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In bacteria, mitotic stability of plasmids and many chromo-
somes depends on replicon-specific systems, which comprise a
centromere, a centromere-binding protein and an ATPase.
Dynamic self-assembly of the ATPase appears to enable active
partition of replicon copies into cell-halves, but for Walker-box
partition ATPases themolecularmechanism is unknown. ATPase
activity appears to be essential for this process. DNA and centro-
mere-binding proteins are known to stimulate theATPase activity
butmolecular details of the stimulationmechanismhave not been
reported. We have investigated the interactions which stimulate
ATP hydrolysis by the SopA partition ATPase of plasmid F. By
using SopA and SopB proteins deficient in DNA binding, we
have found that the intrinsic ability of SopA to hydrolyze ATP
requires direct DNA binding by SopA but not by SopB. Our
results show that two independent interactions of SopA act in
synergy to stimulate its ATPase. SopA must interact with (i)
DNA, through its ATP-dependent nonspecific DNA binding
domain and (ii) SopB, which we show here to provide an argin-
ine-finger motif. In addition, the latter interaction stimulates
ATPase maximally when SopB is part of the partition complex.
Hence, our data demonstrate that DNA acts on SopA in two
ways, directly as nonspecific DNA and through SopB as centro-
meric DNA, to fully activate SopA ATP hydrolysis.

Faithful segregation of low copy number plasmids in bacteria
depends on partition loci, named Par. Such loci are composed
of two genes, generically termed parA and parB, encoding an
ATPase and a DNA-binding protein, respectively, and a cis-
acting centromeric site parS (reviewed in Ref. 1). These three
essential elements are sufficient for the partition process. ParBs
assemble on parS to form nucleoprotein structures called par-
tition complexes (2–6). ParA ATPases are considered to be
motors that direct displacement and positioning of partition
complexes inside the cell.
Partition systems have been classified into two major types,

distinguished by the nature of their ATPase proteins (7). Type I

is characterized byWalker box ATPases, which are specified by
many plasmids and most bacterial chromosomes. In some
(Type Ia) the nucleotide-binding P-loop is preceded by an
N-terminal regulatory domain, in the others (Type Ib) it is not.
Type II specifies actin-like ATPases and is present on relatively
few plasmids. It is presently the best understood system at the
molecular level (8–10). However, the underlying mechanism
that drives partition still remains elusive for both systems. Our
work aims at the understanding of an archetypal representative
of Type Ia, namely SopABC of the Escherichia coli plasmid F.
The several activities of Type Ia ParA proteins are regulated

by binding of adenine nucleotides (11, 12), which induce con-
formational changes in the proteins (13, 14). In their apo and/or
ADP-bound forms these proteins display site-specific DNA
binding activity, recognizing their cognate promoters through
their N-terminal domains. Such activity is involved in the auto-
regulation of par operon expression (15, 16). In theATP-bound
form, they specifically interact with cognate partition com-
plexes through contact with ParB proteins. The ATP-bound
form of type I ParAs spontaneously forms polymers, which
appear as bundled filaments in electron micrographs (12,
17–19). The role of these filaments is not understood but they
could be related to the rapid movement of partition complexes
in the cell. In vivo, ParA proteins form dynamic assemblies that
move back and forth in the cell if the cognate ParB protein and
parS centromere are present (20–23). The link between this
oscillatory behavior and the segregation of partition complexes
is not clear. They both require the ATPase activity of ParA
proteins but the role of ATP hydrolysis in the partition process
is not understood.
It has long been known that ParA partition proteins exhibit

low intrinsic ATPase activity (24, 25). ATP hydrolysis is mod-
estly stimulated by either DNA or the cognate ParB alone but is
strongly activated (up to 35-fold) when both DNA and ParBs
are present (12, 24, 25). The lack of major stimulation of
ATPase by DNA in the absence of ParB proteins has been taken
to mean that the DNA-bound form of ParB is the effective acti-
vator (26). However, incorporation of centromere sites in the
DNAadded to ParB did not increase stimulation of ATPase (24,
25), leaving doubts as to the role of the partition complex in
ATPase activation.
The mechanism by which ATP hydrolysis acts in the parti-

tion process is not known for type I systems. This is in marked
contrast to actin-based partition ATPases whose ATPase activ-
ity is stimulated in growing filaments (8), where it provokes the
rapid disassembly of filaments unless these are capped by the
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cognate partition complex (9). Therefore, for the type II parti-
tion system, ATP hydrolysis ensures discrimination between
unproductive filaments that are rapidly disassembled and pro-
ductive filaments that drive partition complexes to opposite
ends of the cell. This dynamic instability, which ensures elon-
gation of actin-like filaments only between two partition com-
plexes to be segregated, thus provides regulation of the parti-
tion process.
Recently, it has been shown that two members of the type I

