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The Rad51 nucleoprotein filament mediates DNA
strand exchange, a key step of homologous recombina-
tion. This activity is stimulated by replication protein A
(RPA), but only when RPA is introduced after Rad51
nucleoprotein filament formation. In contrast, RPA in-
hibits Rad51 nucleoprotein complex formation by prior
binding to single-stranded DNA (ssDNA), but Rad52 pro-
tein alleviates this inhibition. Here we show that Rad51
filament formation is simultaneous with displacement
of RPA from ssDNA. This displacement is initiated by a
rate-limiting nucleation of Rad51 protein onto ssDNA
complex, followed by rapid elongation of the filament.
Rad52 protein accelerates RPA displacement by Rad51
protein. This acceleration probably involves direct in-
teractions with both Rad51 protein and RPA. Detection
of a Rad52-RPA-ssDNA co-complex suggests that this
co-complex is an intermediate in the displacement
process.

The Rad52 epistasis group of proteins, including Rad51 pro-
tein, Rad52 protein, and replication protein A (RPA),1 are im-
portant for both mitotic and meiotic recombination, mating-
type switching, and repair of DNA double strand breaks in
Saccharomyces cerevisiae. Rad51 protein, which is a homologue
of the Escherichia coli RecA protein (1–3), is conserved in a
wide variety of eukaryotic organisms from yeast to humans (4).
Like RecA protein, Rad51 protein binds single-stranded DNA
(ssDNA) to form the functional presynaptic complex, which
mediates DNA strand exchange (5). However, unlike RecA
protein, Rad51 protein readily binds double-stranded DNA
(dsDNA), and the binding to dsDNA strongly inhibits DNA
strand exchange (6). Therefore, not unexpectedly, the binding
of Rad51 protein to dsDNA present as secondary structure in
ssDNA severely limits DNA strand exchange (7). For this rea-
son, Rad51 protein-mediated DNA strand exchange depends
strongly on a ssDNA-binding protein to eliminate DNA second-
ary structure.

RPA, which is a heterotrimeric ssDNA-binding protein (8, 9),

greatly stimulates DNA strand exchange by Rad51 protein,
provided that RPA is added to a preexisting complex of Rad51
protein and ssDNA (5). However, RPA will inhibit DNA strand
exchange when it is allowed to bind ssDNA before Rad51 pro-
tein. Previously, we offered an interpretation for this dichoto-
mous role of RPA in Rad51 protein-mediated DNA strand ex-
change (7). According to this view, RPA aids DNA strand
exchange by disrupting DNA secondary structure, which is an
impediment to presynaptic complex formation. However, be-
cause RPA and Rad51 protein both compete for these same
ssDNA binding sites, RPA can also be an impediment to pre-
synaptic complex formation. Nevertheless, when the molecular
ratios of Rad51 protein and RPA to ssDNA are appropriate (2–3
nucleotides per Rad51 protein and 10–20 nucleotides per RPA),
the steady-state product of this competitive process is a uni-
form Rad51 protein-ssDNA complex with little DNA secondary
structure. Based on this model, after disruption of DNA sec-
ondary structure, RPA is expected to be displaced by Rad51
protein. Previously, however, we did not directly demonstrate
the release of RPA from ssDNA.

Purified yeast Rad52 protein has DNA binding activity (10),
and it also interacts with both Rad51 protein and RPA (1, 11).
Recent biochemical studies show that Rad52 protein has at
least two activities important to recombination. One activity is
the stimulation of Rad51 protein-mediated DNA strand ex-
change (12–15). Both Rad52 protein-RPA and Rad52 protein-
Rad51 protein interactions are necessary for stimulation. This
stimulatory function of Rad52 protein, however, is revealed
under conditions where RPA inhibits Rad51 protein activity:
i.e. when RPA is bound to ssDNA prior to Rad51 protein.
Therefore, it was hypothesized that Rad52 protein acts by
stimulating the displacement of RPA by Rad51 protein (14).
The second activity of Rad52 protein is the annealing of com-
plementary ssDNA (10). This activity is consistent with the
importance of this protein in the ssDNA annealing pathway of
double strand break repair (16). Yeast Rad52 protein can also
anneal ssDNA that is complexed with yeast RPA, due to a
specific interaction with RPA (11, 17).

The precise mechanism by which Rad52 protein stimulates
DNA strand exchange is not clear. Because Rad52 protein stim-
ulates DNA strand exchange when RPA is prebound to ssDNA,
Rad52 might simply displace RPA from the ssDNA, permitting
Rad51 protein to bind. In this paper, we examine the fate of RPA
during presynaptic complex formation. Our results indicate that
Rad52 protein alone cannot displace RPA from ssDNA. Instead,
Rad52 protein forms a co-complex with the RPA-ssDNA complex,
and it recruits the Rad51 protein onto ssDNA, and then Rad51
protein displaces RPA. Our results also reveal the dynamic
nature of the complex protein exchange and assembly process
that underlies DNA recombination.
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EXPERIMENTAL PROCEDURES

DNA and Proteins—Poly(dT) was purchased from Amersham Bio-
sciences. The 100-mer synthetic DNA 5�-TGGCCTGCAA CGCGGGC-
ATC CCGATGCCGC CGGAAGCGAG AAGAATCATA ATGGGGAAGG
CCACCAGCCT CGCGTCGCGA ACGCCAGCAA GACGTAGCCC was
purchased from Operon and purified by electrophoresis using 7.5%
polyacrylamide gels containing 7 M urea. The 100-mer was labeled with
32P at its 5�-end by T4-polynucleotide kinase (New England Biolabs).
Bluescript SK� dsDNA and ssDNA (Stratagene) were prepared as de-
scribed (18). The nucleotide concentrations of poly(dT), ssDNA, and
dsDNA were measured using extinction coefficients of 7.3 � 103, 8.1 �
103, and 6.5 � 103 M�1 cm�1, respectively. Rad51 and Rad52 proteins
(14), RPA (19), and E. coli SSB protein (20, 21) were prepared as
described. Rabbit polyclonal antibody against RPA was obtained from
W. D. Heyer (University of California, Davis).

