also decreased transcriptional repression by
ParG to �10- and 3.8-fold, respectively. In contrast, a tran-
scriptional fusion containing multiple mutations in site D was
repressed �24-fold by ParG. The reason for this apparent
increase in repression remains to be investigated. In summary,
transcriptional fusion studies revealed that sites A, B, and C
are required for full repression by ParG at the OF operator.
Moreover, disruption of the different sites elicited different
effects on repression. The role of site D in vivo remains un-
clear, although, as described below, it is bound specifically by
ParG in vitro.

Effect of site replacement on OF binding by ParG. ParG
loads on a substrate bearing sites AB initially as a tetramer
(dimer of dimers) and, at elevated protein concentrations, as a
pair of tetramers. This behavior is reflected in the formation of
two nucleoprotein complexes with distinct migrations in
EMSA (7). Analogously, ParG initially formed one major com-
plex with sites CD, with a second complex produced at higher
ParG concentrations (XXCD in Fig. 3). A fragment containing
the complete OF site (repeats ABCD) formed four principal

FIG. 2. Repression analysis of the wild-type parFG promoter-op-
erator region (ABCD) and the same region bearing disruptions of one
of the sites within the OF operator (XBCD, AXCD, ABXD, and
ABCX) assessed by CDO activity of parF-xylE transcriptional fusions.
The top panel shows CDO activities relative to the levels of the unre-
pressed wild-type region for each fusion in the absence (filled bars) and
presence (open bars) of ParG provided in trans. The inset shows a
schematic representation of the parF-xylE constructs. The bottom
panel illustrates the repression by ParG of each transcriptional fusion
relative to its unrepressed levels.

FIG. 3. EMSA of the full-length operator OF (ABCD) and variants
in which one site was replaced by a random sequence (designated X
and marked by a gray horizontal box). Biotinylated oligonucleotides
(98 bp) (see Table S1 in the supplemental material) were tested as
described in Materials and Methods using ParG concentrations (�M
monomer, left to right): 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6.
Unbound DNAs and nucleoprotein complexes are indicated by open
arrows and gray vertical bars, respectively. A second species that mi-
grates close to the unbound DNA in some blots in this and other
figures is likely to be the same fragment with an atypical secondary
structure.
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species, and some minor complexes, with ParG (Fig. 3). The
DNA was entirely assembled into the slowest-migrating com-
plex at the highest protein concentrations. It is tempting to
speculate that the principal nucleoprotein complexes arise
from increasing occupation of the four sites by a ParG dimer of
dimers, each species formed by the sequential addition of a
pair of dimers to a preexisting complex. OF fragments in which
any one of the four sites was replaced by a random sequence
showed altered binding patterns with ParG (Fig. 3). Although
removal of site A (XBCD) did not completely prevent binding
by the protein, only a single intermediate complex was evident.
Similarly, fragment ABXD was almost fully bound at the high-
est ParG concentrations tested, although multiple intermedi-
ate complexes were apparent. Moreover, the pattern of com-
plex formation differed from that observed with the intact OF

site, with faster-migrating complexes persisting at ParG con-
centrations at which OF was fully bound. Two nucleoprotein
complexes with approximately equimolar concentrations were
evident when site B was replaced (AXCD), but binding was
incomplete, with a significant fraction of the DNA unbound
even at the highest ParG concentration tested. Finally, the
protein generated a ladder of complexes of similar intensities
with fragment ABCX. In summary, the variable and complex
ParG binding patterns observed with the OF operator lacking
any single site demonstrate that all four of the sites are re-
quired for proper ParG binding in vitro and that removal of
any one site perturbs the normal pattern of complex formation
observed with the intact OF locus.

ParG binds the OF sites with different avidities. The analy-
ses presented in Fig. 2 and 3 suggest that the four OF sites and
the tetramer boxes within them may be recognized with differ-
ent affinities by ParG, leading to the diverse patterns observed
in EMSA with DNA fragments possessing any three of the
sites. Sites A to D were tested further individually by EMSA,
DNase I footprinting, and SPR. A double-stranded oligonucleo-
tide bearing site C was bound entirely into a single nucleoprotein
complex by ParG (Fig. 4). Similarly, repeats A and B each formed
a single complex with ParG, although �75% of the DNA was

assembled into a complex at the highest ParG concentration that
was tested. Site D failed to form a complex with ParG in repeated
experiments, suggesting either that this repeat is bound poorly by
the protein or that the complex is unstable during electrophoresis.
Kapp values revealed that the affinity of ParG for these sites was in
the order C � A � B �� D.

