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ABSTRACT

The regions of single-stranded (ss) DNA that result
from DNA damage are immediately coated by the
ssDNA-binding protein (SSB). RecF pathway pro-
teins facilitate the displacement of SSB from ssDNA,
allowing the RecA protein to form protein filaments
on the ssDNA region, which facilitates the process
of recombinational DNA repair. In this study, we
examined the mechanism of SSB displacement from
ssDNA using purified Thermus thermophilus RecF
pathway proteins. To date, RecO and RecR are
thought to act as the RecOR complex. However, our
results indicate that RecO and RecR have distinct
functions. We found that RecR binds both RecF
and RecO, and that RecO binds RecR, SSB and
ssDNA. The electron microscopic studies indicated
that SSB is displaced from ssDNA by RecO. In addi-
tion, pull-down assays indicated that the displaced
SSB still remains indirectly attached to ssDNA
through its interaction with RecO in the RecO-
ssDNA complex. In the presence of both SSB and
RecO, the ssDNA-dependent ATPase activity of
RecA was inhibited, but was restored by the
addition of RecR. Interestingly, the interaction of
RecR with RecO affected the ssDNA-binding prop-
erties of RecO. These results suggest a model
of SSB displacement from the ssDNA by RecF
pathway proteins.

INTRODUCTION

DNA is constantly exposed to ultraviolet radiation,
v-radiation and chemical mutagens. As a result, DNA
lesions such as nucleotide mismatches, the formation of
pyrimidine dimers, occur. In all organisms, the repair

of these DNA lesions is important for survival. DNA
lesions are usually repaired using the complementary
DNA strand as a template; however, lesions such as
double strand breaks (DSBs) or single strand DNA gaps
(SSGs), in which damage occurs on the ssDNA, cannot
be repaired using the complementary strand. DSBs and
SSGs often occur when the progression of the DNA
replication fork is halted or collapsed due to the presence
of base lesions or strand breaks. These types of DNA
damage are repaired by homologous recombination, in
which a homologous region of the genome is used as the
template for repair, in a process called recombinational
DNA repair (1).

The process of recombinational repair is initiated by the
concerted action of a DNA helicase and a DNA nuclease,
which process a DSB end into a 3’ ssDNA overhang.
SSB (in prokaryotes) or RPA (in eukaryotes) then binds
to the 3’ ssDNA overhang to prevent the formation
of secondary structures and to protect it from nuclease
digestion. Accessory proteins then facilitate the loading
of the RecA family protein (RecA in prokaryotes or
Rad51 in eukaryotes) onto SSB- or RPA-coated ssDNA.
Upon displacement of SSB or RPA, the RecA family
protein forms a filament on the ssDNA, which then
catalyzes strand invasion at a homologous region in the
genome (1,2).

The involvement of accessory proteins in the loading
of the filamentous RecA family protein on the SSB- or
RPA-coated ssDNA is conserved from prokaryotes to
higher eukaryotes, although the proteins participating
in the reaction are different. In higher eukaryotic cells,
such as human cells, it is thought that the tumor suppres-
sor protein BRCAZ2 is one of these accessory proteins.
Brh2, the homologue of BRCA2 in fungus, has been
implicated in Rad51-loading onto RPA-coated ssDNA
(3). In yeast, Rad52 facilitates the formation of Rad5I
filaments on RPA-coated ssDNA, as well as Brh2 (4,5).
Rad52 also mediates the annealing of RPA-coated
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ssDNA, which is related to the annealing between the
displaced strand after RadSI-mediated strand invasion
and the second strand (6,7). Recently, it has been reported
that the BRCA2 homologue of Caenorhabditis elegans,
BRCA2 (CeBRC-2), and Brh2 can also anneal RPA-
coated ssDNA like Rad52 (8.9). However, the mechanism
of Rad51-loading onto RPA-coated ssDNA by Rad52
and/or BRCA2 homologues is still unknown. BRCA2 is a
large protein, which complicates its functional analysis
in vitro. In addition, eukaryotic proteins, including
BRCA2 and Rad51, functionally interact with many
other proteins, further complicating the analysis of their
role in recombinational repair. To overcome some of these
complications, we have studied the recombinational DNA
repair pathway of prokaryotes as a model system. While it
is a very simple system, it has many properties in common
with the higher eukaryote.

The RecBCD and RecF pathways function in recombi-
national repair in bacteria. In Escherichia coli, the
RecBCD pathway plays a central role in both DSB and
SSG repair (10,11). However, many bacteria do not have
the RecBCD pathway. In these bacteria, and in the recBC
deficient E. coli mutants, DSBs can also be repaired by the
RecF pathway. The RecF pathway is conserved in almost
all bacteria and plays a central role in recombinational
repair (12), suggesting that the RecF pathway constitutes
a fundamental mechanism of DNA repair. Investigation
of the proteins of the RecF pathway in bacteria that
do not carry the components of the RecBCD pathway
should provide fundamental information about a basic
mechanism of DNA repair. Thermus thermophilus is one
such model organism. In the current study, we analyzed
the functions of the 7. thermophilus HBS RecF pathway
proteins to clarify the mechanism of RecA-loading onto
the SSB-coated ssDNA.

The proteins of the RecF pathway have been
well studied in E. coli, which has led to a model of
RecF-mediated DNA repair. At a DSB site, the DNA
is unwound by the RecQ helicase and then degraded by
the RecJ 5 to 3’ exonuclease that generates a 3’ ssDNA
overhang, which is bound and protected by SSB. SSGs are
also protected by SSB. Although the SSB-coated ssDNA
region is not a substrate of RecA, the concerted action
of RecF, RecO and RecR enable RecA to form a filament
on the SSB-coated ssDNA. The search for homologous
sequences and strand invasion are then catalyzed by the
RecA filament, and the region lost by the DSB or SSG
is recovered by homologous recombination (13). In this
process, it has been suggested that RecF or the RecFR
complex recognizes the dsSDNA-ssDNA junction, which
prevents the RecA filaments from extending over the
junction, and that the RecOR complex enhances the load-
ing of RecA onto the SSB-coated ssDNA and stabilizes
the RecA filaments at the dsDNA-ssDNA junction
(13-16). RecO itself is also a functional homologue of
Rad52 and mediates annealing of SSB-coated ssDNA (7).
Recently, we examined the mechanism of recognition
of the dsDNA-ssDNA junction by RecFOR proteins.
Our results suggested that the RecR Toprim domain in the
RecFR complex, which is located at the dSsSDNA—ssDNA
junction, interacts with RecO on the ssDNA (17).
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Although the mechanism of recognition of the dsDNA-
ssDNA junction by RecFOR is becoming clearer, the
mechanism of SSB displacement remains uncertain.
Since it appears that only RecO interacts with SSB,
it may play an important role in the displacement of SSB
from ssDNA (18-20).

In the current study, we purified 7. thermophilus RecF
pathway proteins and examined their role in the displace-
ment of SSB from ssDNA. To our knowledge, this is the
first report of the distinct functions of RecO and RecR
in the RecF pathway of recombinational repair. We also
show electron microscopy images of the RecO-ssDNA
complex. Our results suggest that RecO displaces SSB
on ssDNA through high-affinity binding to the DNA and
that the displaced SSB remains on the ssDNA through
its binding to RecO on the ssDNA. In addition, we show
that the inhibitory effect of SSB on the activity of RecA
is restored by the interaction of RecR with RecO in the
SSB-RecO-ssDNA complex, and that the interaction
of RecR with RecO simultancously modulates the
ssDNA-binding properties of RecO.

EXPERIMENTAL PROCEDURES
Preparation of 7. thermophilus RecF pathway proteins

Thermus thermophilus (tt) RecA, RecR and SSB were
prepared as previously described (21-23). The expression
plasmids for ttRecO (pETlla-ttrecO) and ttRecF
(pET11a-ttrecF) were a kind gift from Professor Seiki
Kuramitsu (Osaka University).