ATPase Assay—ATP hydrolysis by Rad51 protein was analyzed at
37 °C essentially as described (7, 22). For the standard reaction, 10 �M

ssDNA, 5 �M Rad51 protein, and 1 �M RPA were added in the indicated
order to buffer (final volume of 120 �l) containing 2.5 mM ATP, 10
units/ml pyruvate kinase, 10 units/ml lactate dehydrogenase, 0.3 mM

phosphoenolpyruvate, 256 �M NADH, 50 �g/ml bovine serum albumin,
1 mM dithiothreitol, 5 mM magnesium acetate, 50 mM KCl, and 30 mM

Tris acetate (pH 7.5). The hydrolysis of ATP is coupled to the oxidation
of NADH, which results in a decrease in absorbance at 340 nm. The
decrease of absorbance was monitored every 25 s by a Hewlett Packard
8452A diode array spectrophotometer. The instantaneous rate of ATP
hydrolysis was calculated from the rate of change in absorbance based
on 5 or 6 time points using the following formula: rate of A340 decrease
(s�1) � 9880 � rate of ATP hydrolysis (�M/min). For Fig. 2, we used 2.4
mM magnesium acetate instead of 5 mM, because the displacement was
slower and the result was more apparent under these conditions (data
not shown).

DNA Binding by RPA Monitored by Fluorescence Quenching—RPA
has an intrinsic fluorescence that is quenched when it binds to ssDNA
(19). On the other hand, Rad51 protein, which has no tryptophan
residue, has much lower fluorescence (�50-fold lower per molecule than
RPA), and it does not change upon DNA binding (data not shown).
Although Rad52 protein has �40% of the fluorescence of RPA, the
fluorescence is unchanged by interaction with either ssDNA, Rad51, or
RPA (data not shown). Therefore, the dissociation of RPA from ssDNA
in the presence of Rad51 protein can be monitored in real time by
monitoring the intrinsic fluorescence quenching of RPA. Reactions were
done in a quartz cuvette containing 300 or 400 �l of buffer containing
2.5 mM ATP, 1 mM dithiothreitol, 5 mM magnesium acetate, 50 mM KCl,
and 30 mM Tris acetate (pH 7.5) at 37 °C. RPA (1 �M), ssDNA (10 �M),
and Rad51 protein (5 �M) were added in the order indicated. Between
each addition of protein or DNA, the components were allowed to
equilibrate for 1.5–2 min. When indicated, Rad52 protein (1 �M) was
added to the reaction mixture �30 s after the addition of Rad51 protein.
Throughout the reaction, the fluorescence of RPA was continuously
monitored with an SLM8000 spectrofluorimeter set to excitation and
emission wavelengths of 284 and 345 nm, respectively. The bandwidth
for excitation and emission was 1 and 4 nm, respectively. The percent-
age of RPA that was displaced from ssDNA was calculated from the
fluorescence value relative to free RPA. The contributions of Rad51 and
Rad52 proteins to the fluorescence were subtracted.

Gel Mobility Shift Assay—Proteins were mixed with 10 �M 32P-
labeled synthetic 100-mer ssDNA in the indicated order and incu-
bated for 15 min at 37 °C in 10 �l of buffer containing 30 mM K-MOPS
(pH 7.3), 20 mM NaCl, 3 mM magnesium acetate, 1 mM dithiothreitol,
and 2 mM ATP (when indicated). When more than one protein was
present, the samples were incubated for 10 min at 37 °C between each
addition, and for 15 min after the addition of the last protein. After
the reaction, samples were analyzed by one of the following electro-
phoresis methods. For “conventional” electrophoresis, samples were
mixed with 5 or 10 �l of loading buffer A (50% glycerol and 0.1%
bromphenol blue in TBE buffer (45 mM Tris borate (pH 8.3) and 1 mM

EDTA)) and separated with 6% polyacrylamide gel in TBE buffer.
Alternatively, electrophoresis was conducted in the presence of ATP
and Mg2�; samples were mixed with 10 �l of the loading buffer
B (50% glycerol, 20 mM NaCl, 5 mM magnesium acetate, 0.5 mM

ATP, 0.1% bromphenol blue, and 45 mM Tris borate (pH 8.3) and
separated with 6% polyacrylamide gel in 20 mM KCl, 5 mM magne-
sium acetate, 0.5 mM ATP, and 45 mM Tris borate (pH 8.3). For both
methods, retardation of the labeled ssDNA was detected using an
Amersham Biosciences Storm 840 PhosphorImager with Image-
QuaNT software.

Quantification of Protein-ssDNA Complexes by SDS-PAGE—The
protein content of complexes detected in the gel mobility shift experi-
ments was analyzed in the following way. Gel pieces containing protein-
ssDNA complexes were excised and cut into smaller pieces, and then
radioactivity was quantified by Cerenkov counting to measure the
amount of ssDNA in each sample. Based on the relative radioactivity,
the number of pieces used for SDS-PAGE were adjusted so that all
samples had the same radioactivity. That enabled comparison of the
amount of protein present, normalized to the ssDNA content. The gel
pieces (approximate volumes of 10–50 �l) were then mixed with 50 �l
of TE buffer and 20 �l of SDS loading buffer (350 mM Tris-HCl (pH 6.8),
1% SDS, 6% 2-mercaptoethanol, 36% glycerol, and 0.1% bromphenol
blue) and incubated for 3 h at room temperature and then 4 min at
100 °C. Samples, including gel pieces and buffer, were analyzed by
SDS-PAGE followed by staining with Coomassie Brilliant Blue R-250.