ParA family, Soj ofThermus thermophilus and SopA of plasmid
F, bind nonspecific DNA in the presence of ATP (12, 26). Two
studies revealed that this DNA binding activity is essential for
partition (27, 28). Importantly, it has been shown that a SopA
mutant deficient in DNA binding no longer stimulates ATP
hydrolysis efficiently, suggesting that DNA could play a direct
role in the regulation of the ATPase activity (28). This finding
raises the issue of the interactions required for activation of the
type I partition ATPase activity by cognate proteins and DNA.
In this study, we have investigated the mechanism of activa-

tion of ATP hydrolysis by SopA. First, we have found that the
formation of the F partition complex is required for strong
stimulation of the SopA intrinsic ATPase activity.We have also
found that the partition complex and DNA stimulate ATP
hydrolysis independently but that these two independent inter-
actions act in synergy to amplify SopA ATPase activity. Lastly,
we have identified an arginine finger motif in SopB responsible
for the stimulation of SopA ATPase activity.

EXPERIMENTAL PROCEDURES

Plasmids and sopBMutagenesis—Plasmids used are listed in
supplemental Table S3). pJYB57 was made by inserting the
sopC sequence, amplified by PCR from pDAG114 (29), into
pBSKS(�) using EcoRV and EcoRI restriction sites. pYAS6 is a
pTYBI derivative (NEBioLabs) intowhich, the sopB-G324 gene,
PCR amplified from pDAG170 (30), was inserted using NdeI
and SapI restriction sites. sopBmutations were introduced into
pYAS6 by mutagenic primer-directed replication using the
Stratagene QuikChange kit and were verified by sequencing.
Protein Purification—Native SopA protein was purified as

described (12). Intein-tagged SopB-G324 and mutant proteins
were purified from strain C2833 (NEBioLabs) as follows: over-
night cultures grown at 30 °C in LB were diluted 100-fold and
incubated at 42 °C. At A600 0.5–0.8, isopropyl-1-thio-�-D-ga-
lactopyranoside was added to 0.4 mM; incubation was contin-
ued at 30 °C for 4 h or, for SopB*1/*2/*3, at 20 °C for 16–20 h.
Cells were lysed by sonication in B buffer (20 mM Hepes-KOH
pH 7.8, 500 mM NaCl, 1 mM EDTA) containing 10 �g�ml�1

lysozyme. The lysate was loaded onto a 5-ml chitin column and
washed successively with 15ml of B buffer, 50ml of 1 MNaCl in
B buffer, and 15 ml of B buffer. The column was then quickly
equilibrated with 15 ml of 50 mM dithiothreitol in B buffer, and
stored at 4 °C for 16–20 h to allow protein cleavage. After elu-
tion, proteins were dialyzed against S buffer (12), loaded onto a
mono-S column (Amersham Biosciences) and eluted with a
50–600 mM KCl gradient in S buffer. SopB fractions were kept
at �80 °C. SopB-N52 was purified as an intein-tagged peptide
as above, except that the final mono-S step was replaced by an
amicon ultra 15–30K concentration step, and the flow-through

was concentrated on a Vivaspin 6K filter device (Sartorius).
SopB-N52 was quantified by NMR3.
ATPase and Electromobility Shift Assays—ATPase assays

and electrophoretic mobility shift assays (EMSA)3 were per-
formed essentially as described (12). Reaction mixtures for
ATPase assays were incubated at 37 °C for 4 h. Chromato-
graphs were developed with 1 M formic acid/0.5 M LiCl. EMSA
were performed using 1 nM radiolabeled DNA probes, and
binding reaction products were resolved at 4 °C by electro-
phoresis on 6% polyacrylamide gels in TGE (25 mM Tris base,
190 mM glycine, 10 mM EDTA) for 4 h at 180 V.
Surface Plasmon Resonance Assays—Binding and kinetic

studies were performed using a Biacore 3000. Immobilization
steps of biotinylatedDNAprobes, performed on a streptavidin-
coated sensorchip in HBS-EP buffer (10 mM Hepes pH 7.4, 150
mM NaCl, 3 mM EDTA, 0.005% surfactant P20), were stopped
when 498 RU of 136-bp DNA probe (reference) and 503 RU of
136-bp sopCDNAprobewere obtained. Binding analyses were
performed with multiple injections of different protein con-
centrations at 25 °C. Samples, diluted in BD buffer (20 mM

Hepes-KOH pH 7.4, 100 mM KCl, 10 mM MgCl2, 50 �g�ml�1

sonicated salmon sperm DNA, 1 mM dithiothreitol), were
injected at 10 �l�min�1 over both sensor surfaces at the same
time for 180 s. Reference sensorgrams were subtracted from
sensorgrams obtained with the 136-bp sopC DNA probe to
yield true binding responses. Kinetic constants were calcu-
lated using BIAevaluation 4.0.1 software.