DNase I footprinting was employed to investigate further
the interaction between ParG and the OF sites. Each of the
repeats was cloned individually in plasmid pUC18. The recom-
binant plasmids were used in PCRs, in which one of the prim-
ers was 5� biotinylated, to produce labeled fragments that were
used in footprinting studies with ParG titrations (Fig. 5). Re-
peat C was the only site that was fully protected from DNase I
digestion at 0.3 to 0.4 �M ParG. This result correlates with the
observation that site C is also preferentially protected within
the intact OF site, most noticeably on the bottom strand (Fig.
1A). Sites A and B individually required up to 1.4 to 1.6 �M
ParG for protection, although the latter remained partially
unprotected even at the highest ParG concentration that was
used (Fig. 5). The regions protected from DNase I digestion

FIG. 4. EMSA of isolated OF sites. Biotinylated oligonucleotides
(50 bp) (see Table S1 in the supplemental material) were tested as
described in Materials and Methods using ParG concentrations (�M
monomer, left to right): 0, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0,
except for site D from which the 0.75 �M concentration was omitted
The oligonucleotides include the 12-bp site cores flanked on either side
by 4 bp from the site’s normal context (Fig. 1). Unbound DNAs and
nucleoprotein complexes are indicated by open and filled arrows, re-
spectively.

FIG. 5. DNase I footprinting of isolated OF sites. Footprinting re-
actions were performed as outlined in Materials and Methods using
PCR fragments biotinylated at the 5� ends of the bottom strands. ParG
concentrations (�M monomer, left to right): 0.0, 0.2, 0.3, 0.4, 0.8, 1.0,
1.2, 1.4, 1.6, 1.8, 2.0, 2.5, 3.5, 4.0, and 5.0. The locations of sites A to D
are marked by arrows. Positions that are hypersensitive to DNase I
cleavage in the presence of ParG are highlighted by the stars.
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with separate sites A, B, and C fully spanned the sites and
extended 1 or 2 bp into flanking sequences. Interestingly, iden-
tical DNase I-hypersensitive sites were located at the junctions
between the protected and unprotected zones for reactions
with sites A, B, and C, suggesting that binding of ParG perturbs
the DNA at these positions.

In contrast with sites A, B, and C, an isolated site D was not
protected from DNase I digestion at any ParG concentration
(Fig. 5). This result agrees with footprinting studies of the
entire OF site in which site D was incompletely protected by
ParG, most obviously on the top strand, at protein concentra-
tions that were sufficient for full protection of the other sites
(Fig. 1A). To assess whether the partial protection of site D in
OF necessitated the presence of sites A, B, and C or whether
the adjacent site C was sufficient, a fragment bearing sites CD
was analyzed by DNase I footprinting (Fig. 5). Following full
protection of repeat C, incomplete protection of site D was
apparent at elevated ParG concentrations. This correlates with
the appearance of a second, slower-migrating species in EMSA
analysis with the XXCD fragment at high ParG concentrations
(Fig. 3). Thus, site D alone is bound poorly, if at all, by ParG
but can be at least partially occupied when site C is also
present. More generally, the DNase I footprinting results sup-
port EMSA data that the OF sites are recognized with different
affinities by the protein and that cooperative interactions be-
tween ParG dimers mediate assembly of the nucleoprotein
complex at the operator.

SPR experiments were performed to examine the ParG-site
interactions in real time. Using a Biacore 3000 instrument, SA
sensor chips (Biacore) were derivatized with biotinylated 50-bp
oligonucleotides bearing site A, B, C, or D and with an unre-
lated DNA of the same length and base composition as a
reference in one flow cell. Optimal conditions for the experi-
ments were first identified using a range of ParG concentra-
tions and flow rates. Subsequently, ParG was passed over the
immobilized DNAs at 0.1 �M (monomer equivalents) for 36 s
(association) and allowed to wash off subsequently for 70 s
(dissociation) (Fig. 6). The protein bound well to site C under
these conditions, reproducibly generating �120 response units.
In contrast, ParG did not bind repeat D more appreciably than
the unrelated DNA. Repeats A and B both produced interme-
diate response curves with ParG. The SPR results correlate
well with the combined data from EMSA and DNase I foot-
printing, which reveal that ParG recognizes the OF sites pref-
erentially in the order C � A � B �� D.