Quantification of RPA Bound to ssDNA Complex by Western Blot-
ting—Protein-DNA complexes were eluted from excised gel pieces over-
night into 0.5 ml of TE buffer containing 0.1% SDS at room tempera-
ture. After reducing the volume to �50–100 �l by vacuum
concentration, 2 �l of the eluates were spotted on DEAE paper, and
relative amounts of ssDNA were quantified by measuring the radioac-
tivity using an Amersham Biosciences Storm 840 PhosphorImager and
Image-QuaNT software. Western blotting analysis, using 12% SDS-
PAGE, was performed with anti-RPA rabbit polyclonal antibody. As
standards, the indicated amounts of RPA were also loaded on the gel.
The amount of protein in each sample was determined from the relative
intensity of the protein band to the standards, measured using Image-
QuaNT software.

RESULTS

Rad51 Protein and RPA Compete in ssDNA Binding—Previ-
ously, we suggested that RPA eliminates DNA secondary struc-
ture, which impedes presynaptic complex formation by Rad51
protein (7). Since RPA competes with Rad51 protein for binding
to ssDNA, we also proposed that bound RPA must be removed
from the ssDNA to permit contiguous presynaptic filament
formation. Experimentally, the competitive nature of RPA is
most clearly manifest by preforming an RPA-ssDNA complex
and then introducing Rad51 protein; in this situation, Rad51
protein must displace the RPA from the ssDNA to form a
presynaptic complex, and activation of Rad51 protein function
is slow (Fig. 1A, RPA-first process). On the other hand, if Rad51
protein is added to native ssDNA that is free of RPA, it makes
a discontinuous presynaptic complex that is interrupted by
Rad51 protein-dsDNA regions; the addition of RPA stimulates
presynaptic complex formation relatively quickly (Fig. 1A,
Rad51-first process). To better understand the nature of pre-
synaptic complex formation in the presence of RPA, we exam-
ined the time course of filament formation by each process. The
binding of Rad51 protein to ssDNA was measured by monitor-
ing the ATP hydrolysis that accompanies formation of a Rad51
protein-ssDNA complex (Fig. 1B), from which the rate of ATP
hydrolysis was calculated (Fig. 1C). When Rad51 protein was
added to a preformed RPA-ssDNA complex, ATP hydrolysis did
not occur instantly. Rather, the ATP hydrolysis rate increased
gradually and reached a steady state (2.6 �M/min) �30 min
after the addition of Rad51 protein (Fig. 1, B and C, RPA-first).
Without RPA, the discontinuous Rad51 protein-ssDNA com-
plex showed a slower ATP hydrolysis (1.2 �M/min; Fig. 1B,
Rad51-first) before the addition of RPA. When RPA was added
to this Rad51 protein-ssDNA complex (Fig. 1, B and C, Rad51-
first), the ATP hydrolysis rate increased relatively instantly. In
the Rad51-first process, 70% of the increase in ATP hydrolysis
rate occurred in less than 2 min, whereas it took �15 min in the
RPA-first process.

In parallel with the ATPase assays that measured the Rad51
protein-ssDNA binding status, we also measured the DNA
binding status of RPA by fluorescence spectroscopy. RPA has
an intrinsic tryptophan fluorescence that is quenched by bind-
ing to ssDNA (19). Therefore, the change in fluorescence re-
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flects a change of the RPA-ssDNA binding status. We per-
formed experiments similar to those in Fig. 1C, except that we
monitored the intrinsic fluorescence of RPA (Fig. 1D). As ex-
pected, when Rad51 protein was added to an RPA-ssDNA com-
plex, RPA was released from the ssDNA slowly (Fig. 1D, RPA-
first) and reached a plateau level �30 min after the addition of

Rad51 protein. On the other hand, when RPA was added to a
Rad51 protein-ssDNA complex, almost all of the RPA remained
unbound throughout the measurement (Fig. 1D, Rad51-first).
For both RPA-first and Rad51-first processes, the time courses
for RPA release coincided with the time courses for Rad51
protein-ssDNA complex formation that were measured by mon-

FIG. 1. RPA displacement from
ssDNA coincides with presynaptic
complex formation by Rad51 protein.
A, schematic drawing of presynaptic com-
plex formation where either RPA (RPA-
first) or Rad51 protein (Rad51-first) is
prebound to ssDNA. B, ATP hydrolysis
measures presynaptic complex formation.
Rad51 protein (5 �M) and RPA (1 �M)
were added to pBluescript SK� ssDNA
(10 �M) as indicated. C and D, comparison
of the development of Rad51 protein-de-
pendent ATPase activity (i.e. presynaptic
complex formation) with the displace-
ment of RPA from ssDNA. Time courses
for the ATP hydrolysis rate (C) were cal-
culated as the first derivative of the data
in B. Displacement of RPA from ssDNA
(D) was monitored as described under
“Experimental Procedures.” For both C
and D, the reactions were started by add-
ing Rad51 protein to the RPA-ssDNA
complex (‚) or by adding RPA to a pre-
formed Rad51 protein-ssDNA complex
(● ). The dashed line in C indicates the
ATP hydrolysis rate of the Rad51-first re-
action before the addition of RPA. The
RPA fluorescence is quenched 41% by
binding to ssDNA under these conditions
in the absence of Rad51 protein, and this
quenched level is defined as 0% RPA
released.
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itoring ATP hydrolysis. These results indicate that Rad51 pro-
tein displaces RPA from ssDNA upon formation of the presyn-
aptic filament. In addition, the RPA-first process is slower than
the Rad51-first process. These characteristics can explain why
RPA has opposite effects on Rad51 protein-mediated functions,
which depend on the order of protein-ssDNA complex forma-
tion. This behavior of RPA is similar to that of E. coli SSB
protein with regard to RecA protein function; displacement of
SSB protein by RecA protein is faster for the RecA-first than for
the SSB-first process (23, 24).