RESULTS

Centromeric DNA Is Required for Maximal ATPase Activa-
tion—To determine whether DNA could play a direct role in
SopAATPase activity, we first standardized ourATPhydrolysis
assay. The results in Fig. 1A (left panel) show that the intrinsic
SopA ATPase activity (0.3 mol/h/mol) is moderately activated
both by DNA (2-fold) and by SopB (�3-fold) and is highly acti-
vated (43-fold) when nonspecific DNA (NSDNA) and SopB are
added together. These results are equivalent to those obtained
previously (12, 24, 25). However, in contrast to previous reports
that ATPase stimulation was indifferent to the presence of the
cognate centromere (24, 25), we found that use of sopC-con-
taining DNAwith SopB raised the level of ATPase activation to
122-fold (36 mol/h/mol), 3 times higher than with NS DNA
(Fig. 1A). Without SopB, such activation does not occur. The
disparity between this and the earlier observationsmotivated us
to clarify the “centromeric effect” observed in our conditions.
We assayed SopAATPase activity in the presence of SopB as

a function of DNA concentration (Fig. 1B). ATP hydrolysis
increased in proportion to DNA concentration with both NS
and sopC-containing DNA, reaching a plateau of maximal acti-
vation around 80 �g�ml�1. At this saturating DNA concentra-
tion, sopC-containing DNA still activates ATP hydrolysis to a
2.5-fold higher level thanNSDNA, indicating that centromeric
DNA is needed for maximal ATPase stimulation in our assay
conditions.

3 The abbreviations used are: EMSA, electromobility shift assay; hth, helix turn
helix; NS-DNA, nonspecific DNA; R-finger, arginine finger; SPR, surface plas-
mon resonance; RU, resonance unit; wt, wild type.
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We then measured SopA ATP hydrolysis as a function of
SopB concentration (Fig. 1C). ATPase activity rose sharplywith
increasing SopB concentration, reaching maximal activation at
6 �M. At this activation plateau ATP hydrolysis is still 35–40%
higherwith sopC-containingDNA thanwithNSDNA.At lower
SopB concentrations, centromeric DNA is a much better
ATPase activator thanNSDNA; at 1�MSopB, sopC-containing
DNA activates SopA ATPase 6 times more strongly than NS
DNA. Thus, the lower the concentration of SopB the more
important sopC becomes for efficient activation of SopA
ATPase. Taken together, these observations suggest strongly

that the F partition complex, SopB bound to sopC centromere,
is required for full activation of SopAATPase activity, and rein-
force the idea that theDNA-bound formof SopB is the effective
activator.
Diminished ATPase Activation of a SopA DNA Binding

Mutant—To examine the influence of DNA on SopA ATP
hydrolysis we took advantage of a recently identified SopA
mutant, SopAK340A, impaired in ATP-dependent DNA-bind-
ing but still able to interact with SopB (28). Like wt, its basal
ATPase activity was stimulated �2-fold by SopB (Fig. 1A, right
panel). In contrast to wt SopA however, no stimulation was
observed in the presence of DNA. Moreover, addition of NS
DNA in the presence of SopB results in only weak activation
(3-fold), 14-times less than with wt SopA, confirming that the
SopAK340A DNA binding mutant is severely impaired in
ATPase activation (28).When sopC-containing DNAwas pres-
ent alongwith SopB, SopAK340A ATPase activity increased only
15-fold, much less than the 122-fold observed with wt SopA.
These data indicate that in conditions supporting maximal
stimulation of wt SopA, SopAK340A ATPase is not activated by
DNA other than indirectly through SopB.
Because interaction of SopAK340A with SopB is unimpaired

(28), the strong reduction in ATPase stimulation stems from
the protein DNA binding deficiency, indicating direct involve-
ment of DNA in activation of SopA ATPase activity. Hence the
view that DNA stimulates SopA ATP hydrolysis by binding to
SopB appeared too simple, and the question of whether DNA
stimulates SopA ATPase independently or through SopB
remained open.
Characterization of SopB DNA Binding Mutants—To deter-

mine whether DNA can also stimulate SopA ATPase via SopB,
we constructed SopB mutants deficient in DNA binding. SopB
recognizes sopC through a helix-turn-helix (hth) motif com-
prising residues 178 to 198. SopB*1, mutated in the first helix
(A183P) is expected to lose DNA binding activity and SopB*2,
mutated in the recognition helix (K191A-R195A) is expected to
lose sopC-specific binding. Binding of the purified SopBs to
specific (sopC) and nonspecific (NS) DNAs in the presence and
absence of competitor DNA was analyzed by EMSA (Fig. 2).
WTSopB binding is illustrated in Fig. 2A and quantitation ofwt
and mutant SopB binding is shown in Fig. 2B. To summarize,
binding of the SopB mutants conformed to that expected if
binding affinity is determined largely by the first helix and spec-
ificity by the second. Thus, with competitor present SopB*1
retained some ability to retard sopC but SopB*2 did not. When
the wt first helix of SopB*2 is no longer sequestered by compet-
itor its binding to both sopC and NS DNAs exceeds that of
SopB*1 even while the latter continues to bind preferentially to
sopC. A thirdmutant, SopB*3 (A183D-K191A-R195A),made by
combining mutated positions, was both unable to differentiate
NS and sopC DNAs and even less active in DNA binding. The
distinct DNA-binding character of these three SopB variants
enabled us to investigate the interactions required for SopA
ATPase activation.
DNA Can Activate SopA ATPase Independently of SopB—