The most obvious feature of site C that may lead to it being
recognized most avidly by ParG is the presence of a 5�-
ACAC-3� tetramer box spaced by 4 bp from its imperfect
inverted counterpart 5�-GAGT-3�. In contrast, sites A, B, and
D, which are bound less well by ParG, instead contain two
directly repeated tetramer motifs (Fig. 1B). To assess whether
converting repeat C to a site bearing directly repeated tetramer
boxes affected the interaction of ParG with the site, the syn-
thetic site Cinv was tested in SPR. The 5�-GAGT-3� motif in C
is inverted to 5�-ACTC-3� in Cinv. However, the sensorgram
patterns of C and Cinv were very similar (Fig. 6). Conversely,
inversion of one of the 5�-ACTC-3� motifs in site A to generate
a synthetic site (Ainv) that carried symmetrical 5�-ACTC-3� and
5�-GAGT-3� boxes, like site C (Fig. 6), did not improve ParG
binding (data not shown). These results indicate that the in-

verted arrangement of tetramer boxes in site C is not the major
factor that makes it a preferred binding site for ParG.

Positions flanking the 12-bp core site are crucial for ParG
binding. The 4 bp that separate the tetramer boxes in the 12-bp
core sites are AT rich and elicit reduced ParG binding when
mutated (see below). In contrast, the 4 bp between sites A and
B and between sites B and C have a higher GC content (Fig.
1B). Fragments comprising the 12-bp core of site B flanked by
wild-type or mutated 4-bp flanking regions were individually
tested by EMSA. Mutations that altered three or four nucle-
otides in both of these regions greatly reduced ParG binding
(Bcore; Fig. 7). Thus, a 12-bp core is capable only of weak ParG
binding. Moreover, disruption of either the left (BR) or, to a
lesser extent, the right (BL) flanking sequences independently
reduced binding by ParG. However, not all mutations in the
regions that flank the 12-bp core region are deleterious: con-
version of these sequences to AT-only base pairs (BA-T) no-
ticeably improved ParG binding to site B (Fig. 7). Thus, al-
though the tetramer boxes likely harbor critical information for
ParG interactions, both the 4-bp AT-rich sequences in the
centers of the 12-bp sites (see below) and the nucleotides that
flank the sites (Fig. 7) are also important determinants for
proper ParG binding. In particular, the AT-rich centers of sites
A to D may allow greater DNA flexibility, thereby promoting
interactions between ParG dimers bound to adjacent tet-
ramers.

Scanning mutagenesis of the OF locus. The contribution of
each base pair in the OF locus to the interaction with ParG was
probed by assessing the binding properties of synthetic double-

FIG. 6. SPR analysis of isolated OF sites. Biotinylated oligonucle-
otides (50 bp) (see Table S1 in the supplemental material) were tested
as described in Materials and Methods. The oligonucleotides include
the 12-bp site cores flanked on either side by 4 bp from the site’s
normal context (Fig. 1). Representative sensorgrams of ParG binding
(100 nM monomer) to the sites are shown. The bottom panel shows an
alignment of sites A and C and variant sites. The degenerate 5�-
ACTC-3� motifs are boxed. Nucleotide differences between wild-type
and variant sites are highlighted with dots.
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stranded oligonucleotides bearing substitution mutations. As
the intact OF region displays a complex pattern of ParG bind-
ing in EMSA (Fig. 3), mutations were analyzed in more infor-
mative contexts. Site A located within a 48-bp fragment forms
a single retarded complex with ParG in EMSA (7) (Fig. 4).
Mutations in site A in this context (here renamed AX for
consistency with the analyses described above) (Fig. 8A) pro-
vide a useful comparison with equivalent substitution muta-
tions in other contexts that were analyzed (Fig. 7 and 8).
Purine-to-pyrimidine and pyrimidine-to-purine substitution
mutations at each position within the 12-bp core of site A, as
well as at two flanking base pairs, were studied. Protein con-
centrations up to 8 �M were tested, at which point �80% of
the wild-type DNA is assembled into a single nucleoprotein
complex. All single base pair mutations in substrate AX en-
tirely abolished ParG binding, except at a single position be-
tween the 5�-ACTC-3� tetramer boxes, which retained weak
binding at high ParG concentrations (mutant m10; Fig. 8A).
Mutations in the two base pairs immediately 5� of the core site
were tolerated well (m2) or poorly (m1).