Displacement of RPA from ssDNA Is Limited by Nucleation of
a Rad51 Protein-ssDNA Complex—Formation of the RecA nu-
cleoprotein filament is initiated by a rate-limiting nucleation of
the protein-DNA complex, followed by cooperative elongation of
the filament (25–29). The different rates of RPA displacement
in Rad51-first and RPA-first processes suggest that the rate-
limiting step in the RPA-first process for RPA displacement is
nucleation of the Rad51-ssDNA complex rather than elonga-
tion of the filament. To confirm this possibility, we varied the
amount of RPA that was prebound to ssDNA, and then Rad51
protein was added to start the displacement reaction (Fig. 2). In
this experiment, we used poly(dT) instead of pBluescript
ssDNA to eliminate any complications arising from DNA sec-
ondary structure, since Rad51 protein will bind to both the
ssDNA and dsDNA regions. Because the Rad51 protein-dsDNA
complex shows much less ATPase activity than the Rad51
protein-ssDNA complex (7), the ATP hydrolysis rate with na-
tive ssDNA would not be proportional to the amount of Rad51
protein that bound the DNA. In contrast, by using poly(dT), the
ATPase activity will be proportional to formation of the Rad51
protein-ssDNA complex.

When Rad51 protein was added to various subsaturating
RPA-poly(dT) complexes (Fig. 2A, left four curves), the steady-
state rate of ATP hydrolysis was rapidly attained; however,
when Rad51 protein was added to saturated RPA-ssDNA com-
plexes (Fig. 2A, right four curves), a markedly slower increase
in ATP hydrolysis occurred. Under the latter saturating condi-
tions, the rate of ATP hydrolysis even after 60 min of incuba-
tion was about 30% of that without RPA and was still increas-
ing slowly. The ATPase activities at 10 min after reaction
initiation (Fig. 2B) show that concentrations of RPA greater
than 0.9 �M precipitously reduced ATP hydrolysis. This con-
centration of RPA coincides with the concentration required to
saturate the poly(dT) (�20 nucleotides per RPA (7)). A slightly
lower concentration (0.8 �M) of RPA showed a rather limited
reduction of ATP hydrolysis (less than 40%) compared with
that of the saturated RPA-poly(dT) complex, although �90% of
ssDNA would be covered by RPA at this concentration. This
suggests that the rate-limiting step for displacement at satu-
rating RPA concentrations is the nucleation of Rad51 protein

on the RPA-ssDNA complex. Once nucleation occurs, the ki-
netic curves show that Rad51 protein quickly displaces RPA
from ssDNA, presumably by its cooperative assembly along
ssDNA. However, in contrast to RecA protein, the distinction
between the nucleation and growth phases for Rad51 protein is
smaller.

Rad52 Protein Stimulates Rad51 Protein-mediated Displace-
ment of RPA from ssDNA—Rad52 protein stimulates DNA
strand exchange by Rad51 protein under conditions where RPA
is bound to ssDNA before Rad51 protein (11, 12, 14). To exam-
ine whether this stimulation is due to an accelerated displace-
ment of RPA, we tested the effect of Rad52 protein on both ATP
hydrolysis and the displacement of RPA from ssDNA by Rad51
protein. As expected, in the presence of Rad52 protein, the rate
of Rad51 protein-dependent ATP hydrolysis increased faster
than in the absence of Rad52 protein (Fig. 3A). Similarly, the
displacement of RPA from ssDNA by Rad51 protein was accel-
erated by Rad52 protein (Fig. 3B). We also examined whether
Rad52 protein itself could displace RPA from ssDNA in the
absence of Rad51 protein. When Rad52 protein was added to a
RPA-ssDNA complex in the absence of Rad51 protein, no RPA
displacement was observed (Fig. 3B, �Rad52 (no Rad51)).
These results show that Rad52 protein alone does not displace
RPA from ssDNA, but rather, it facilitates Rad51 protein to do
so.

We also analyzed the effect of Rad52 protein on RPA dis-
placement at various concentrations of Rad51 protein (Fig. 4).
At all concentrations, Rad52 protein stimulated displacement.
At the lower concentrations of Rad51 protein (stoichiometric
relative to ssDNA concentration or lower; Figs. 3A and 4, A, B,
and E–G), the stimulation was clear throughout the reaction
period; at the higher concentrations of Rad51 protein, stimula-
tion was more modest (Fig. 4, C, D, and E–G). The final rate of
ATP hydrolysis, when the Rad51 protein concentration exceeds
that needed to saturate the ssDNA, was approximately the
same in the presence and the absence of Rad52 protein, sup-
porting the idea that Rad52 protein does not stimulate the
ATPase activity of Rad51 protein beyond that of the fully con-
tiguous Rad51 protein-ssDNA complex. These results indicate
that the Rad52 protein-mediated stimulation of Rad51 protein
function is caused by an acceleration of the loading of Rad51
protein onto an RPA-ssDNA complex with the concomitant
release of RPA from the ssDNA.

