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otides (14, 15). More recent reports show that Rad52 protein
stimulates DNA strand exchange mediated by Rad51 protein,
which is a homologue of the E. coli RecA protein (16–19). In
the yeast system, stimulation is due to Rad52 protein interaction with, and alleviation of an inhibitory consequence of
ssDNA binding by, replication protein A (RPA), which is the
homologue of ssDNA binding protein (SSB) protein (16–18).
RPA is a heterotrimeric complex consisting of polypeptides
with molecular masses of 70.4, 29.9, and 13.8 kDa (20, 21). The
primary structure of RPA is well-conserved in yeast, human,
mice, and Drosophila (22). Studies using primarily human
proteins showed that RPA is required for cell-free DNA
replication (23) and DNA excision repair (24, 25). The human
RPA (hRPA) interacts with some of the proteins that are
components of these systems, including replication proteins
simian virus 40 large tumor antigen and DNA polymerase
a-primase (26), tumor suppresser protein p53 (27), and DNA
excision repair proteins XPA (28, 29) and XPG (28). Presumably, these interactions define important cellular functions for
RPA.
Less is known about yeast RPA (yRPA). Because each
subunit is essential for yeast cell viability, yRPA is believed to
be essential for DNA replication (20, 21). An in vitro DNA
excision repair system from yeast also requires RPA (30, 31).
In addition, genetic analyses particularly of two mutant alleles
of the gene encoding the large subunit of RPA (rfa1–44 and
rfa1-D228Y), showed that RPA is involved in homologous
recombination (32–34). The fact that the phenotype of rfa1–44
mutation is suppressed by overexpression of Rad52 protein
(33) suggests that these proteins are involved in the same
genetic pathway in homologous recombination and that they
may work in concert at the molecular level. In agreement with
these yeast data, recent in vitro work in the human system
showed that RPA directly interacts with Rad52 protein (35).
Furthermore, yRPA stimulates the DNA strand exchange and
ATPase activities of Rad51 protein, provided that it is introduced to preassembled Rad51 nucleoprotein complexes (36,
37), but this latter restriction is alleviated by Rad52 protein
(16–18). Therefore, RPA and Rad52 protein may have multiple functions in homologous genetic recombination. In this
report, we examined the biochemical characteristics of DNA
annealing by Rad52 protein and the effect of RPA and other
single-stranded DNA-binding proteins on this reaction. We
find that the RPA–ssDNA complex is the preferred substrate
for the Rad52 protein-mediated annealing of native ssDNA, a
result that agrees with the experiments of Shinohara et al. (38).
These finding have direct bearing on the mechanism of recombination between directly repeated DNA sequences, which

ABSTRACT
Homologous recombination in Saccharomyces cerevisiae depends critically on RAD52 function. In vitro,
Rad52 protein preferentially binds single-stranded DNA
(ssDNA), mediates annealing of complementary ssDNA, and
stimulates Rad51 protein-mediated DNA strand exchange.
Replication protein A (RPA) is a ssDNA-binding protein that
is also crucial to the recombination process. Herein we report
that Rad52 protein effects the annealing of RPA–ssDNA
complexes, complexes that are otherwise unable to anneal.
The ability of Rad52 protein to promote annealing depends on
both the type of ssDNA substrate and ssDNA binding protein.
RPA allows, but slows, Rad52 protein-mediated annealing of
oligonucleotides. In contrast, RPA is almost essential for
annealing of longer plasmid-sized DNA but has little effect on
the annealing of poly(dT) and poly(dA), which are relatively
long DNA molecules free of secondary structure. These results
suggest that one role of RPA in Rad52 protein-mediated
annealing is the elimination of DNA secondary structure.
However, neither Escherichia coli ssDNA binding protein nor
human RPA can substitute in this reaction, indicating that
RPA has a second role in this process, a role that requires
specific RPA–Rad52 protein interactions. This idea is confirmed by the finding that RPA, which is complexed with
nonhomologous ssDNA, inhibits annealing but the human
RPA–ssDNA complex does not. Finally, we present a model for
the early steps of the repair of double-strand DNA breaks in
yeast.
In the yeast Saccharomyces cerevisiae, homologous recombination typically initiates at double-strand DNA breaks (DSBs).
At an early step of meiosis, DSBs are introduced at specific loci
in the chromosome; these breaks serves as sites for initiation
of recombination, and loci with a high frequency of DSBs are
recombination hot spots (1–4). In addition to its intimate
association with the meiotic process, homologous recombination is responsible for the repair of DSBs that are introduced
by DNA alkylating reagents, ionizing-radiation, and specific
endonucleases (5, 6). A group of genes, referred to as the
RAD52 epistasis group, are involved in both homologous
recombination and the repair of DSBs (7, 8). Analyses of
mutants within this group of genes showed that the RAD52
gene is critically important for both recombination and resistance to x-rays (9–11). Although the RAD52 gene does not
show any obvious homology to the known recombination
proteins of Escherichia coli, it is conserved in yeast, human,
and mice (12, 13), suggesting that the Rad52 protein is unique
to eukaryotic organisms. Purified Rad52 protein binds both
single-stranded DNA (ssDNA) and double-stranded DNA
(dsDNA) and can anneal complementary ssDNA oligonucle-