In contrast with oligonucleotide AX, a fragment bearing
sites AB produces two well-separated complexes with ParG in
EMSA: a faster-migrating species containing a ParG dimer of
dimers and, at higher protein concentrations, a slower-migrat-
ing complex that includes a pair of ParG tetramers (7). These
complexes form efficiently at ParG concentrations of 1 to 2 �M

FIG. 7. Mutational analysis of regions flanking the 12-bp core in
site B. The sequence of the bottom strand of site B with 4 bp of
flanking nucleotides on either side is shown at the top. The 5�-
ACTC-3� motifs are boxed. Mutated sites are illustrated underneath
with mutated positions shaded. Oligonucleotides (50 bp) bearing these
sites were tested in EMSA as described in Materials and Methods
using ParG concentrations (�M monomer, left to right): 0, 0.5, 0.75,
1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0. Unbound DNAs and nucleoprotein
complexes are indicated by open and filled arrows, respectively. The
ParG titration shown for site B is the same as that shown in Fig. 4.

FIG. 8. Scanning mutagenesis of the A site flanked either by randomized sequences (A) or by site B (B). Randomized nucleotides are
underlined. Purine-to-pyrimidine and pyrimidine-to-purine substitution mutations at each position within the 12-bp site A, as well as at two
flanking base pairs, were studied by EMSA using 48-bp oligonucleotides in both contexts. ParG concentrations up to 8 and 2 �M were used in
panels A and B, respectively. Data quantitation using Gel-Pro Analyzer 3.1 (Media Cybernetics) software is shown. The results shown are
representative of experiments performed at least in duplicate. WT, wild type.
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and can include �80% of the target oligonucleotide. There-
fore, the set of mutations that was analyzed in the AX context
(Fig. 8A) was also examined as pairs of symmetrical mutations
in the AB substrate in EMSA with ParG (Fig. 9). Only one
position between the tetramer boxes was weakly tolerant of
simultaneous substitution in the two sites (mutant m38). De-
tectable binding was eliminated by all other double mutations.
The substitutions in mutant m38 are at the position equivalent
to that of the mutation in mutant m10, which is the only
alteration that was weakly tolerated in the AX context (Fig.
8A). As noted in binding studies with the AX oligonucleotide,
mutations in positions immediately flanking the sites reduced
(mutant m29) or had no major effect (mutant 30) in the AB
context (Fig. 9).

In view of the strong effects on ParG binding noted with
most of the mutations examined as single changes in the AX
context and as double mutations in the AB substrate, the
mutations were also tested as single substitutions in the AB
context (Fig. 8B). In contrast with the previous analyses, more
diverse effects on ParG binding were noted, which may reflect
that the variant oligonucleotides all possess an intact B site in
addition to the mutated A site: ParG assembled on the intact
site may stabilize protein bound more weakly to the mutated
site. Mutations at the third or fourth position in either of the
5�-ACTC-3� boxes in the A site greatly reduced, but did not
entirely abolish, ParG binding in EMSA (mutants m19, m20,

m27, and m28). Mutations at other positions in the tetramer
boxes exerted detectable, but less pronounced, effects (mutants
m17, m18, m25, and m26). Analogously, mutations in the
poly(A) tract that separates the tetramer boxes had either
strong (mutants m22 and m23) or less severe (mutants m21
and m24) effects on ParG binding. The result with mutant m24
correlates with the residual binding observed with the equiva-
lent single mutation (m10) in the AX context (Fig. 8A) and
with double mutations (m38) in the AB context (Fig. 9). In
summary, ParG interaction with variant OF sites was examined
in different contexts. This analysis revealed that ParG binding
is highly sensitive to purine-to-pyrimidine and pyrimidine-to-
purine substitution mutations. Moreover, mutations in either
the 5�-ACTC-3� boxes or the 4-bp AT-rich intervening se-
quences (Fig. 1B) reduce ParG binding, with the third and
fourth positions in the tetramer boxes and the central dinucle-
otides in the spacers specially sensitive to mutation.