Rad52 Protein-mediated Stimulation of Presynaptic Fila-
ment Formation Is Species-specific—Rad52 protein-mediated
stimulation of DNA strand exchange is species-specific (14).
Rad52 protein cannot stimulate the reaction either if RPA is
replaced by E. coli SSB protein or if Rad51 protein is replaced
by E. coli RecA protein. To test whether this species specificity
is caused by the specific acceleration of Rad51 protein-ssDNA

FIG. 2. Saturation of ssDNA with
RPA limits the ability of Rad51 pro-
tein to displace RPA. A, ATP hydrolysis
was monitored in RPA-first experiments
like those in Fig. 1B, using 0, 0.27, 0.53,
0.8, 0.9, 1.2, 1.7, or 2.7 �M of RPA (lines
from left to right; 1.7 and 2.7 �M curves
are overlaid), which were preincubated
with 13.7 �M poly(dT). Rad51 protein (5
�M) was added to start the reactions. B,
the ATP hydrolysis rate after 10 min was
plotted against the concentration of RPA.
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complex formation by Rad52 protein, we next examined the
effect of Rad52 protein on presynaptic complex formation by E.
coli RecA and SSB proteins. When Rad51 protein was added to

SSB-ssDNA complexes, the ATP hydrolysis rate increased
gradually to a plateau level in 40 min (Fig. 5A, �Rad52),
showing that SSB protein can be displaced by Rad51 protein
from ssDNA. Rad52 protein, however, did not affect the time
course of SSB displacement by Rad51 protein, showing that the
stimulation by Rad52 protein is species-specific (Fig. 5A,
�Rad52). When RecA protein was added to an RPA-ssDNA
complex, RecA protein also displaced RPA from ssDNA (Fig.
5B, �Rad52). However, Rad52 protein did not stimulate but
rather blocked displacement (Fig. 5B, �Rad52). This result is
consistent with our previous report, which showed that Rad52
protein inhibits DNA strand exchange by RecA protein and
RPA (14). Rad52 protein also slowed SSB displacement by
RecA protein (Fig. 5C), suggesting that Rad52 protein inhibits
either DNA binding or ATP hydrolysis by RecA protein by an
unknown mechanism.

We also examined the effect of various Rad52 protein con-
centrations on presynaptic complex formation, using all com-
binations of homologous and heterologous proteins. Experi-
ments such as those shown in Fig. 5, A–C, were performed, and
the relative ATPase activity at 5 min after the addition of
Rad51 protein was plotted against the concentration of Rad52
protein (Fig. 6), because both stimulation and inhibition were
clear at this early stage of the displacement. Rad52 protein
stimulated the ATP hydrolysis activity of Rad51 protein only
when RPA was used. The optimum Rad52 protein concentra-
tion for the stimulation (�0.5 �M) was similar to the concen-
tration of RPA, which was bound to ssDNA. This suggests that
a stoichiometric co-complex of Rad52 protein and RPA on
ssDNA is involved in the displacement. The displacement of
SSB protein by Rad51 protein was not affected at any concen-
tration of Rad52 protein. RecA-mediated displacement of both
RPA and SSB protein was inhibited by Rad52 protein in a
concentration-dependent manner. These results confirm the
need for cognate, species-specific interactions in the Rad52
protein-mediated stimulation of presynaptic complex
formation.

Detection of a Rad52 Protein-RPA-ssDNA Co-complex—In
the experiments presented so far, we analyzed both ATP hy-
drolysis by Rad51 protein to follow its binding to ssDNA and
the fluorescence of RPA to follow its binding to DNA. Although
each method detects the respective status of which protein was
bound to ssDNA, neither provides any information regarding
the interaction of Rad52 protein with the RPA-ssDNA complex.
Because T4 phage UvsY protein and E. coli RecO protein,
which are functional homologues of Rad52 protein, can form a
co-complex with the gp32-ssDNA complex and the SSB protein-
ssDNA complex, respectively (30, 31), it was of special interest
to test whether Rad52 protein could also produce a co-complex
with the RPA-ssDNA complex. Therefore, we examined the
binding of Rad52 protein to RPA-ssDNA complexes using a gel
mobility shift assay.

Incubation of RPA and 100-mer ssDNA produced an RPA-
ssDNA complex with a reduced electrophoretic mobility (Fig.
7A); titration with RPA showed that 0.7 �M is sufficient to
saturate the 10 �M ssDNA. Similarly, titration of the ssDNA
with Rad52 protein also produced Rad52 protein-ssDNA com-
plexes, which either entered the gel or stacked in the wells (Fig.
7B). These results are consistent with previous reports regard-
ing the binding of RPA and Rad52 protein to ssDNA (10, 19).
Interestingly, adding an increasing amount of Rad52 protein to
the saturated RPA-ssDNA complex changed the mobility of the
complex to one that is stacked in the wells (Fig. 7C, indicated as
Super-shifted complex). To examine which proteins are compo-
nents of the supershifted complex, the bands corresponding to
the supershifted complex were excised and analyzed by SDS-

FIG. 3. Rad52 protein helps Rad51 protein to displace RPA
from ssDNA. Time courses of ATPase activity (A) and the release of
RPA from ssDNA (B) were monitored using the RPA-ssDNA complex as
a starting substrate. The reactions were started by the addition of
Rad51 protein (5 �M) to a preformed complex of RPA (1 �M) and
pBluescript SK� ssDNA (10 �M). Where indicated (�Rad52), Rad52
protein (1 �M) was added 20–30 s after the addition of Rad51 protein.
For the �Rad52 (no Rad51) reaction, Rad52 protein was added to
preformed RPA-ssDNA complexes in the absence of Rad51 protein. The
fluorescence of Rad51 and Rad52 proteins was subtracted in the fluo-
rescence analyses.