To prepare T. thermophilus RecO protein, the E. coli
strain Rosetta (DE3) pLysS (Novagen) was transformed
with pETlla-ttrecO. Cells were grown in 1L of M9
medium (12% Na,HPO,4, 6% KH,PO4, 1% NaCl, 1%
NH4CI, 2% glucose, 0.04% Thiamine sulfate, 2mM
MgSO4, 0.1mM CaCl,, 2uM FeCl;, 4uM ZnSOy,
1 uM MnSOy, 4.7uM H3BO3, 0.7uM CuSOy, 100 pg/ml
ampicillin) at 37°C to an ODygyy of 0.6, then isopropyl
B-D-thiogalactopyranoside (IPTG) was added to a final
concentration of 0.5 mM for 6 h. The cells were harvested
(1g) and re-suspended in 10ml of buffer containing
50mM Tris-HCI (pH 7.5), 500mM NaCl, 2mM EDTA,
2mM B-mercaptoethanol, 100pug/ml lysozyme, 2uM
amidinophenylmethylsulfonylfluoride = (APMSF) and
0.1% (w/v) BrijS8 on ice. The cells were disrupted using
ultrasonic disruption (TOMY, UD201) and centrifuged at
72000 x g for 1h to remove insoluble debris. Subse-
quently, the supernatant was heat-treated at 80°C for
10min and immediately placed on ice. The supernatant
was applied to a DEAE-sepharose column (Amersham
Biosciences, 8 ml) that was equilibrated with a buffer
containing 20 mM Tris-HCI (pH 7.5), 2mM EDTA, 2mM
B-mercaptoethanol and 500 mM NaCl. ttRecO was eluted
in the same buffer. To dilute the concentration of salt, an
equal volume of a buffer containing 20mM Tris-HCl
pH 7.5, 2mM EDTA and 2mM B-mercaptoethanol
was added to the eluted fraction. The diluted fraction
containing ttRecO was then applied to a SP-sepharose
column (Amersham Biosciences, 8 ml) equilibrated with a
buffer containing 20 mM Tris-HCI (pH 7.5), 2mM EDTA,
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2mM B-mercaptoethanol and 200mM NaCl. After
washing the column with 32ml of this buffer, ttRecO
was eluted in a linear gradient of NaCl (0.2-1.5M).
Fractions containing ttRecO were collected and ammo-
nium sulfate was added to a final concentration of 20%
(w/v). This solution was applied to a Phenyl-toyopearl
650S column (TOSHO, 4 ml) equilibrated with a buffer
containing 20 mM Tris-HCI pH 7.5, 2mM EDTA, 2mM
B-mercaptoethanol and 20% (w/v) ammonium sulfate.
After washing the column with 16 ml of this buffer, ttRecO
was eluted in a linear gradient of ammonium sulfate
(20-0%). Fractions containing ttRecO were collected,
concentrated to a volume of 2ml and then loaded onto
a Superdex75 10/300GL column (Amersham Biosciences,
23ml) equilibrated with a buffer containing 20 mM Tris-
HCI (pH 7.5), 2mM EDTA, 2mM B-mercaptoethanol
and 100mM NaCl. Fractions containing ttRecO were
eluted and then applied to a Resource S column
(Amersham Biosciences, 6 ml) equilibrated with a buffer
containing 20 mM Tris-HCI (pH 7.5), 2mM EDTA, 2mM
B-mercaptoethanol and 100 mM NaCl. ttRecO was eluted
in a linear gradient of NaCl (0.1-1 M). Fractions contain-
ing ttRecO were collected and concentrated. An equal
volume of glycerol was added, and the samples were
stored at —20°C until use. The concentration of ttRecO
was determined using a molar absorption coefficient of
20220 M~'em ™! at 280 nm, using the procedure described
previously (24).

To prepare the 7' thermophilus RecF protein, the E. coli
strain BL21 (DE3) was transformed with pET11a-ttrecF.
Cells were grown in 1.5 L of LB medium containing
100 pg/ml ampicillin at 37°C to an ODgqq of 0.5, and then
I mM IPTG was added for 6 h. The cells were harvested
(1g) and re-suspended in 5ml of a buffer containing
50mM Tris-HCl (pH 7.2), ImM EDTA, 25% (w/v)
sucrose, 0.1mM APMSF, 5mM [-mercaptoethanol,
0.5mg/ml lysozyme, 500mM KCl and 0.5% (w/v) Brij58
on ice. After homogenization using a French press
(OHTAKE), the cells were centrifuged at 70000 x g for
1 h to remove insoluble debris. The supernatant was heat-
treated at 80°C for 10min, immediately placed on ice
and then the supernatant was dialyzed against a buffer
containing 20 mM Tris-HCI (pH 7.5), 0.1 mM EDTA and
5mM B-mercaptoethanol. The dialyzed solution was
then applied to a DEAE-sepharose column (Amersham
Biosciences, 8 ml) equilibrated with a buffer containing
20mM Tris-HCI (pH 7.5), 0.1mM EDTA, 5mM
B-mercaptoethanol and 100mM NaCl. ttRecF was
eluted using the same buffer and collected as the flow-
through fraction. This solution was then applied to
an SP-sepharose column (Amersham Biosciences, 8 ml)
equilibrated with a buffer containing 20mM Tris-HCI
(pH 7.5), 0.1 mM EDTA, 5mM B-mercaptoethanol and
50 mM NaCl. After washing the column with 32 ml of this
buffer, ttRecF was eluted in a linear gradient of NaCl
(0.05-1.0 M). Fractions containing ttRecF were collected
and stored at 4°C until use. The concentration of ttRecF
was determined using a molar absorption coefficient of
31380 M ~'cm ™! at 280 nm, using the procedure described
previously (24).

Native PAGE analysis

ttRecA, ttRecR, ttSSB (10 uM) and ttRecO (1, 2, 5, 10, 20,
50 uM) or lysozyme (50 uM) were incubated in 100 pul of
50 mM Tris-HCI (pH 7.5) and 2mM EDTA. After 10 min
at 50°C, the samples were analyzed by polyacrylamide
gel electrophoresis (PAGE) using a 10% gel under non-
denaturing conditions. The proteins were visualized
by Coomassie Brilliant Blue R-250 (CBB) staining. The
interaction of ttRecR (10 uM) with ttRecF (1, 2, 5, 7 uM)
or ttSSB (2, 10, 20 uM) was analyzed in a similar manner.
The intensity of the protein bands was analyzed using
a CS Analyzer version 2.0 (ATTO).

ssDNA-binding assay using fluorophotometry
with etheno-modified ssDNA

The ssDNA-binding assay using etheno-modified ssDNA
(eDNA) was performed as previously described (21,25).
As a source of eDNA, calf thymus DNA was digested
into ~300 mer long fragments by using an ultrasonic
disruptor and heat denatured. The DNA fragments
were then etheno-modified as previously described (25).
The concentration of eDNA (nucleotide concentration)
was determined using an extinction coefficient of
9900 M~ 'em™! at 260 nm, which reflects a low level of
etheno-modified DNA. The fluorescence measurements
were carried out using a Perkin Elmer LS 55 luminescence
spectrometer equipped with a temperature-regulated
holder. In the competition experiments, 4 uM of ttSSB
or ttRecO was incubated in 200 pul of 50mM Tris-HCI
(pH 7.5), 10mM MgCl,, 100mM KCI and ImM DTT
in the presence of 10uM eDNA. After 3min at 25°C,
the competing protein (either ttSSB or ttRecO at concen-
trations of 0.1, 0.2, 0.4, 0.8, 1, 1.5, 2 and 4 uM) was added
to the reaction mixture. After Smin at 25°C, the change in
fluorescence that occurred because of the protein binding
to the eDNA was measured and plotted against the
concentration of the added protein.

Electron microscopy analysis

ttRecO or ttSSB (0.1 uM) was incubated with 2 ng of M13
ssDNA in 10l of 30mM Tris—HCI (pH 7.5) and 5SmM
MgCl, for 10min at 25°C. A 5ul drop of the reaction
mixture was placed onto a carbon-coated grid for 1min.
The excess drop was wiped off by filter paper and the grid
was dried by air. Then the reaction mixture was negatively
stained with 2% uranyl acetate and the excess stain was
also wiped off by filter paper. After the grid was dried,
it was rotary shadowed with platinum for 30sec. The
protein-ssDNA complexes were observed with a JEOL
JEM 2000FX electron microscope operated at an accel-
eration voltage of 80kV.

The ATP hydrolysis assay

The measurement of the ssDNA-dependent ATP hydro-
lysis of ttRecA in the presence of ttSSB, ttRecO and
ttRecR was previously described (17). The reaction
mixtures contained 30 uM ssDNA (nucleotide concentra-
tion) in 200pul of a buffer containing 50mM Tris-
HCI (pH 7.5), 10mM MgCl,, 50mM KCI, ImM DTT,



ImM ATP, 1.5mM PEP, 0.3mM NADH, 4.7 U/ul
lactate dehydrogenase and 1.2U/ul pyruvate kinase.
ttSSB, ttRecO, ttRecR and ttRecA were added to the
reaction mixture in different combinations and concentra-
tions. After the addition of each protein, the mixture
was incubated for S5min at 37°C before adding the next
protein. The combinations, the order of addition,
and concentrations are indicated in the figure legends.
The reactions were initiated by the addition of ttRecA.
The kinetics of ATP hydrolysis were followed by measur-
ing the absorption of NADH at 340nm using an
Ultrospec 4300 pro spectrometer (Amersham Pharmacia).
The amount of hydrolyzed ATP was calculated by
measuring the change in the absorbance at Asy per
minute using as a conversion factor of €340 value of
6.22x10°M 'em™' for NADH. For the calculation
of relative activity, the value of the decrease of the
absorption of NADH during the stationary phase of
RecA activity (last 5min) was used. A 340-mer poly (dC)
ssDNA fragment was used in all experiments.