The three SopB variants were assayed for activation of SopA
ATPase activity (Fig. 3). Without DNA, the SopB mutant defi-
cient in sopC-specific binding, SopB*2, activated ATP hydroly-

FIGURE 1. Characterization of SopA ATPase activity. Reaction mixtures
contained 2 �M SopA or SopAK340A and, except as indicated, 2 �M SopB and 60
�g�ml�1 nonspecific (NS; pBSKS) or sopC-containing (pJYB57) plasmid DNA.
For each value the corresponding control value without SopA has been sub-
tracted. A, ATP hydrolysis by SopA proteins. SopA (left panel) or SopAK340A

(right panel) were incubated alone (black bars) or with SopB (white bars) in the
absence of DNA (�) or the presence of NS or sopC-containing DNA. Stimula-
tion factors, normalized to 1 for SopA or SopAK340A alone, are shown inside or
above bars. Error bars for are standard deviations from at least 20 (SopA) and
3 (SopAK340A) independent experiments. B, DNA concentration dependence
of SopA ATPase activity. Reaction mixtures contained SopA in the presence of
SopB and increasing concentrations of NS (triangle) or sopC-containing DNA
(square). C, SopB concentration dependence of SopA ATPase activity. Reac-
tion mixtures contained SopA and NS (triangle) or sopC-containing DNA
(square) and increasing concentrations of SopB.
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sis slightly (1.4-fold), like wt. With either NS or sopC-contain-
ing DNA, SopB*2 strongly enhanced ATP hydrolysis, 21- and
26-fold, respectively. The 3-fold stimulatory effect of sopC
observed with wt SopB was not seen with SopB*2, consistent
with the need for direct SopB-sopC interaction in maximal
ATPase activation.
Proteins, SopB*1 and SopB*3, whose mutated Ala-183 posi-

tion weakens DNA binding, showed an intrinsic ATPase acti-
vation ability�3-fold higher thanwt. (Fig. 3). In the presence of
eitherNS or sopC-containingDNA they both strongly activated
SopAATPase activity (60–120-fold). Hence, the need for DNA
in SopB-mediated stimulation of SopA ATPase is bypassed
with these mutants (see last section). The possibility that resid-
ual DNA binding by SopB*3 enables this mutant to activate
ATPase was excluded by showing that it failed to do so with the
SopAK340ADNA-bindingmutant (not shown). These data indi-
cate that stimulation of ATP hydrolysis occurs also via direct
contact between SopA and DNA, and therefore that two inde-
pendent interactions are required for SopA ATPase activation,
one with SopB and another with DNA.
SopB Activates SopA ATPase through an Arginine Finger

Motif—Nucleotide hydrolysis by many NTPases is stimulated
by an arginine finger (R-finger) motif (31). The R-finger is usu-

FIGURE 2. DNA binding properties of wild-type SopB and hth mutants.
A, retardation of SopB-DNA complexes. 32P-labeled sopC (top panels) or NS
(bottom panels) DNA probes were incubated alone (lane 1) or with increasing
concentrations of SopB (lanes 2– 6; 0.01, 0.1, 0.5, 1, 2 �M) in the presence (�;
left panels) or absence (�; right panels) of 100 �g�ml�1 competitor DNA. Reac-
tion mixtures were analyzed by electrophoresis on polyacrylamide gels. Posi-
tions of DNA probes and protein complexes are indicated on the left. B1, B2,
and B3 denote specific complexes. C denotes a nonspecific complex. B, DNA

binding properties of SopB wt and hth mutants. EMSAs were performed as in
A. After electrophoresis, bands were quantitated and percentage of total
probe bound was calculated. WT SopB (triangle), SopB*1 (square), SopB*2 (cir-
cle), or SopB*3 (diamond) were incubated with sopC (top panels) or NS (bottom
panels) DNA probes in the presence (left panels) or absence (right panels) of
100 �g�ml�1 competitor DNA.