FIG. 4. Rad52 protein facilitates both the rate and extent of
RPA displacement from ssDNA. A–D, ATP hydrolysis was measured
as in Fig. 3A, using 2 �M (A), 3 �M (B), 7 �M (C), and 10 �M (D) Rad51
protein in the presence (‚) or the absence (● ) of Rad52 protein (1 �M).
E–G, ATP hydrolysis rate after 2 min (C), 5 min (D), and 40 min (E), in
the presence (‚) or absence (● ) of Rad52 protein, plotted against the
Rad51 protein concentration.
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PAGE. To enable direct comparison of the amounts of the
proteins present in each complex, we normalized the amount of
protein present to the amount of ssDNA present, which was
measured from radioactivity of the ssDNA. Compared with the
control RPA-ssDNA complex (Fig. 7D, lane 6), the supershifted
complexes (lanes 7–9) contained similar amounts of RPA per
ssDNA molecule, despite the presence of increasing amounts of
Rad52 protein (Fig. 7, D and E). Importantly, these complexes
also contained Rad52 protein, the amount of which depended
on the concentration of Rad52 protein added to the RPA-ssDNA
complex. These results indicate that Rad52 protein and RPA
can form a co-complex that is bound to ssDNA. This complex is
not just a mixture of RPA-ssDNA and Rad52-ssDNA com-
plexes, because the amount of RPA in the co-complex remains
constant with increasing amounts of Rad52 protein. To exclude

the possibility of a DNA-independent aggregation of Rad52
protein or of RPA in the mobility shift experiments, we per-
formed the same experiment as for lane 9 of Fig. 7D but in the
absence of ssDNA. The gel piece corresponding to the co-com-
plex contained an undetectable amount of RPA or Rad52 pro-
tein in this control (Fig. 7D, lane 10).

RPA Is Absent from the Presynaptic Filament—Our fluores-
cence experiments indicated only the ssDNA binding status of
RPA (Figs. 1D and 3B). We could not distinguish whether RPA
was free in solution or whether it remained bound to the Rad51
protein-ssDNA complex via protein-protein interactions after
being removed from ssDNA. To address this issue, we asked
whether Rad51 protein and RPA could form a complex. Ini-
tially, we incubated various amounts of Rad51 protein with the
100-mer ssDNA in the absence of RPA using the standard gel
mobility shift protocol. Rad51 protein produced only a faint
shift under these conditions (Fig. 8A). However, when ATP,
NaCl, and magnesium acetate were added to both the gel and
the electrophoresis buffer, the Rad51 protein-ssDNA complex
was observed more clearly, as a species that stacked in the
sample well (Fig. 8B; see “Experimental Procedures” for de-
tails). This finding suggested that the Rad51 protein-ssDNA
complex was unstable without those components and that it
dissociated during electrophoresis. Therefore, electrophoresis
was performed using the latter conditions. When an increasing
amount of Rad51 protein was added to a saturated RPA-ssDNA
complex, the mobility of the ssDNA changed to that of the
Rad51 protein-ssDNA complex (Fig. 8C, lanes 1–6). To examine
whether RPA was present within this new complex, we meas-
ured the amount of RPA in the complexes (Fig. 8, D and E).
Consistent with our RPA displacement interpretation, the new
complex contained a lower amount of RPA (one-fifth or less)
than the control RPA-ssDNA complex (compare lanes 6 and 7 of
D and lanes 5 and 7 of E). This result confirms our conclusion
that Rad51 protein displaces RPA from ssDNA and, further-
more, that RPA is not forming a stable interaction with the
Rad51 protein-ssDNA presynaptic complex after having been
displaced.

Rad52 protein (0.7 �M) did not affect the formation of the new
complex (Fig. 8C, lanes 7–12). This was not surprising, because
we did not detect Rad52 protein-mediated stimulation of DNA
pairing with synthetic oligonucleotides and because RPA-dis-

FIG. 5. The RPA displacement function of Rad52 protein is species-specific. Presynaptic complex formation by either Rad51 protein or
RecA protein, in the presence of either E. coli or yeast ssDNA-binding protein, was examined by measuring ATP hydrolysis. A–C, the ATP
hydrolysis reactions were started by adding Rad51 (5 �M; A) or RecA protein (3.3 �M; B and C) to pBluescript SK� ssDNA (10 �M) which was
prebound with 1 �M RPA (B) or 1.2 �M SSB protein (A and C). Rad52 protein was added immediately after the reaction start (at �15 s). For the
RecA protein reactions, the reaction conditions were the same as for the Rad51 protein reactions except that KCl was omitted, and 1.5 mM

phosphoenolpyruvate, 15 units/ml pyruvate kinase, and 15 units/ml lactate dehydrogenase were added. Open triangles with dashed lines and filled
circles with solid lines represent the reactions with and without 1 �M Rad52 protein, respectively.

FIG. 6. Rad52 protein facilitates ssDNA binding protein dis-
placement only by the cognate DNA strand exchange protein at
all concentrations. Experiments, as in Fig. 5, were performed in the
presence of various amounts of Rad52 protein, and the ATP hydrolysis
rates at 5 min after the addition of Rad51 protein were plotted against
the concentration of Rad52 protein. The ATP hydrolysis rates are
shown as relative to the rate obtained without Rad52 protein. The
reactions with Rad51 protein and RPA (E), Rad51 protein and SSB
protein (f), RecA protein and RPA (Œ), and RecA protein and SSB (ƒ)
are shown.