The pull-down assay

Six picomoles of the 3'-biotinylated 60-mer ssDNA (GCC
AAG CTT GCA TGC CTG CAG GTC GAC TCT AGA
GGA TCC CCG GGT ACC GAG CTC GAA TTO)
was incubated with 0.6ul of Streptavidin sepharose
(GE Healthcare) at room temperature for 5Smin. To
remove free ssSDNA, the ssDNA-resin was suspended in
12.5ul of a buffer containing S0 mM Tris-HCI (pH 7.5),
10mM MgCl,, 1mM DTT, 0.15% Tween20 and
0.2mg/ml BSA and centrifuged at 2000 x g for 1min.
After centrifugation, the supernatant was discarded. This
process was repeated three times. The ssDNA-resin was
then suspended in 12.5pul of the same buffer containing
ttSSB and/or ttRecO and incubated at 50°C for 10 min.
After three washes to remove unbound protein, the
ssDNA resin was treated with SDS sample buffer and
heated at 95°C for 5Smin. The ssDNA-bound proteins
were then analyzed using 12.5% SDS-PAGE. The same
assays were also performed in 50mM MES-NaOH
(pH 6.5 and 50mM Tris-HCl (pH 8.5) instead of
S0mM Tris-HCI (pH 7.5). Assays were also performed
in the absence and presence of 1 mM MgCl..

Agarose gel retardation assay

A radiolabeled 66-mer ssDNA fragment (CTT ATT AAA
ACG GCA ACT CCT CCT CCG GCG GAA AGT CTT
CCA AGC CTT CGT CAA TGT CCA CCC CAC) was
prepared using [y-*P] dATP (Amersham Pharmacia
Biotech) and a commercial kit (MEGALABEL, Takara
Bio). The 5->*P-labeled 66-mer ssDNA (0.125uM,
nucleotide concentration) was incubated with ttRecO
(1uM) and ttRecR (1, 2, 4, 8uM) for Smin at 50°C in
10l of a buffer containing S0 mM Tris-HCI (pH 7.5),
10 mM MgCl,, 100mM KCI, 1 mM DTT and 2mM ATP.
The samples were then subjected to electrophoresis on
a 2.5% agarose gel in TAE buffer (40mM Tris-acetate
(pH 8.0), ImM EDTA). The DNA and DNA-protein
complexes were transferred from the gel onto Hybond-XL
membranes (Amersham Biosciences). The membranes
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were dried and then exposed to an imaging plate over
night. The complexes were analyzed using a BAS2000
image analyzer (Fuji Photo Film).

RESULTS
Purification of the 7. thermophilus RecF pathway proteins

The proteins of the RecF pathway of T. thermophilus
HBS, which included ttRecA, ttRecF, ttRecO, ttRecR and
ttSSB, were overexpressed in E. coli and purified to
homogeneity using heat treatment and column chromato-
graphy. The procedures for purifying ttRecF and ttRecO
were established as part of this study and are described
in the experimental procedures. Although none of the
proteins contained a tag, we succeeded in purifying them
to near homogeneity (Figure 1). Unless otherwise stated,
the designations RecR, RecO, RecF, RecA and SSB refer
to the proteins from T. thermophilus.

The physical interactions between the RecF pathway proteins

To examine and characterize the interactions between
RecA, RecF, RecO, RecR and SSB, we performed native
PAGE analysis (Figure 2). As expected, RecF (Figure 2C,
lane 2) migrated slightly into the gel, whereas RecO
(Figure 2A, lane 2) did not migrate into the gel at all
because these proteins have a positive charge (pI =9.09
and 10.7, respectively) in the gel running buffer. In con-
trast, SSB (Figure 2A, lane 1), RecR (Figure 2B, lane 1),
and RecA (data not shown) migrated into the gel. The
protein—protein interactions (complexes) were detected as
a mobility shift and a disappearance of the corresponding
single protein bands. As the concentration of RecO was
increased, the band corresponding to SSB progressively
disappeared (Figure 2A, lanes 4-9), becoming very faint
when RecO and SSB were present at a molar ratio of
2:1 (Figure 2A, lane 8). As a control, when lysozyme
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Figure 1. Purification of ttRecF, ttRecO, ttRecR, ttRecA and ttSSB.
The indicated samples (0.5pg) were subjected to electrophoresis on
12.5% polyacrylamide gels containing 0.1% sodium dodecyl sulfate
(SDS) under reducing conditions and visualized by staining with
Coomassie Brilliant Blue R-250. The lanes contained the following
samples: 1, Molecular mass markers (97, 66, 42, 30, 20 and 14kDa);
2, ttRecF (37.8kDa); 3, ttRecO (24.7kDa); 4, ttRecR (21.2kDa);
5, ttRecA (36.3kDa); 6, ttSSB (29.8 kDa).
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(pI =9.36) was added instead of RecO, the disappearance
of the SSB band was not observed, even when the molar
ratio of lysozyme:SSB was 5:1. These results indicated
that RecO interacts specifically with SSB. A disappearance
of the RecR band was also observed when the concen-
tration of RecO was increased, while the control lysozyme
had no effect (Figure 2B). This was accompanied by the
appearance of a band corresponding to the RecOR
complex (Figure 2B, lanes 4-9). These results indicated
that RecO interacts with not only SSB but also RecR.

~g== RecOR complex

= RecFR complex

Figure 2. Analysis of protein—protein interactions among RecF path-
way proteins using native-PAGE. (A) Analysis of the interaction
between RecO and SSB. SSB (10 uM) was incubated with 1, 2, 5, 10, 20
and 50 uM RecO, and the complexes were resolved by electrophoresis
(lanes 4-9). SSB was also incubated with 50 uM lysozyme as a control
(lane 10). 10pM SSB, 10puM RecO and 10puM lysozyme were
loaded in lanes 1, 2 and 3, respectively. (B) Analysis of the interaction
between RecO and RecR. RecR (10 uM) was incubated with 1, 2, 5, 10,
20 and 50 uM RecO (lanes 4-9). RecR was also incubated with 50 pM
lysozyme as a control (lane 10). 10 pM RecR, 10 uM RecO and 10 pM
lysozyme were loaded in lanes 1, 2 and 3, respectively. (C) Analysis of
the interaction between RecR and RecF. RecR (10 uM) was incubated
with 1, 2, 5 and 7puM RecF (lanes 4-7). RecR was also incubated with
10 uM lysozyme as a control (lane 8). 10 uM RecR, 10puM RecF and
10 uM lysozyme were loaded in lanes 1, 2 and 3, respectively.

In a similar set of experiments, RecR appeared to interact
with RecF (Figure 2C). The SSB protein band was
not affected by RecA, RecR or RecF, and none of the
proteins affected the single RecA protein band (data not
shown).

The ssDNA-binding properties of RecO and SSB

The analyses of the protein—protein interactions indicated
that only RecO interacted with SSB, which suggests that
RecO is an important factor in the displacement of SSB
from the SSB-coated ssDNA. Since both RecO and SSB
bind to ssDNA, we performed a set of binding experi-
ments to determine whether RecO and SSB compete for
binding to the ssDNA. We measured the change in fluore-
scence intensity (AF) of the etheno-modified ssDNA
(eDNA) after protein binding (Figure 3A). In this
analysis, the value of AF increases upon the addition
of a protein to the eDNA solution. We found that the
binding of RecO to eDNA resulted in a larger AF value
compared to SSB. Also, the RecO-binding curve was
sigmoidal, which suggests a cooperative binding of RecO
to ssDNA. Although SSB had a similar binding curve,
it was not sigmoidal. These results indicated that RecO
and SSB have the ability to bind to the ssDNA, although
RecO has a different mode of binding to ssDNA com-
pared with SSB. The comparison of the binding curves of
SSB and RecO suggested that RecO has a comparable
ssDNA binding ability to that of SSB (Figure 3A).