FIGURE 3. Activation of SopA ATPase activity by SopB hth mutants. Reac-
tion mixtures contained 2 �M SopA, 2 �M SopB (defined in inset), and, either
DNA (�) or 60 �g�ml�1 NS DNA (pBSKS) or sopC-containing DNA (pJYB57). For
each value the corresponding control value without SopA has been sub-
tracted. Error bars are standard deviations from at least three independent
experiments. Stimulation factors, normalized to 1 for SopA alone, are shown
in boxes inside or above bars.
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ally located in flexible loops, either in cis on the same polypep-
tide chain or in trans provided by a partner protein, that can
enter the catalytic pocket and stabilize the transition state
through neutralization of the negative charges generated dur-
ing phosphoryl transfer. Identification of R-fingers is not pos-
sible by direct homology search but a comprehensive survey by

Scheffzek et al. (1998) concluded that they must fulfil the fol-
lowing criteria: (i) they are invariant within a subfamily of GTP/
ATP-activating proteins; (ii) they cannot be functionally
replaced, even by a basic residue; and (iii) mutations should
abrogate stimulatory activity without affecting interaction of
the two partner proteins.
The requirement for SopB inATPase activation suggests that

SopB could provide such an R-finger motif in trans. Residues
important for specificity of SopB-SopA interaction were shown
to reside in the first 42 amino acids of SopB (32). We purified a
peptide composed of the first 52 amino acids of SopB, SopB-
N52, and assayed its ability to activate SopA ATPase (Fig. 4B).
In the absence of DNA, SopB-N52 stimulated basal SopA
ATPase activity modestly; at 20 �M, ATP hydrolysis increased
�4-fold. In the presence of DNA, either with or without sopC,
ATPase activity was strongly activated by SopB-N52. Maximal
activation, reached at 20 �M, was comparable to that obtained
with full-length SopB in the presence of DNA (Fig. 1C). There-
fore, the SopB ATPase activation domain is present within its
first 52 amino acids. Although the SopB-N52 peptide does not
carry the hthDNAbinding domain, it exhibitsNSDNAbinding
activity at concentrations above 5 �M. However, this NS DNA
binding activity is salt-sensitive and is barely detectable above
150 mM KCl (supplemental Fig. S1). By contrast, SopA ATP
hydrolysis is still fully stimulated by SopB-N52 in the presence
of DNA at 200 mM KCl, where SopB-N52 does not bind DNA.
These data confirm that direct interaction ofDNAwith SopA is
important for activation of SopA ATPase.
Three arginine residues are present in SopB-N52 (Fig. 5).We

tested two of them, Arg-36 and Arg-42, (excluding the extreme
N-terminal one as unlikely) for stimulation of SopA ATPase by
mutation to alanine and lysine. The purified mutant SopB pro-
teins were fully functional for binding to sopC DNA (data not
shown). SopBR42A showed a diminished ability to activate SopA
ATPase (Fig. 4A); none in the absence of DNA and a 6-fold
reduction in the presence of either NS or sopCDNA compared
with wt SopB. Thus, residue Arg-42 is important for ATPase
stimulation. However, the other variant, SopBR42K, activated
SopAATPase activity to the levels obtained with wt SopB, both
with and without DNA (Fig. 4A), indicating that although
Arg-42 is involved in SopAATPase activation, it is not an R-fin-

ger as defined by Scheffzek et al. (31)
(criterion (ii) above).
Neither of the Arg-36 mutants

was able to stimulate SopA ATPase
in the absence of DNA (Fig. 4A).
With NS DNA, SopBR36A and
SopBR36K exhibited 17- and 8-fold
reduction, respectively, in SopA
ATPase stimulation compared with
wt SopB. With sopC-containing
DNA, the loss of activation was still
high (21-fold) for SopBR36A and
moderate (5-fold) for SopBR36K.
Thus, in contrast to Arg-42, Arg-36
cannot be fully replaced for SopA
ATPase stimulation even by lysine.
This strongly suggests that SopB

FIGURE 4. Activation of SopA ATPase activity by (A) SopB arginine
mutants (inset) and (B) a SopB N-terminal peptide. Assay conditions and
data treatment are as described in the legend to Fig. 3.

FIGURE 5. Alignment of partial amino acid sequences of ParB homologs. ParB members very closely related
to SopB of plasmid F were found in the data base using the Blast algorithm. Nine of them, present on plasmids
or phages, having �30% amino acid identity in the N terminus (�45% in the whole sequence), display an
arginine corresponding to SopB-R36. SopB homologs of identical N-terminal sequences were not included. In
the aligned sequences, conserved residues and conservative substitutions (V/I/L, T/S, and R/K) are shaded in
black if present in all sequences or in gray if present in five or more sequences. The arginine residues denoted
R36 and R42 refer to SopB of F. Plasmid partitioning proteins are from E. coli APEC O1 (Ec-APEC), E. coli K12 (F),
E. coli E22 (Ec22), Klebsiella pneumoniae 342 (Kp342), K. pneumoniae MGH (Kp-MGH), Enterobacter sp. 638 (E638),
Yersinia pestis bv Microtus (Yp). Phage partitioning proteins homologous to SopB are from Yersinia phage PY54
(PY54) and from Klebsiella phage phiKO2 (KO2).
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activates SopA ATPase through the action of Arg-36 as an
R-finger. We next checked whether Arg-36 fulfilled the two
other criteria.
Arginine 36 Is Conserved within a Small ParB Subfamily—