DISCUSSION

RHH proteins are a widely disseminated class of transcrip-
tional repressors found in diverse eubacteria and archaea (36).
The OF operator site bound by the ParG RHH protein consists
of eight variant 5�-ACTC-3� tetramer motifs, three arranged in
direct orientation and five in inverted orientation. The motifs
are separated precisely by 4-bp spacers, thereby providing a
center-to-center distance of 8 bp between the motifs (Fig. 1).
This is similar to the center-to-center separation of binding
sites for RHH homologs such as MetJ but is shorter than the
11 bp between binding sites for Arc, for example. Differences
in spacing between adjacent binding sites are dictated by pro-
tein-protein interactions between RHH dimers bound to these
sites. An oligonucleotide substrate bearing four 5�-ACTC-3�
boxes, two in direct orientation and two in inverted orienta-
tion, first loads a pair of ParG dimers. This is followed by the
recruitment of two additional dimers at higher protein concen-
trations (7). In view of the latter 1:1 ratio between protein
dimer and tetramer motif, it is plausible that each motif is
bound by a single ParG dimer, implying that the entire OF site
is coated by up to eight dimers. This interpretation correlates
with observations with other RHH factors that bind as a dimer
to a single DNA site and cooperatively oligomerize on adjoin-
ing sites (36). A fragment bearing a single 5�-ACTC-3� box is
not detectably bound by ParG in vitro (7). Instead, at least two
adjacent boxes are required for complex formation (Fig. 4).
Cooperative interactions between ParG dimers bound to neigh-
boring boxes likely generate a nucleoprotein complex that is
sufficiently stable to be detected experimentally, as has been
noted with other RHH repressors (21, 42). Cooperative inter-
actions in the assembly of ParG on OF are most obvious in the
case of site D. Instead of the canonical 5�-ACTC-3� motifs, this
site consists of two 5�-ACTT-3� motifs separated by a 4-bp
spacer that, unlike the AT-rich spacer in other sites, includes a
C residue (Fig. 1B). This combination of substitutions abol-
ishes ParG binding to the isolated site in vitro (Fig. 3 to 5).
However, in the presence of the adjacent site C, site D is
partially protected from DNase I digestion by ParG (Fig. 5)
and also forms a second complex in EMSA with the protein
(Fig. 3) that is not evident when site C alone is tested. How-
ever, disruption of site D did not reduce repression by ParG of

FIG. 9. Symmetrical scanning mutagenesis of the AB sites. Com-
plementary purine-to-pyrimidine and pyrimidine-to-purine substitu-
tion mutations at each position within the two sites, as well as at
flanking base pairs, were studied by EMSA using 48-bp oligonucleo-
tides. ParG concentrations up to 2 �M were used. Data quantitation
using Gel-Pro Analyzer 3.1 (Media Cybernetics) software is shown.
The results shown are representative of experiments performed at
least in duplicate. WT, wild type.
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a transcriptional fusion of the parFG promoter-operator re-
gion to a reporter gene (Fig. 2), leaving the contribution of this
site to ParG repression at OF uncertain.

Like other RHH proteins, the positively charged antiparallel
�-strands in the ParG dimer are thought to insert in the DNA
major groove and make nucleotide base-specific contacts (16).
In particular, we speculate that alternating residues at three
positions (Arg-36, Asn-38, and Asn-40) within the �-strands in
ParG may make critical hydrogen bonding contacts with bases
in the 5�-ACTC-3� boxes. However, positions external to the
tetramer boxes also play a vital role in ParG binding, and these
positions may also be contacted by residues in the �-strands, as
is the case with other RHH proteins (36). Site-specific substi-
tutions in the 4-bp spacers within the 12-bp sites always re-
duced, and in most cases abolished, ParG binding (Fig. 7 and
8). Oligo(dA:dT)n tracts, where n � 3, impart significant in-
trinsic curvature on DNA (11, 23). Thus, the AT-rich spacers
within the sites may contribute to formation of a nucleoprotein
complex in which the curved topology of the spacer DNA
promotes interactions between ParG dimers bound to adjoin-
ing 5�-ACTC-3� boxes. DNA within the nucleoprotein com-
plexes of the Arc, MetJ, and CopG RHH proteins is bent by up
to 60°, with the bend centered either at the binding site or
between adjacent sites (17, 34, 36). Less pronounced DNA
curvature is evident in cocrystal structures of NikR and FitA
RHH proteins with their cognate DNA sites, with a smooth
bending of the DNA between better-separated binding sites
(28, 37). Although intrinsic curvature has yet to be assessed
rigorously in any site bound by an RHH protein, inherent
curvature may contribute to the formation of the bend ob-
served in protein-DNA structures.