Next, we carried out a set of competition experiments to
examine the binding of RecO and SSB to ssDNA. RecO
or SSB was first incubated with eDNA at a concentration
that was sufficient to saturate the binding. The competing
protein (either SSB or RecO) was then added to the
solution. When RecO was incubated with the eDNA prior
to adding SSB, the value of AF was approximately 220
and the addition of SSB had very little effect on this AF
(Figure 3B, circle). In contrast, when RecO was added
to the ssDNA that had been pre-incubated with SSB,
the value of the AF increased with increasing protein
concentration from about 150 to a final value of 230,
which was the AF observed in the presence of 4 uM RecO
(Figure 3B). In fact, in the presence of an excess of both
SSB and RecO the AF was similar to that seen in response
to the binding of RecO alone to the ssDNA, regardless
of which protein was pre-incubated with the eDNA. These
results suggested that RecO binds to ssDNA even if SSB
is already bound to it and that RecO displaces SSB on the
SSB-coated ssDNA.

The observation of the protein-ssDNA complexes
by electron microscopy

The results of the competitive ssDNA-binding experi-
ments suggested that RecO displaces SSB on the
SSB-coated ssDNA. To test this hypothesis, we observed
the protein-ssDNA complex by electron microscopy and
compared the images of the RecO-ssDNA complex with
that of the SSB-ssDNA complex. The binding of SSB to
M13 ssDNA formed a circular, rough-surfaced structure
(Figure 4A and G), which was very similar to the pub-
lished electron microscopy images of E. coli SSB-ssDNA
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Figure 3. A ssDNA-binding assay using fluorophotometry and etheno-
modified ssDNA. (A) Fluorescence spectral changes. The indicated
concentrations of protein were incubated with 10uM eDNA at 25°C
for Smin. The emission spectra (excitation wavelength of 305nm)
were measured using a Smm x Smm cell at 25°C. The ordinate
axis represents the difference in fluorescence emission intensity at
440 nm between eDNA in the presence and absence of each protein.
The data represents the average of three independent experiments.
(B) Competition-binding experiments using RecO and SSB. 4uM SSB
or RecO was incubated with 10pM ¢éDNA at 25°C for 3 min prior to
the addition of the competing protein. The indicated concentration
of the competing protein was added to the solution for an additional
5min before measuring the change in fluorescence.

complex (26). In contrast, the binding of RecO to M13
ssDNA formed a smooth-surfaced structure (Figure 4B
and C). Almost all of the RecO-ssDNA complexes existed
in linear, branched or twisted shapes, but were not
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circular. In addition, the complexes often contained
more than two M13 ssDNAs, which looked like ssDNA
molecules connected by RecO. The ssDNA annealing
activity of RecO may relate to the formation of these
structures.

Since the structural differences between the SSB-ssDNA
and the RecO-ssDNA complexes were detectable, we
attempted to observe the protein-ssDNA complexes in
the presence of both SSB and RecO. M13 ssDNA was
incubated with SSB and then RecO was added. Despite
the pre-incubation of M13 ssDNA with SSB, we could
only recognize RecO-ssDNA-like structures in the wide-
field image (Figure 4F); no SSB-ssDNA specific structures
were detected (Figure 4D, F). When RecO was incubated
with M 13 ssDNA prior to SSB, only RecO-ssDNA-like
structures were also observed (Figure 4E). The observed
complexes were classified according to their shapes; linear
(including twist), circular, branch (including connected
M13 ssDNA molecules) and SSB-type, and are summar-
ized in Table 1. These results indicated that RecO can bind
to the SSB-coated ssDNA and disrupt the SSB-ssDNA
structure.

The inhibitory effect of SSB and RecO on the
ssDNA-dependent ATPase activity of RecA

RecA hydrolyzes ATP in an ssDNA-dependent manner
(Figure SA-1) (27). However, when SSB binds to ssDNA
prior to RecA, the ATPase activity of RecA is inhibited
(Figure 5A-2). To date, it is not known whether the
ATPase activity of RecA is affected by the binding
of RecO to ssDNA prior to the binding of RecA
(Figure 5A-3). Since the binding of RecO to the SSB-
coated ssDNA disrupts the SSB-ssDNA structure, it may
also have an effect on the inhibition of RecA by SSB.
Therefore, we performed a set of experiments to determine
the effect of RecO alone or in combination with SSB
on the ATPase activity of RecA.

SSB at a concentration of 0.5 uM reduced the ssDNA-
dependent ATPase activity of 1 pM RecA to 20% of that
observed in the absence of SSB. Concentrations of more
than 0.75pM of SSB almost completely inhibited the
ATPase activity (Figure 5B, Supplementary Figure S2A).
These results confirmed that SSB has a strong inhibitory
effect on the ATPase activity of RecA.

When we examined the effect of RecO on the ATPase
activity of RecA, we found that RecO also reduced the
ssDNA-dependent ATPase activity of RecA, which was
most likely due to the binding of RecO to the ssDNA.
The ATPase activity of RecA was 40% of that of RecA
alone even when the concentration of RecO was increased
to 0.75uM, a concentration at which SSB almost com-
pletely inhibited the ATPase activity. The degree of
inhibition was less than that caused by SSB, even
though RecO has a high affinity for ssDNA as shown
in our earlier experiments (Figure 5B, Supplementary
Figure S2A). The differences in the inhibitory effect of SSB
and RecO may reflect the differences in the mode of
binding of RecO and SSB to DNA.

The inhibitory effect of RecO on the ssDNA-dependent
ATPase activity of RecA was less than that of SSB.
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Figure 4. The observation of the protein-ssDNA complexes by electron microscopy. (A, G) The images of SSB in the presence of M13 ssDNA.
(B, C) The images of RecO in the presence of M13 ssDNA. (D) The image of SSB-RecO in the presence of M13 ssDNA. M13 ssDNA was incubated
with SSB for 10min, and then RecO was added to the solution. (E) The image of RecO-SSB in the presence of M13 ssDNA. M13 ssDNA was
incubated with RecO for 10 min, and then SSB was added to the solution. (F) The wide-ranging image of SSB-RecO in the presence of M13 ssDNA.
The arrowheads indicate the protein-ssDNA complexes. Scales of each image are indicated by the white bars. Parentheses indicate the classified
shapes in Table 1 (a, b and d).

Therefore, the degree of inhibition in the presence of both strong inhibitory effect on the ATPase activity of RecA,
RecO and SSB would be less than that with SSB alone if which was similar to that caused by SSB alone (Figure 5B,
SSB was completely dissociated from ssDNA by RecO. Supplementary Figure S2B). This result suggested that
In the presence of both SSB and RecO, we observed a RecO did not dissociate SSB from the ssDNA. However,



Table 1. The number of classified shapes of the protein-ssDNA
complex

SSB + M13 RecO + M13 SSB +RecO + M13
Linear™™" 0 46 85
Circular? 0 6 15
Branch®™** 0 10 63
SSB-type© 342 0 0
Total 342 62 163

Note: The 567 images were obtained from at least three independent
experiments and were classified according to their shapes. The classifi-
cation of the shapes is based on Figure 4A—E (a—c), and Supplementary
Figure S1 (d).

“Including the twisted shape.

“*Including the shape which looked like ssDNA molecules connected
by RecO.

the results of the competition-binding experiments and the
electron microscopic analysis suggested that RecO dis-
places SSB from the SSB-coated ssDNA. Since SSB can
interact with RecO in solution, it is possible that SSB
interacts with RecO, which is bound to the ssDNA. This
would explain the strong inhibition of the ATPase activity
of RecA in the presence of both SSB and RecO.

Co-localization of RecO and SSB on ssDNA

We performed a pull-down assay to confirm whether SSB
co-localizes with RecO on ssDNA (Figure 6A). To prevent
any non-specific interactions of RecO and SSB to the
streptavidine sepharose, 0.15% Tween20 and 0.2 mg/ml
BSA were added. Although the binding affinity of ssDNA
was weakened in these conditions, a small amount of SSB
and RecO were detected on the ssDNA-immobilized resin
(Figure 6A, lanes 1 and 2, respectively). In the presence of
an equal amount of SSB and RecO, these proteins were
simultaneously present on the ssDNA (Figure 6A, lane 4).
In addition, the amount of RecO and SSB that was pulled
down was higher when the two proteins were added in
combination compared with the addition of each protein
alone. Moreover, when the concentration of RecO was
progressively increased, the amount of SSB that was
pulled down was increased relative to that of RecO
(Figure 6A, lanes 3-5). Similar results were also obtained
for RecO when the concentration of SSB was increased
(Figure 6A, lanes 6-8). These results indicated that RecO
did not dissociate SSB from the ssDNA and that these
proteins co-localized on the ssDNA.