The N-terminal domains of ParB proteins are extremely vari-
able, both in sequence and size, which limits reliable alignment
of this domain with the ParB homolog family. To evaluate con-
servation of the apparent R-finger, we restricted alignment to
closely related SopB homologs. We found only nine homologs
that have an arginine corresponding to SopB-R36 (Fig. 5).
Members of this small subfamily are present on seven plasmids
and two phages, which share 45–95% amino acid identity with
the whole of the SopB sequence. Arg-42 is not found in all
members of this subfamily. It is effectively deleted from the
prophage plasmids. In two other members of the group it is
replaced by lysine, which, taken with the full stimulation of
SopA ATPase by SopB-R42K, argues for a role of this positively
charged residue in activation of ATP hydrolysis.
SopB-R36and -R-42Variants InteractwithATP-boundSopA—

Because the N terminus of SopB includes the SopA recognition
domain, attribution of R-finger function to Arg-36 was condi-
tional on the ability of SopB-R36 mutant proteins to interact
normally with SopA. We therefore analyzed the interaction
properties of the wt and mutant SopB proteins. In EMSA, both
Arg-36 mutants were as effective as wt in retarding sopCDNA,
showing that their affinity for DNA was unaffected (supple-
mental Fig. S2). To test interaction of SopB with SopA, we per-

formed surface plasmon resonance
(SPR) experiments, in which SopB
had been loaded onto immobilized
136-bp DNA probes containing a
single SopB binding site (sopC unit -
sCu) as shown in Fig. 6A. These dose
response data (Fig. 6A), gave a Ka
(association) of 2.0 105 mol�1 s�1, a
Kd (dissociation) of 4.6 10�4 s�1 and
the resultingKD of 2.3 nM, compara-
ble with our previous results
obtained by EMSA and filter bind-
ing experiments (6).
When SopA was injected after

formation of SopB/sopC complexes
(Fig. 6B), an increase in the SPR sig-
nal (about 50 RU) was detected,
indicating interaction between
SopA and SopB bound to sCu-con-
taining DNA. Such interaction
occurred only when ATP was pres-
ent. If ATP was replaced by ADP or
omitted, no interaction was de-
tected. SopA showed no specific
binding to sCu DNA, with or with-
out ATP. These results show that
SopA in its ATP-bound form inter-
acts with the Sop partition complex.
This behavior parallels the ATP-de-
pendent binding of P1 ParA to
ParB-parS seen by EMSA (11).

SopB variants deficient in SopAATPase activationwere then
tested for interaction with SopA. SopBR36A and SopBR36K bind
to sCu-containing DNA as avidly as wt (Fig. 6, C and D). Injec-
tion of SopA after formation of these SopB-R36/sCu complexes
increased the SPR signal to the same degree as with wt SopB.
Moreover, this interaction was ATP-dependent and did not
occur with ADP or without nucleotide. Similar results were
obtained with SopBR42A and SopBR42K variants (data not
shown). These data indicate that the affinity of SopB-R36 and
SopB-R42 for the ATP form of SopA was unchanged from that
of wt SopB.
Basis of Supplementary ATPase Stimulation by the Partition

Complex—The centromere sopC is required for maximal acti-
vation of SopA ATPase activity (Fig. 1A). This centromere
effect, also seen with SopB-R36 and SopB-R42 variants (Fig.
4A), was confirmed by the inability of SopB*2, deficient in sopC
binding but proficient in NS DNA binding, to display it (Fig. 3).
We envisage two types of explanation for the stimulatory effect
of sopC: (i) by simultaneously binding SopA and sopC, SopB
raises the rate at which sopC-flanking DNA encounters the
DNA interaction surface of SopA; (ii) upon binding sopC, SopB
undergoes a conformational change thatmakes it a better stim-
ulator. The first hypothesis appears less likely since at high
DNA concentration the presence of sopC is still necessary for
maximal activation (Fig. 1B). Rather, two observations argue for
the second hypothesis.

FIGURE 6. Surface plasmon resonance analysis of SopA binding to SopB immobilized on sopC DNA
probes. Results are expressed as the difference in RU between the signals obtained with a specific (sopC)
136-bp probe and a nonspecific 136-bp probe, and are plotted as a function of time (seconds). A, SopB dose-
response on sopC DNA. WT SopB at concentrations ranging from 12.5 to 250 nM was injected at time 0 over
immobilized DNA probes. After binding, complexes were washed with the same buffer without SopB at the
time indicated by the gray arrow. B, SopA binding to SopB/sopC complex. Buffer containing WT SopB at 37.5 nM