Rad52-RPA-DNA Complex Facilitates Rad51 Function31668



placement measured by ATPase activity showed that the dis-
placement occurred too quickly on such short ssDNA to permit
detectable stimulation by Rad52 protein (data not shown). Nev-
ertheless, the amount of RPA also decreased in the Rad51
protein-ssDNA complex (Fig. 8, D and E, compare lanes 6 and
8), showing that the majority of RPA molecules were released
from the presynaptic complex even in the presence of Rad52

protein, which can interact with both Rad51 protein and RPA.
Finally, we found Rad51 protein in the gel pieces corresponding
to Rad51 protein-ssDNA complex (Fig. 8D, lanes 7–9); however,
the majority of this signal is due to DNA-independent aggre-
gation of Rad51 protein under these gel electrophoresis condi-
tions, because negative control experiments without ssDNA
also detected a similar amount of Rad51 protein (lanes 10 and

FIG. 7. Formation of a RPA and
Rad52 protein co-complex bound to
ssDNA. A and B, the indicated amounts
of RPA (A) and Rad52 protein (B) were
incubated with 32P-labeled 100-mer
ssDNA (10 �M) under the standard condi-
tions without ATP, and samples were an-
alyzed by “conventional” electrophoresis
(see “Experimental Procedures” for de-
tails). C, RPA-ssDNA complexes were
first formed by incubating ssDNA with
0.7 �M RPA, and then various amounts of
Rad52 protein were added to produce
ssDNA-RPA-Rad52 protein co-complex.
The reaction did not contain ATP, since it
had no effect on the co-complex formation
(data not shown). Samples were analyzed
by “conventional” electrophoresis. D,
analysis of the Rad52 protein-RPA-
ssDNA co-complex. The gel mobility shift
experiments as shown in lane 1 of C
(RPA-ssDNA complex, lane 6) and lanes
4, 6, and 7 of C (Super-shifted complex,
lanes 7–9), and lane 7 of B (Rad52-ssDNA
complex, lane 11) were done in 3-fold
larger volume, and the supershifted com-
plexes containing an equivalent amount
of ssDNA were analyzed by SDS-PAGE
followed by staining with Coomassie Bril-
liant Blue R-250. Lane 10 is the same as
lane 9 except that the gel shift experiment
had no ssDNA, and twice the amount of
gel piece was loaded on the gel. Lanes 1–5
are standards showing 0.03, 0.1, 0.3, 1,
and 3 �g of RPA and Rad52 protein, re-
spectively. Lane M, prestained markers,
showing 116, 78.0, 49.3 and 34.7 kDa. E,
relative molar amount of RPA and Rad52
protein in RPA-ssDNA complex, Rad52-
RPA-ssDNA co-complexes, and Rad52
protein-ssDNA complex were calculated
based on D. The amount of RPA in RPA-
ssDNA complex was defined as 1.
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11). Therefore, we could not quantify the amount of Rad51
protein in the complexes formed with ssDNA.

DISCUSSION

RPA can greatly stimulate Rad51 protein-mediated DNA
strand exchange, provided that RPA is added to a preformed
complex of Rad51 protein and native ssDNA. One possible
explanation for this stimulation is that RPA forms a co-complex
with the Rad51 protein-ssDNA complex that is more active in
DNA strand exchange. However, the results in this and in our
previous work (7) suggest otherwise; instead, they indicate that
RPA and Rad51 protein compete with each other for the same
ssDNA binding sites. In this paper, we present direct evidence
showing that RPA is released from ssDNA by Rad51 protein
and that this release correlates exactly with formation of the
Rad51 protein-ssDNA complex. This means that the presynap-

tic complex, which is assembled in the presence of RPA, is
simply a complex of Rad51 protein and ssDNA rather than a
co-complex of Rad51-ssDNA-RPA. We also showed that the
time course for presynaptic complex formation depends on the
order that the proteins are bound to ssDNA. The displacement
of RPA by Rad51 protein from a preformed RPA-ssDNA com-
plex takes a relatively long period of time (20–30 min), but RPA
acts on Rad51 protein-ssDNA complexes instantly, without the
detection of a significant level of RPA-ssDNA complex as an
intermediate. In addition, the experiments that vary the occu-
pancy of ssDNA by RPA (Fig. 2) suggest that the rate-limiting
step of the displacement reaction is the nucleation of Rad51
protein onto ssDNA. Once nucleation occurs, extensive dis-
placement of RPA occurs by growth of the Rad51 filament along
ssDNA. These characteristics are similar to the behavior of E.

FIG. 8. Binding of Rad51 protein to ssDNA and displacement of RPA monitored by gel mobility shift assay. A, the indicated amounts
of Rad51 protein were incubated with 32P-labeled 100-mer ssDNA (10 �M) under standard conditions with ATP, and the samples were analyzed
by “conventional” electrophoresis. B, the same Rad51 protein titration experiment as A was done except that the samples were analyzed by
electrophoresis in the presence of ATP and Mg2� (see “Experimental Procedures” for details). C, RPA-ssDNA complexes were first formed by
incubating ssDNA with 0.7 �M RPA for 10 min in the buffer containing ATP and then with (lanes 7–12) or without (lanes 1–6) 0.7 �M Rad52 protein
for 10 min; finally, the indicated amounts of Rad51 protein were added and incubated for 15 min. Samples were analyzed by electrophoresis in the
presence of ATP and Mg2�. D, analysis of the Rad51 protein-ssDNA complex after displacement. The same gel mobility shift experiments as shown
in B and C were done in a 3-fold larger volume, and the RPA-ssDNA complex, which was recovered from lane 1 of C (lane 6), the Rad51
protein-ssDNA complexes, which were recovered from lanes 6 and 12 of C (lanes 7 and 8) and from lane 7 of B (lane 9), each containing an
equivalent amount of ssDNA, were analyzed by SDS-PAGE followed by staining with Coomassie Brilliant Blue R-250. Lanes 10 and 11 are the
same as lanes 7 and 8, respectively, except that the gel shift experiments had no DNA and twice the amount of gel pieces were loaded on the gel.
Lanes 1–5 are standards showing 0.03, 0.1, 0.3, 1, and 3 �g of RPA, Rad51 protein, and Rad52 protein. Lane M, prestained markers, showing 116,
78.0, 49.3, and 34.7 kDa. E, RPA-ssDNA complex in lane 1 of C (lane 5), RPA-ssDNA complex in lane 7 of C (lane 6), Rad51 protein-ssDNA complex
in lane 6 of C (lane 7), and Rad51 protein-ssDNA complex in lane 12 of C (lane 8) were analyzed by Western blotting using anti-RPA. The amount
of sample was normalized by DNA content. Lanes 1–4 are standards showing 5, 10, 20, and 50 ng of RPA. Lane M, markers.