RecO-dependent localization of SSB on ssDNA

The salt concentration, length of DNA and pH often
affect the DNA-binding properties of proteins that bind
to DNA. To clarify whether SSB binds to ssDNA directly
or through its interaction with RecO on ssDNA, the
conditions under which RecO but not SSB binds efficiently
to ssDNA were examined. Neither high KCI concentra-
tion (up to 1 M) nor ssDNA length within the range of
10-60 nucleotides affected the ssDNA-binding properties
of these two proteins (data not shown). However, at a low
concentration of MgCl,, the amount of pulled-down
RecO was slightly increased whereas the amount of
pulled-down SSB  was unaffected (Figure 6B,
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Figure 5. The measurement of the ssDNA-dependent ATPase activity
of RecA. (A) Schematic representation of the ATPase activity of RecA.
1. RecA hydrolyzes ATP in an ssDNA-dependent manner. 2. When
SSB binds to the ssDNA prior to RecA, RecA ATPase activity is
inhibited. 3. The effect of RecO binding to ssDNA prior to RecA on
ATPase activity is not known. (B) The ssDNA-dependent ATPase
activity of RecA in the presence of RecO and/or SSB. The ATPase
activity of 1 uM RecA in the absence of RecO and SSB was defined as
100%. The ATPase activity of RecA in the presence of the indicated
concentrations of SSB and/or RecO was measured. Each sample was
incubated with a 340-mer poly (dC) prior to RecA, then 1 uM of RecA
was added and the ATPase activity was measured. The data represent
the average of three independent experiments.

Supplementary Figure S3). In addition, RecO bound to
ssDNA more strongly than SSB at pH 8.5 (Figure 6B,
Supplementary Figure S3A and S3C). Therefore, we
performed a pull-down assay again at pH 8.5 in the
absence of MgCl, (Figure 6C). When the concentration of
each protein was increased up to 10 uM, RecO was pulled
down efficiently but SSB was not (Figure 6C, lanes 1-6).
However, in the presence of both RecO and SSB, SSB was
efficiently pulled down with RecO (Figure 6C, lanes 7-12)
although SSB alone was hardly pulled down under these
conditions (Figure 6C, lanes 4-6). In addition, the amount
of pulled-down SSB increased as a function of the RecO
concentration (Figure 6C, lanes 7-9). Similar results were
also obtained in the presence of 1 and 10 mM MgCl, at
pH 8.5 (Supplementary Figure S3B and S3D). These
results indicated that SSB bound to ssDNA indirectly
through its interaction with the RecO-ssDNA complex.
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Figure 6. The pull-down assay of the ssDNA-bound proteins. (A) The
indicated concentrations of the proteins were incubated with ssDNA-
immobilized streptavidine sepharose. After three washes, ssDNA-bound
proteins were analyzed by SDS-PAGE. The asterisk indicates the band
derived from the streptavidine sepharose. A band corresponding to
BSA was observed in all lanes because it was present in the washing
buffer. (B) Effect of pH on the ssDNA-binding properties of SSB and
RecO. The buffers contained 50mM MES-NaOH (pH 6.5, lanes 1-6),
S50mM Tris-HCI (pH 7.5, lanes 7-12) or 50mM Tris-HCI1 (pH 8.5,
lanes 13-18), together with | mM DTT, 0.15% Tween20 and 0.2 mg/ml
BSA. The pull-down assays were performed as described in Figure 7.
(C) The pull-down assay was performed in buffer containing 50 mM
Tris-HCI (pH 8.5), ImM DTT, 0.15% Tween20 and 0.2 mg/ml BSA.

Taken together, the above results indicated that,
although SSB bound to ssDNA is displaced by RecO, it
remains indirectly attached to ssDNA through its inter-
action with RecO in the RecO-ssDNA complex. One of
the functions of RecO could be to rearrange SSB on
ssDNA, resulting in the formation of a SSB-RecO-ssDNA
complex. This complex would result in the strong

inhibition of the ATPase activity of RecA (Figure 5B),
indicating that the activity of RecA on SSB-coated
ssDNA requires other factors, in addition to RecO.

The restoration of the ssDNA-dependent ATPase
activity of RecA by RecR

SSB inhibited the ssDNA-dependent ATPase activity of
RecA, which was not restored by the addition of RecO.
Since RecR interacts with RecO, we investigated whether
RecR functioned as an additional factor in the displace-
ment of SSB from the ssDNA. When we added RecR to a
reaction mixture containing both RecO and SSB, in which
ATPase activity was inhibited, we observed a dramatic
restoration of the ATPase activity (Figure 7A), which was
consistent with published results (17). This result indicated
that the addition of RecR was necessary to restore the
ATPase activity of RecA in the presence of SSB and
RecO. Next, we determined the concentrations and the
molar ratio of RecO and RecR in the presence of SSB that
are required for the optimum ATPase activity of RecA.
We added increasing concentrations of RecR (04 puM)
to the reaction mixtures containing fixed concentrations
of RecA, SSB and RecO (1 pM). We then compared the
resulting ATPase activity to that of RecA alone and
expressed it as a relative activity (Figure 7B). We restored
a maximal ATPase activity (~80%) at a concentration
of 2uM RecR. Interestingly, the ATPase activity
decreased when the concentration of RecR exceeded
2uM (to ~60%). These results indicated that there is
an optimum ratio of RecO and RecR (1:2) at which
a maximum ATPase activity of RecA is restored in the
presence of SSB. We also examined the relative ATPase
activity of RecA in the presence of increasing concentra-
tions of RecO (0—1 uM), maintaining the concentrations of
RecA, SSB and RecR at a constant 1 uM. We observed a
maximal ATPase activity (~80%) when the concentration
of RecO was 0.5uM. These results indicated that the
maximal restoration of the RecA ATPase activity in the
presence of SSB occurs when RecO and RecR are present
in a molar ratio of approximately 1:2, which suggests the
formation of a functional RecO-RecR complex with a
stoichiometry of 1:2. Under normal conditions, RecR
interacts with RecO but not ssDNA, therefore these
results also suggested that either the interaction of RecR
weakens the ssDNA-binding affinity of RecO or the
interaction of RecR with RecO causes a functional
modulation of RecO to relieve the inhibition of RecA.

The effect of RecR on the ssDNA-binding properties of RecO

We examined the effect of RecR on the ssDNA-binding
activity of RecO to determine whether or not RecR
dissociates RecO from ssDNA using fluorophotometry
and eDNA. The AF in the presence of RecR alone was
undetectable (Figure 8A, cross), which suggested that the
binding affinity of RecR for ssDNA was very weak; thus,
any value of AF obtained in the presence of both RecO
and RecR would reflect the binding of RecO to the
ssDNA. We found that the binding ability of the RecO-
RecR complexes did not differ dramatically from that
of RecO (Figure 8A, triangle). However, the sigmoidal
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Figure 7. The removal of inhibition of RecA by RecR. (A) The
ordinate axis is the amount of hydrolyzed ATP. The ssDNA-dependent
ATPase activity of RecA was measured in the presence of 1 uM RecA
(line), 1 uM SSB and 1 uM RecO (cross); 1 uM RecA, 1 uM SSB, 1 uM
RecO and 1pM RecR (triangle); 1 pM RecA, 1uM SSB, 1 uM RecO
and 2uM RecR (circle); 1 uM RecA, 1 uM SSB, 1 uM RecO and 3 uM
RecR (square); and 1puM RecA, 1uM SSB, [uM RecO and 4uM
RecR (diamond). Proteins were incubated with 340-mer poly (dC) in
following order: SSB, RecO and RecR; RecA was then added to the
mixture and the ATPase activity was measured. The data represent the
averages of three independent experiments. (B) The proteins were
incubated with a 340-mer poly (dC) in the following order: 1 pM SSB,
I uM RecO and the indicated concentrations of RecR and then 1M
RecA was added to the mixture, and ssDNA-dependent ATPase
activity was measured. The activity relative to the activity of RecA
alone (defined as 100%) was plotted against RecR concentration.
(C) The proteins were incubated with a 340-mer poly (dC) in the
following order: 1 pM SSB, the indicated concentrations of RecO, and
1 uM RecR, and then 1 pM RecA was added to the mixture and the
ssDNA-dependent ATPase activity was measured. The ATPase activity
was plotted against RecO concentration as described in (B).
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binding curve of RecO changed to a common curve in the
presence of RecR. These results suggested that the inter-
action of RecR with RecO does not result in a dissociation
of RecO from ssDNA, but changes the mode of binding
of RecO to ssDNA.