(black lines) or not (black dashed lines) was passed over immobilized DNA probes at time 0. After 180 s, buffer
with SopA (250 nM) in the absence (dark gray line) or presence of ATP (black line) or ADP (light gray line) was
injected (black arrow). Complexes were washed with buffer without proteins at the time indicated by the gray
arrow. C–D, as in B except that 250 nM SopB-R36A and SopB-R36K, respectively, were injected.
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First, the peptide SopB-N52, with no DNA-binding domain,
strongly activates SopA ATP hydrolysis (Fig. 4B). This level of
activation reaches the highest stimulation observed with wt
SopB in the presence of sopCDNA (Fig. 1C). Thus, the R-finger
motif present in SopB-N52 is by itself sufficient to ensure max-
imal activation, providedDNA is present to contact SopA. This
suggests that the conformation of full-length SopB imposes a
constraint that does not allow the R-finger to efficiently reach
theATPpocket of SopA, and that upon binding to the hth, sopC
announces its presence by transmitting a conformational signal
to the Nter part of SopB.
Second, analysis of SopB*1 and SopB*3 behavior revealed that

they are intrinsically better activators thanwt SopB, since in the
absence of DNA they both stimulate SopA ATPase activity 3
times more efficiently than wt (Fig. 3), to the same level as
achieved by the partition complex.Moreover, in the presence of
DNA, these two mutants strongly activate ATPase activity and
are insensitive to the presence of sopC. This is particularly evi-
dent for the triple mutant, highly impaired for NS and sopC
DNAbinding activities, which stimulates ATP hydrolysis to the
maximal level reached with wt SopB in the presence of sopC.
These two DNA binding-deficient SopB mutants have in com-
mon a mutation at position Ala-183, which corresponds to a
very highly conserved alanine present in the first helix of most
subfamilies of hthmotifs (33).Mutations of this alanine in SopB
couldmimic sopC binding and induce a change in SopB confor-
mation similar to that obtained upon SopB binding to sopC.
SopB-A183 mutants would then be locked in a stimulatory
conformation.

DISCUSSION

ParA proteins must interact with ATP to bring about parti-
tion. The observation that binding of Walker-box ParA pro-
teins to nonspecific DNA, itself ATP-dependent, determines
their polymerization and partition behavior has refocused
attention on the long-known ability of DNA to stimulate ATP
hydrolysis (12, 27, 28). Previous data had indicated only that
addition of DNA or the cognate ParB protein stimulated ATP
hydrolysis slightly and that addition of both (whether or not the
DNA had a centromere site) induced a greater-than-additive
stimulation of ATPase (24, 25). How DNA acts in this latter
amplification, through an independent activation of ParA pro-
teins which is synergistic with that of ParB, or by binding to
ParB to convert it to a better stimulator, was unknown. The
present study shows that in the case of the Sop system the
answer is, both.
Our results effectively define three conditions in whichDNA

stimulates SopA to hydrolyze ATP, summarized schematically
in Fig. 7. Nonspecific DNA alone interacts with the specific
binding interface represented by Lys-340 (28), to induce amod-
est activation of ATPase (Fig. 1A). Nonspecific DNA in the
presence of SopB activates SopA ATPase more strongly than
either DNA or SopB alone, as seen before, but by using SopB
mutants defective in DNA binding we have shown that here
also DNA is acting only via its SopA binding interface, not
through SopB (Fig. 3). Presumably, changes in conformation or
oligomerization induced by the separate contacts DNA and
SopB make with SopA mutually reinforce each other to pro-

duce a more efficient ATPase. Finally, DNA containing the
sopC centromere stimulates maximal ATP hydrolysis by SopA
(Fig. 1); this time the additional activation is mediated by SopB
(Fig. 3). SopB’s need for sopC to enable it to realize its full stim-
ulatory potential was not observed previously. However, we
note the parallel between our data and ParR-mediated stimula-
tion of its cognate ATPase, the actin-like ParM, which is also
enhanced by its centromere (34). Our results thus show that
DNA is provided in two ways to SopA, directly as nonspecific
DNA and through SopB as centromeric DNA. The use of two
distinct interfaces combined with the ability to sense whether
SopB is part of a partition complex or not allows SopA to pre-
cisely tune its ATPase activity to its immediate environment.