Improved ParG binding to site B occurs when the AT con-
tent of the 4-bp sequences that flank the site is increased
(compare sites B and BA-T in Fig. 7). In contrast with the
AT-rich 4-bp spacers that separate the 5�-ACTC-3� motifs, it is
difficult to envisage how enhanced binding to site BA-T could
be due to stronger ParG dimer-dimer interactions. Instead, in
addition to interactions with the 5�-ACTC-3� boxes, ParG may
make contacts with the flanking regions that are improved by
the higher AT content of site BA-T. In addition to residues in
the �-strands, two amide nitrogens in the second �-helix of
RHH factors make nonspecific contacts with the DNA phos-
phate backbone. In the case of ParG, additional interactions
might also be achieved by amino acids in the flexible tails that
extend from the folded RHH domain. The tail is known to
modulate the binding of ParG to DNA, although the mecha-
nism involved has yet to be elucidated fully (7). In summary,
the ParG binding motifs in the OF operator comprise an array
of 5�-ACTC-3� boxes separated by 4-bp spacers. The tetramer
boxes likely harbor the core sequences recognized by the
�-strands in the RHH structure of ParG. The intervening AT-
rich spacers may contribute to the intrinsic conformation of the
OF site, as well as harboring crucial information for additional
ParG contacts. Sequence variations among the tetramer boxes,
the combination of inverted and directly repeated boxes, and
the different AT contents of the interbox regions likely gener-
ate a nucleoprotein complex whose features are fine-tuned for
optimal interaction with the transcription machinery and for
mediating parFG repression and derepression. Elucidation of

the ParG-DNA structure(s), combined with functional studies
in vivo, will clarify these interactions further.

Among RHH proteins whose tertiary structures have been
elucidated, the 
 protein of plasmid pSM19305 and the ParR
proteins specified by plasmids pSK41 and pB171 are functional
analogs of ParG in plasmid segregation. All four dimeric pro-
teins both autorepress transcription of the corresponding
genes and bind to their cognate centromeres during segrosome
assembly (4, 7, 9, 30, 33, 35, 40). However, the sequences and
organization of the motifs recognized by the proteins differ.
The 
 protein binds arrays of highly conserved 7-bp repeats
with the consensus 5�-(A/T)ATCAC(A/T)-3�. The arrays com-
prise 7 to 10 repeats depending on their location (10, 42). ParR
of plasmid pSK41 binds eight 10-bp repeats that possess core
5�-TATA-3� motifs (40). ParR of plasmid pB171 binds two
10-bp direct repeats with the sequence 5�-AATACTCAAT-3�
(35). By comparison, the multiple 5�-ACTC-3� tetramer motifs
recognized by ParG and the flanking sequences in which they
are embedded are more degenerate. Like ParG, 
 binds to a
single repeat poorly, preferentially binding cooperatively to �2
heptad repeats. The heptad repeats bound by 
 can be ar-
ranged in a variety of configurations, again reminiscent of the
tetramer motifs recognized by ParG. In contrast, the 10-bp
repeats bound by ParR of plasmid pSK41 are arranged exclu-
sively in direct orientation. The pSK41 protein wraps its bind-
ing site about its positive convex surface to form an extended
complex with an open, solenoid-shaped topology (40). Analo-
gously, ParR of pB171 has been reported to form ring-like
structures on its binding site (30). Further analysis of ParG and
its interactions with DNA will generate key insights into DNA
segregation and its control in bacteria.
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