To clarify whether the interaction of RecR with RecO
modulated the ssDNA-binding properties of RecO, we
employed a RecR_EI44A (E144A) mutant protein.
Previously, we showed that E144A did not bind to RecO
(17). In this study, we found that E144A slightly bound to
the ssDNA, probably due to the removal of a negative
charge, and increased the AF to ~35 (Figure 8B, plus);
therefore, this value was subtracted from the binding
curve of RecO (Figure 8B, reverse triangle). The original
binding curve of RecO in the presence of 10 uM E144A
was also depicted (Figure 8B, square). The binding curves
of RecO in the presence of E144A were sigmoidal and
were similar to that of RecO alone. This result indicated
that the interaction of RecR with RecO was necessary for
the modification of ssDNA-binding properties of RecO.

The effect of RecR on the ssDNA-binding properties of
RecO was also confirmed by an agarose gel retardation
assay. When RecO was incubated with ssDNA, a large
complex was formed and was trapped in the loading well
(Figure 8C, lane 2). RecR alone did not show clear band
shift because of its weak affinity to ssDNA (lane 3). In the
presence of an equal concentration of RecO and RecR,
a small amount of a new band appeared (indicated by an
arrow) in addition to the trapped complexes in the loading
well (lane 4). The intensity of this new band dramatically
increased with increasing concentrations (1 to 4 uM) of
RecR (lanes 4-7). In contrast, the intensity of the trapped
complexes gradually decreased. Therefore, the new band
was thought to be the RecR-RecO-ssDNA complex.
Taken together, these results suggested that the interaction
of RecR with the RecO-ssDNA complex modulated the
ssDNA-binding properties of RecO.

The effect of RecR and RecO on the ssDNA-dependent
ATPase activity of RecA

In the absence of SSB, RecO alone inhibited the sSDNA.-
dependent ATPase activity of RecA, probably because
it binds to ssDNA (Figure 5B). We were interested in
whether RecR affected the inhibition of the ATPase
activity by RecO. In the absence of RecR, 0.25 uM RecO
inhibited the ssDNA-dependent ATPase activity of RecA
to about 40% of that of RecA alone (Figure 9A). In the
presence of 0.5 uM RecR, a drastic recovery of inhibition
was observed, and the recovery rate became saturated.
These results suggested that RecO and RecR function at a
1:2 molar ratio. The addition of the higher concentrations
of RecR resulted in nearly 100% recovery, indicating that
excess RecR does not inhibit ATPase activity in the
presence of RecO.

Although the binding affinity of RecR for ssDNA is very
weak, RecR at a concentration of 1 uM alone inhibited
the ssDNA-dependent ATPase activity of RecA to
about 50% (Figure 9B). The addition of RecO up to a
concentration of 0.5uM overcame this inhibition and
restored the ATPase activity of RecA to almost 100%.
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Figure 8. The effect of RecR on the ssDNA-binding activity of RecO.
(A) The indicated concentrations of RecO were incubated with 10 pM
eDNA at 25°C for Smin in the absence (circle) or presence (triange)
of 10uM RecR. The effect of RecR alone is represented by a cross.
The measurement conditions were the same as described for Figure 4.
(B) The indicated concentrations of RecO were incubated with 10 uM
eDNA at 25°C for Smin in the presence of 10uM RecR_E144A
(square). The effect of RecR_E144A alone (0-5uM) is represented by a
plus, and the effect of 10puM RecR_EI144A is shown by a bracketed
plus. The reverse triangle represents the binding curve of RecO to
ssDNA with the AF of the 10 uM RecR_E144A alone (~35) subtracted.
(C) An agarose gel retardation assay of the RecO-RecR complex.
A 5-PP labeled 66-mer ssDNA was incubated with the indicated
concentrations of RecO and RecR for 5min at 50°C, and then the
samples were analyzed by electrophoresis on a 2.5% agarose gel.

However, a further increase in the concentration of RecO
had an inhibitory effect. These results also indicated that
the optimum molar ratio of RecO and RecR is approxi-
mately 1:2. The inhibitory effect of the high concen-
trations of RecO may be caused by the binding of excess
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Figure 9. The effect of changing the molar ratio of RecO and RecR on
the activity of RecA in the absence of SSB. (A) The proteins were
incubated with a 340-mer poly (dC) in the following order: 0.25uM
RecO, the indicated concentrations of RecR and then 1 M RecA was
then added to the mixture and the ssDNA-dependent ATPase activity
was measured. The RecA activity relative to that of RecA alone
(defined as 100%) was plotted against the concentration of RecR.
The data represent the average of three independent experiments.
(B) The proteins were incubated with a 340-mer poly (dC) in the
following order: the indicated concentrations of RecO, 1uM of RecR
and then 1puM RecA was added to the mixture and the ssDNA-
dependent ATPase activity was measured. RecA activity was plotted
as described in (A).

RecO to ssDNA. Earlier results showed that at
concentrations above 1 uM, RecO inhibited the ssDNA-
dependent ATPase activity of RecA to about 20%
(Figure 5B). In the presence of RecR, however, the acti-
vity did not fall below 60% even when the concentration
of RecO was increased to 2uM (Figure 9B). Excess
RecR did not inhibit activity in the presence of RecO
(Figure 9A). These results indicated that RecOR com-
plexes can overcome the inhibitory effect of an excess
of either protein on the activity of RecA. The RecOR
complexes may stabilize the active RecA filaments.

DISCUSSION

In this study, we examined the mechanism of RecA
loading onto the SSB-coated ssDNA by the T. thermo-
philus RecO and RecR. Based on the results of this study,



we propose a model for the function of RecO and RecR,
which is depicted in Figure 10A. In this model, the first
step of RecA loading onto the SSB-coated ssDNA would
require that RecO disrupt the existing SSB-ssDNA
complex and then bind to the ssDNA (Figure 10A-2).
Although this step requires the high-affinity binding of
ssDNA by RecO, our data indicate that the ssDNA-
binding affinity of RecO is comparable to that of SSB
and that RecO preferentially binds to the ssDNA in the
presence of SSB (Figure 3A and B). Moreover, we demo-
nstrated by using electron microscopy that the RecO-
ssDNA-like structure was predominantly formed even
though SSB was bound to the ssDNA prior to RecO
(Figure 4D and F).

RecO inhibited the ssDNA-dependent ATPase activity
of RecA, similar to SSB, which was probably because
of its high-affinity ssDNA-binding activity (Figure 5B);
however, the magnitude of inhibition by RecO was much
less than that caused by SSB. Therefore, if RecO causes
a complete dissociation of SSB from ssDNA the ATPase
activity of RecA should be restored to levels seen in the
presence of RecO alone. However, in the presence of both
RecO and SSB, the ATPase activity of RecA was strongly
inhibited (Figure 5B). In addition, the results of the pull-
down assay indicated that RecO and SSB co-localize
on ssDNA (Figure 6A) and that the localization of SSB on
ssDNA is strongly depended on the presence of RecO
(Figure 6C, Supplementary Figure S3B and S3D). These
results indicated that SSB binds to RecO on the ssDNA
(Figure 10A-2). Thus, we have demonstrated that RecO
remodels the SSB-ssDNA structure during the first step
of RecA loading onto SSB-coated ssDNA.

In relation to this observation, it has been reported
that RecO mediates annealing of SSB-coated ssDNA (6),
which also suggests the remodeling of the SSB-ssDNA
structure by RecO. In eukaryotes, the functional homo-
logue of RecO, Rad52, can also anneal RPA-coated
ssDNA (6). This activity is involved in the single strand
annealing (SSA) pathway, which is one of the DSB repair
pathways. Therefore, the ssDNA-annealing activity of
RecO may be involved in an SSA-like pathway in bacteria,
although the pathway, including the mechanism of RecO
involvement, has not been defined yet (Figure 10A-6).
In this study, we have shown that RecR modulates
the ssDNA-binding mode of RecO (Figure 8). In relation
to this result, it has been reported that RecR inhibits the
ssDNA-annealing activity of RecO (6) (Figure 10A-2,
line b). Since the SSA pathway is sometimes mutagenic,
the ssDNA-annealing activity of RecO may be inhibited
until RecA-mediated strand invasion occurs. In this
case, RecO would be involved in two repair pathways
like Rad52; the RecA-independent SSA-like pathway
(Figure 10A, arrow a) and the RecA-dependent strand
invasion pathway (Figure 10A-2, 3, 4, 5), and the selection
of the operative pathway might depend on the interaction
of RecR with RecO (Figure 10A-2, 3).