FIGURE 7. Model for SopA ATPase activation by nonspecific DNA and the
partition complex. SopA ATPase (light gray sphere) binds ATP (black circle),
nonspecific DNA (intertwined helices), and SopB (dark gray sphere) and these
interactions stimulate ATP hydrolyis by SopA to various extents, as indicated
on the right. Both SopA and SopB form dimers but are represented as unique
spheres for simplicity. A, SopA alone exhibits very low intrinsic ATPase activ-
ity. B, in the presence of NS DNA, SopA ATPase activity is modestly activated
(2-fold). C, interaction with SopB alone stimulates ATP hydrolysis about 3-fold.
This activation requires the R-finger motif (curved gray extension entering the
SopA catalytic pocket) in the N terminus of SopB. D, when both NS DNA and
SopB contact SopA, ATPase activity is highly stimulated (40-fold). These two
independent interactions act in synergy. SopA bound to NS DNA could adopt
a slightly different conformation that renders the R-finger motif of SopB more
efficient for the neutralization of the negative charges generated during
phosphoryl transfer. E, in the presence of NS DNA and the partition complex,
i.e. SopB bound to sopC-containing DNA (intertwined helices containing a
light gray ovoid box), SopA ATPase activity is strongly stimulated (120-fold). As
in D, the two independent interactions act in synergy and the 3-fold supple-
mentary stimulation could be provided by a conformational change that
would occur upon specific binding to sopC centromere. The R-finger motif of
SopB would then adopt an optimal conformation (straight gray extension) in
the SopA catalytic pocket for maximal stimulatory activity.
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The identification of two principal mechanisms of ATPase
activation clarifies the role of ATP hydrolysis in the functioning
of the Sop partition system. Activation of ATPase by DNA
alone is probably not significant in vivo. Not only is it weak but
in cells carrying the F plasmid SopA is generally accompanied
by SopB. The presence of SopB determines two main states of
SopA: in one, SopA finds itself close to bothDNAand SopB and
can hydrolyze ATP to generate an ATP-free form (no-nucleo-
tide/ADP/ADP�Pi), in the other it is shielded from DNA by
nonspecifically bound SopB and so retains its ATP. It is ATP-
free SopA that binds to the sopAB promoter to enable autoreg-
ulation of sopAB transcription (12, 15, 35), and ATPase activa-
tion by SopB could account for the corepressor function of this
protein that is needed for effective repression. It is the ATP
form of SopA that spontaneously forms polymers as long as
contact with DNA is avoided (12). The synergistic role of DNA
in raising SopB-mediated stimulation of SopAATPase to effec-
tive levels can be viewed as tuning hydrolysis to prepare for the
act of partition, by assuring appropriate levels of Sop proteins
without obliterating SopA proto-filaments as they wait to seize
new partition complexes. In the other state, SopA is in direct
contact with the partition complex, resulting in the highest
level of ATPase activity. Thus, maximal ATP hydrolysis will be
restricted to the region of the centromere(s) where it would be
suitably located for displacing partition complexes. Although
we have yet to tease out the biochemical details of the displace-
ment mechanism, one factor likely to be important is the
change in SopA conformation that ensues upon ATP hydroly-
sis. The conformation of SopA, like that of other partition
ATPases such as P1 ParA, is controlled by adenine nucleotide
binding (13, 14). Generation of ATP-free SopA would be par-
ticularly intense at the tip of SopA filaments in contact with
partition complexes, and the transition to the new conforma-
tion could be the trigger for SopA release from them. By anal-
ogy to the eukaryotic tubulin involved in mitosis (36), we imag-
ine that this conformational change in the filaments could
provide the force to pull partition complexes away from the
center of the cell, and thus to drive active partition.
Two other mechanistic aspects of SopB-mediated activation

of SopA ATPase have been brought to light. One is the identi-
fication of the SopBmotif involved in the activation.Mutations
of arginine 36 drastically impair stimulation of SopA ATPase
activity, despite the undiminished affinity of the mutant pro-
teins for sopC and SopA (Fig. 6C). These are the defining char-
acteristics of an arginine finger. They imply that Arg-36 enters
the SopA active site to facilitate processing of the hydrolysis
transition state. A functional homologue of SopB belonging to
the distinct type Ib class of partition loci, ParG, has also been
shown to activate its cognate ATPase, ParF, through an R-fin-
ger motif (37), making SopB the second example of such a cen-
tromere-binding protein and suggesting that in trans stimula-
tion of partition ATPases by R-fingers could be widespread.
There is however a distinction between the SopB and ParG
R-finger mechanisms. The nearby Arg-42 of SopB is also
involved in ATPase activation since mutation to Ala abolishes
it. Mutation to Lys however does not (Fig. 4A). This puts SopB
in the category of certain GTPase activating proteins (GAP)
that carry a secondary positively charged residue which helps

orient the R-finger without contacting the active site (38). ParG
does not carry such a residue.
The second aspect is the sopC stimulatory effect that makes

SopB a stronger activator. Our data strongly suggest that a con-
formational change specifically occurs in SopB dimers upon
centromere binding, and alanine 183 could be a critical residue
of the hth motif involved in sensing sopC.Mutation of Ala-183
renders SopB hyperactive in SopA ATPase activation (Fig. 4A).
We speculate that upon sopC-specific binding, a signal trans-
mitted to the Nt domain alters SopB conformation, allowing
optimal positioning of the Arg-36 R-finger in the SopA ATP
pocket and its stabilization by Arg-42. Such a conformational
change would allow the discrimination between SopB binding
to nonspecific and centromeric DNA.
Since the early days of bacterial partition studies, it has been

suggested that “host factors” are required for this process.How-
ever, extensive searches by several laboratories using genetical
and biochemical approaches have failed to reveal specific host
factors directly involved in partition. SopA, like other ParApro-
teins, is directly involved in the positioning of the Sop partition
complexes inside the cell. By controlling SopA activities such as
polymerization (12) and activation of ATP hydro-
lysis (Refs. 24, 25 and this study), nonspecific DNA appears to
play a major role in the partition process. We propose that
nonspecific DNA, represented by bacterial nucleoids, is the
major host factor involved in partition.
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