Rad52-RPA-DNA Complex Facilitates Rad51 Function31670



coli RecA and SSB proteins, whereby SSB protein stimulates
RecA presynaptic filament formation by a related mechanism
(23, 24). We could not detect interaction of RPA with the fila-
ment at this stage, even in the presence of Rad52 protein.
Rad52 protein may be interacting with the Rad51 presynaptic
complex via a protein-protein interaction, but such a hypothet-
ical complex has no effect on the DNA pairing activity, since
Rad52 protein has no stimulatory effect on the preformed
Rad51 presynaptic complex (12, 14, 32).

Based on the observations in this paper and others, we
conclude that Rad51 protein and RPA compete for binding to
ssDNA. Although this competition can have a detrimental ef-
fect, when the ssDNA has secondary structure, RPA is needed
to melt the DNA secondary structure. In the absence of RPA,
Rad51 protein binds the duplex regions and inhibits DNA
strand exchange. RPA is needed to prevent this binding, but
then Rad51 protein nevertheless displaces RPA from ssDNA.
When the ssDNA is fully saturated with RPA, nucleation of
Rad51-ssDNA binding is a relatively inefficient process. How-
ever, once Rad51 protein nucleates on ssDNA, filament exten-
sion along ssDNA creates a contiguous Rad51 filament on the
DNA that concomitantly displaces the bound RPA. The func-
tion of Rad52 protein, therefore, is to help Rad51 protein dis-
place RPA from ssDNA since Rad52 protein alone cannot dis-
place RPA from ssDNA.

Our results also show that Rad52 protein and RPA form a
co-complex on ssDNA. This function of yeast Rad52 protein is
similar to that of T4 phage UvsY protein and E. coli RecO (or
RecOR) protein (see Ref. 33 for a review). Each of these “re-
combination mediator” proteins recruits its DNA strand ex-
change proteins to ssDNA to overcome the inhibitory effect of
ssDNA-binding proteins, but none of them can displace ssDNA-
binding proteins by themselves. Instead, each mediator protein
specifically interacts with its cognate ssDNA-binding protein,
an interaction that is a universal property of the DNA strand
exchange mediators. Since RPA is a relatively abundant pro-
tein in the cell, it is reasonable to expect that ssDNA produced
in vivo is first coated with RPA. In fact, cytological observations
confirm the temporal order of protein appearance that we have
elaborated in vitro (34). These analyses also showed that RPA
and Rad52 protein co-localize in subnuclear foci at double
strand breaks, as an early step of recombination. This co-
localization may involve the co-complex formation of RPA and
Rad52 protein on ssDNA, which is produced by processing of
the DNA breaks, prior to their displacement by Rad51 protein.

Since Rad52 protein by itself cannot displace RPA from
ssDNA, there are several possible mechanisms by which Rad52
protein could facilitate assembly of Rad51 protein on ssDNA.
Perhaps the simplest one is that Rad52 protein serves as a
nucleus for Rad51 protein filament assembly, via an interac-
tion with the RPA-ssDNA complex. Because the rate-limiting
step for RPA displacement is the nucleation step of Rad51
protein filament assembly, facilitation of nucleation accelerates
the displacement process. Similar mechanisms were proposed
for E. coli RecO protein (31, 35) and for T4 UvsY protein (33,
36). Alternatively, Rad52 protein might increase the elongation

phase of Rad51 filament assembly. However, this possibility is
less likely, because elongation of Rad51 filament is not strongly
inhibited by RPA. Finally, a third possibility relies on protein-
protein interactions that exist between Rad52 protein and RPA
and between Rad52 and Rad51 protein; in principle, these
three proteins could form a transient Rad51-Rad52-RPA-
ssDNA nucleoprotein co-complex as an intermediate. In the T4
phage system, a three-protein and DNA co-complex was pro-
posed as an intermediate (30), but recent studies have shown
that the gp32-ssDNA interaction is destabilized by interaction
with UvsY protein to facilitate loading of UvsX protein onto
ssDNA (37). So far, however, we have not detected any de-
stabilization of the RPA-ssDNA complex by Rad52 protein.2 In
this paper, we detected a Rad52-RPA-ssDNA co-complex in
vitro. Since the amount of Rad52 protein that is needed for the
displacement of RPA is approximately the same as the amount
of RPA that is bound to ssDNA, the active species of the
displacement may be a stoichiometric complex of Rad52 protein
and RPA on ssDNA (Fig. 9b). In addition, both Rad52 protein
and UvsY protein form ring-like structure (heptamer for Rad52
protein and hexamer for UvsY), and this multimerization is
required for UvsY function (11, 38, 39). Therefore, for the
reasons outlined above, we favor the facilitated nucleation
model as depicted in Fig. 9.
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