This notion is supported by observations made by us
and others. We observed a dramatic restoration of
the ATPase activity of RecA after the addition of RecO
and RecR when linear ssDNA was used as a substrate
(Figure 7A). This result is consistent with a previous study
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Figure 10. A model for the displacement of SSB by RecO, RecR
and RecA. (A): (1) ssDNA regions are coated by SSB immediately.
(2) RecO interacts with SSB, remodels the SSB-ssDNA complex and
binds to ssDNA directly. The displaced SSB interacts with RecO in the
RecO-ssDNA complex. If a complementary ssDNA strand exists,
the ssDNAs are annealed by RecO (a). (3) RecR interacts with RecO
in the SSB-RecO-ssDNA complex. Then RecR modulates the ssDNA-
binding mode of RecO and inhibits the ssDNA annealing activity of
RecO (b). At this time, SSB may be released from RecO. (4) RecO and
RecR remain on ssDNA as the RecOR complex, where they assist the
formation of the RecA filament. RecA makes nucleoprotein filament
on ssDNA, resulting in SSB dissociation. The RecOR complex may
stabilize the RecA filament probably by binding to the end of the RecA
filament. (5) RecA-mediated strand invasion occurs. The strand which
is displaced by RecA is captured by SSB and RecO like in (1) and (2).
(6) The displaced strand is annealed with a second strand by SSB
and RecO. (B): (1) When dsDNA-ssDNA junctions are generated as
a consequence of DNA damage, the RecFR complex binds to the
dsDNA-ssDNA junction, and RecO interacts with the SSB-coated
ssDNA. (2) RecO displaces SSB on the SSB-coated ssDNA. The
released SSB remains on the ssDNA indirectly via its interaction with
RecO. (3) RecR, which is in a RecFR complex at the dsDNA-ssDNA
junction site, interacts with RecO that attaches SSB to the ssDNA at
this site. (4) The RecOR complex, which may also associate with RecF,
facilitates the displacement of SSB from the ssDNA region and the
loading of RecA onto the ssDNA. This may be enhanced by extension
of RecA filaments.

by Shan and Bork et al. (14,16). They also demonstrated
that RecR at least is associated with the end of the RecA
nucleoprotein filament, and suggested that the RecOR
complex preferentially is associated with the end of the
RecA filament and stabilized RecA filament to prevent
dissociation of the RecA monomer from the end of the
RecA filament, as depicted in Figure 10A-4. In this study,
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we also showed that the interaction between RecR and
RecO did not dissociate RecO from ssDNA (Figure 8A)
and that the addition of RecO and RecR at an appropriate
ratio could overcome the inhibitory effect of excess RecO
or RecR on the ATPase activity of RecA (Figure 9). These
results suggested that the interaction of RecR with RecO
stabilizes the formation of the active RecA filament and
enhances the activity. Therefore, it is plausible that the
interaction of RecR with the RecO-SSB complex induces
the displacement of SSB from the RecO-ssDNA complex
(see below) and that the RecO-RecR complex then
functions to facilitate the nucleation of RecA on ssDNA.

Once a stable RecA filament is formed, RecA-mediated
strand invasion can occur (Figure 10A-5). It has been
reported that the strand displaced by Rad51-mediated
strand invasion is captured by RPA and annealed to the
second ssDNA strand by Rad52 (7). This phenomenon
was also demonstrated by using bacterial RecO and SSB
instead of Rad52 and RPA (7). Therefore, the ssDNA-
annealing activity of RecO could be exerted after RecA-
mediated strand invasion (Figure 10A-6). Recently, it has
been reported that BRCA2 homologues, Brh2 and
CeBRC-2, can also anneal RPA-coated ssDNA (8,9).
These results suggested that the ssDNA annealing activity
of the mediator protein is conserved from bacteria to
eukaryotes. Since RecO and BRCA2 homologues also
have some structural similarity, the mechanism through
which these two factors remodel SSB/RPA-ssDNA struc-
ture may also be conserved (see below).

RecF is not necessary to relieve the inhibition of RecA
activity by SSB when linear ssDNA is used as a substrate.
When gapped DNA is used as a substrate, however,
the addition of RecF is important for the efficient recovery
of RecA activity (13), suggesting that RecF functions
to allow the dsDNA-ssDNA junction-specific loading of
RecA. Therefore, we propose a model of junction-specific
loading of RecA by RecO, RecR and RecF (Figure 10B).
We previously reported that RecR preferentially forms
a RecFR complex in the presence of RecF, RecO and
RecR (17), and others reported that the RecFR complex
of E. coli binds to the dsDNA-ssDNA junctions (13).
Therefore, RecR of the RecFR complex at the dsDNA-
ssDNA junction site could interact with RecO in the
SSB-RecO complex in this region (Figure 10B-3). In our
previous study, we identified an acidic cluster region of
RecR as the RecO-binding site (17). In accordance
with this result, the crystal structure of the Deinococcus
radiodurans (dr) RecOR complex has been reported
recently, in which the acidic cluster of drRecR interacts
with the positively charged OB-fold of drRecO (28).
In contrast to RecO (pI =10.7), both RecR (pI =5.3) and
SSB (pI =5.1) are acidic proteins. Therefore, it is plausible
that the acidic cluster region of RecR competes with
SSB for binding to RecO. In support of this idea, the
C-terminal region of SSB is especially acidic and has been
reported to be the most plausible RecO-binding site (29).
Thus, RecR would affect the interaction between RecO
and SSB through its interaction with RecO, which would
facilitate both the displacement of SSB from RecO
(Figure 10B-3) and the nucleation of RecA on the
ssDNA (Figure 10B-4). In general, SSB strongly inhibits

the nucleation of RecA. However, once RecA nucleates on
ssDNA, SSB stimulates the extension of the RecA
filament. Thus, filament extension of RecA would cause
further displacement of SSB from ssDNA (Figure 10B-4).

In the fluorescent DNA-binding assay, a decrease in
AF was observed after the addition of <luM RecO
(Figure 3B). The ssDNA-binding properties of drSSB
have been analyzed in detail (30,31). These reports
indicated that the site size of drSSB on ssDNA is ~50
nucleotides (nt). Since D. radiodurans is related to
T. thermophilus, the site size of ttSSB would be similar
to that of drSSB. In contrast to SSB, the site size of RecO
on ssDNA has not been determined. However, an analysis
of the drRecO crystal structure suggests that the site size
of RecO on DNA is much smaller than that of SSB
(~15nt) (32). Therefore, RecO binding to ssDNA may
cause the release of a large amount of ssDNA from the
SSB-ssDNA complex, resulting in a decrease in AF.

This is the first article that has demonstrated the
structure of the RecO-ssDNA complex by electron micro-
scopy. RecO covered the entire ssDNA region and formed
a filament-like structure (Figure 4B and C). Most of
the RecO-ssDNA complexes formed linear structures,
although we used circular M 13 ssDNA (Table 1). We also
observed branched shaped structures in which the com-
plexes contained more than two M13 ssDNAs. This may
relate to the ssDNA annealing activity of RecO, which is
expected to anneal a partial complementary sequence in
M13 ssDNA. In this case, the intramolecular annealing
would result in a linear structure that partially contains
dsDNA. Intermolecular annealing would connect two of
the M13 ssDNAs to form larger complexes. In contrast
to the RecO-ssDNA complexes, the SSB-ssDNA complex
formed a bead-like, circular structure (Figure 4A,
Table 1). Therefore, the structures of the RecO-ssDNA
and SSB-ssDNA complexes were quite different and were
easily distinguished.

When M13 ssDNA was incubated with both SSB and
RecO, no SSB-ssDNA complexes were observed, even
though SSB was incubated with ssDNA prior to the
addition of RecO. The observed complexes were similar to
the RecO-ssDNA complexes (Figure 4D-F). This result
suggests that RecO can bind to SSB-coated ssDNA and
rearrange SSB on ssDNA. This is further supported by the
results of the pull-down assay, which indicated that
displaced SSB still binds to ssDNA indirectly through its
interaction with RecO on ssDNA (Figure 6A and B).
In addition, we observed that these proteins bound to the
ssDNA more stably than each protein alone (Figure 6A
and B, Supplementary Figure S3B and S3D). Thereby,
the ATPase activity of RecA was inhibited strongly in the
presence of both SSB and RecO (Figure 5B). We searched
for an intermediate structure that would contain both SSB
and RecO on one MI13 ssDNA molecule. However,
no intermediate structures were observed. RecO may
rearrange SSB very efficiently and once the rearrangement
occurs, SSB may not be able to bind to the ssDNA again.
Thus, the complexes shown in Figure 4D-F must be
SSB-RecO-ssDNA  complexes. Although remarkable
differences were not observed between the SSB-RecO-
ssDNA and RecO-ssDNA complexes, minor structural



changes may have occurred that were eclipsed by the
platinum coat. Further investigations are required to
determine how SSB interacts with RecO on the ssDNA.

One of the functions of RecO seems to be the rearrange-
ment of SSB on ssDNA for subsequent RecA nucleation
with RecR. The structural similarity of RecO and SSB
supports this rearrangement function of RecO. The crystal
structures of drRecO and drSSB have been determined
(32-34). Interestingly, both drRecO and drSSB have an
oligonucleotide-/oligosaccharide-binding fold (OB-fold)
that participates in ssDNA binding (35). And while one
could hypothesize that the OB-fold of RecO plays a role in
the binding of ssDNA, there is currently no evidence for
this. However, in eukaryotes RPA and BRCA?2 also have
OB-folds (36). In addition, BRCA2 has been reported
to stimulate the loading of Rad5lonto the RPA-coated
ssDNA (3,9,36). BRCA2 has structural and functional
features that are similar to RecO and RecR, which
supports our hypothesis and suggests that the funda-
mental mechanism of loading of RecA (or Rad51) onto
SSB (or RPA)-coated ssDNA may be conserved from
prokaryotes to higher eukaryotes. It is unknown whether
or not Rad52 also has an OB-fold because the entire
structure of Rad52 has not yet been determined. However,
the undetermined C-terminal region is involved in the
interaction of RPA (37), raising the possibility that Rad52
has an OB-fold. If this were true, our hypothesis would
be more conclusive.

In this study, to analyze RecA loading onto SSB-coated
ssDNA by RecOR, we measured the ATPase activity
of RecA at steady state (last Smin of the measurement)
and examined which protein bound to ssDNA directly
after at least 5-min incubation. In contrast, the initial state
of RecA loading by RecOR has been analyzed in detail
by Hobbs e al. (29). Based on kinetic studies of ATP
hydrolysis by RecA in the presence of RecO, RecR and
SSB or a SSB variant that lacks § amino acids from
its C-terminus, they proposed that RecO associates with
the C-terminal region of SSB on ssDNA. Their report
indicated that the recovery of ATPase activity of RecA by
RecOR was accompanied by a lag phase. This lag might
be due to the inhibition of ssDNA binding of RecOR
by SSB since ssDNA binding of the RecOR complex
seems to be necessary for the recovery of RecA activity.
In fact, a lag was also observed in our study (Figure 7A).
Therefore, we speculate that RecO primarily associates
with the acidic C-terminal region of SSB on ssDNA and
then remodels the SSB-ssDNA complex with RecR to
facilitate filament formation of RecA on ssDNA. As this
process would require some time, it might be responsible
for observed lag phases.

Both SSB and RecO inhibited the ssDNA-dependent
ATPase activity of RecA (Figure 5B). However the inhibi-
tory effect of RecO on the ATPase activity of RecA
was weaker than that of SSB, even though RecO had a
comparable ssDNA-binding affinity to SSB. The differ-
ences in the DNA-binding mode between RecO and SSB
may explain this discrepancy. ttSSB has two OB-folds per
polypeptide chain (Satoh and coworkers, PDB ID:
2CWA) and forms a stable dimer. Thus, the SSB func-
tional unit has four OB-folds. In contrast, E. coli SSB
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has one OB-fold per polypeptide chain and forms a stable
tetramer (38). Although the oligomeric state of ttSSB and
E. coli SSB are different, the tertiary structures of the
ttSSB dimer and the E. coli SSB tetramer are quite similar.
The crystal structure of the E. coli SSB-ssDNA complex
revealed that the ssDNA wraps around the four OB-folds
of the E. coli SSB tetramer (39). In contrast to SSB, RecO
exists as a monomer in solution and binds to the ssDNA
via a single OB-fold. These differences in the mode of
DNA binding may reflect the degree of inhibition of the
ssDNA-dependent ATPase activity of RecA.

The inhibition of the ssDNA-dependent ATPase
activity of RecA by SSB or RecO was efficiently removed
when RecO and RecR were present in a 1:2 molar ratio
(Figures 7 and 9). This result suggested that RecO and
RecR functions at a stoichiometry of 1:2. In accordance
with this result, drRecO and drRecR formed a 1:2
complex in the crystal (6). When the ratio of RecO to
RecR deviated from 1:2, the inhibition of the ATPase
activity of RecA was again observed (Figures 7 and 9B).
This could be explained as an excess of protein competing
with RecA for binding to the ssDNA, since the inhibitory
effect of RecO was higher than that of RecR. It has been
reported that RecR can bind to ssDNA, although the
binding affinity is very weak (40,41). In contrast, RecO
exhibited a high affinity for ssDNA binding, which was
comparable to that of SSB. These facts indicate that the
ssDNA-binding affinity of RecR is much weaker than
that of RecO; therefore, an excess of RecR may not
exhibit a strong inhibitory effect in the presence of RecO
(Figures 7B and 9A). In the absence of SSB, the inhibition
of the ssDNA-dependent ATPase activity of RecA was
almost completely removed by RecO and RecR (Figure 9).
In contrast, the activity was only restored to 80% in the
presence of SSB (Figure 7). Even if SSB is completely
displaced from the ssSDNA by the sequential action of the
RecF pathway proteins, it may re-associate with ssDNA
or RecO and the differences in restoring the ATPase
activity of RecA may be related to the presence of the
displaced SSB.

The shape of the RecO-binding curve for ssDNA
was sigmoidal, suggesting that the binding of RecO to
the ssDNA is cooperative. RecO exists as a monomer and
does not associate in solution. However, the results of
the electron microscopy indicated that RecO bound to the
entire ssDNA and formed a filament like structure
(Figure 4B and C). Therefore, several RecO molecules
may bind cooperatively to the ssDNA and form filaments
through protein—protein interactions, similar to RecA.
It is clear that further investigations are required to deter-
mine whether or not such RecO filaments are formed.
Alternatively, the cooperative binding of RecO on the
ssSDNA may relate to binding mode of RecO to ssDNA.
RecO can anneal two ssDNAs (6,42). The surface of the
RecO protein also has two distinct basic regions that are
predicted to participate in DNA binding (32). Therefore, it
is possible that RecO binds two ssDNAs simultaneously.
In this way, the resulting binding curve would be sig-
moidal if the two binding sites have apparent differences
in their binding affinities. This idea is consistent with the
results of the gel retardation assay, in which a large
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ssDNA-RecO complex was trapped in the loading well
(Figure 8C, lane 2). In addition, some connected RecO-
M13 ssDNA complexes were observed in the electron
microscopic analysis, although we employed a very low
protein concentration to prevent the formation of large
RecO-ssDNA complexes. Interestingly, when RecR was
added to the large RecO-ssDNA complexes, a protein
band corresponding to a new complex was detected
(Figure 8C, lanes 4-7). Since the position of this band
was different than that of the RecR-ssDNA or RecO-
ssDNA complexes, it may represent a RecO-RecR-ssDNA
complex. These results indicated that the association state
of the RecO-ssDNA complex was changed by the inter-
action of RecR with RecO. Since drRecR interacted with
the OB-fold of drRecO in the RecOR crystal structure,
RecR may cover one DNA-binding site of RecO and
prevent RecO forming a RecO-ssDNA network. In addi-
tion, the ssDNA annealing activity of RecO was inhibited
by RecR (6), which also suggests that RecR covers at least
one of the DNA-binding sites of RecO. In support of
this idea, we found that the sigmoidal binding curve of
RecO changed to a common curve in the presence of RecR
(Figure 8A). In addition, when we used a RecR mutant
whose RecO interaction was disrupted, this phenomenon
was not observed (Figure 8B). These results implicate
RecR in the alteration of the RecO ssDNA-binding
activity. Furthermore, the change in the RecO-binding
curve induced by RecR seems to reflect the stoichiometric
binding of RecOR. If this were true, RecR would
significantly enhance the affinity of RecO for ssDNA.
Therefore, RecR may cover only a weak ssDNA-binding
site of RecO and enhance the net affinity of RecO for
ssDNA. We have previously reported that the combina-
tion of RecO and the RecR mutant could not
restore the inhibition of the ATPase activity of RecA
by SSB (17). A RecR-induced functional change in
RecO may be important for the subsequent nucleation
of RecA on ssDNA and stabilization of the active RecA
filaments.

SUPPLEMENTARY DATA
Supplementary data are available at NAR Online.
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