Abbreviations: dsDNA, double-stranded DNA; ssDNA, singlestranded DNA; SSB, single-stranded DNA binding protein; RPA,
replication protein A; DAPI, 49,6-diamidino-2-phenylindole; DSB,
double-strand break; hRPA, human RPA; yRPA, yeast RPA.
*To whom reprint requests should be addressed at: Section of Microbiology, Hutchison Hall, University of California, Davis, CA 956168665. e-mail: SCKOWALCZYKOWSKI@UCDAVIS.EDU.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.
© 1998 by The National Academy of Sciences 0027-8424y98y956049-6$2.00y0
PNAS is available online at http:yywww.pnas.org.

6049

6050

Biochemistry: Sugiyama et al.

occurs by a ssDNA annealing mechanism, and have implications for the role of Rad52 protein in other recombination
processes.

METHODS
Proteins. The three subunits of RPA, cloned on three
separate plasmids (provided by R. Kolodner, University of
California, San Diego), were coinduced in yeast and the RPA
heterotrimer was prepared as described (39). The Rad52
protein, which was translated from the third start codon in the
originally reported ORF (40), was purified as described (17).
E. coli SSB protein was expressed and purified as described
(41, 42). The concentrations of RPA, Rad52 protein, and SSB
protein were determined by using extinction coefficients of
8.8 3 104, 2.4 3 104, and 3.0 3 104 M21zcm21 at 280 nm,
respectively. Recombinant hRPA (43), which was expressed
and purified from E. coli, was provided by M. Wold (University
of Iowa, Iowa City, IA).
DNA. Two complementar y 48-mer oligonucleotides,
oligo-25 (59-GCAATTAAGCTCTAAGCCATCCGCAAAAATGACCTCTTATCAAAAGGA) and oligo-26 (59-TCCTTTTGATAAGAGGTCATTTTTGCGGATGGCTTAGAGCTTAATTGC), were purchased from Operon and purified by electrophoresis using 10% polyacrylamide gels
containing 8 M urea. Plasmid pBluescriptSK1 (Stratagene)
was linearized by digestion with ScaI and denatured by incubation at 95°C for 4 min and then quickly chilled on ice.
Poly(dT) and poly(dA) were purchased from Pharmacia. The
nucleotide concentrations of oligo-25, oligo-26, poly(dT), and
poly(dA) were measured by using extinction coefficients of
1.0 3 104, 9.6 3 103, 7.3 3 103, and 8.6 3 103 M21zcm21 at 260
nm, respectively. Plasmid DNA concentration was measured
before denaturation by using an extinction coefficient of 6.5 3
103 M21zcm21 at 260 nm. Plasmid DNA was prepared and
manipulated as described (44). DNA was stored in 10 mM
TriszHCl, pH 7.5y1 mM EDTA (TE buffer). All DNA concentrations are expressed as mol of nucleotide. 32P-labeled
oligo-26 was produced with T4 polynucleotide kinase (New
England Biolabs).
DNA Annealing. Annealing of DNA was continuously monitored as follows: the indicated amounts of DNA and protein
were added in the order given to a cuvette containing 400 ml
of 0.2 mM 49,6-diamidino-2-phenylindole (DAPI; Molecular
Probes), 30 mM Tris acetate (pH 7.5), 5 mM magnesium
acetate, and 1 mM DTT, kept at 30°C. The stock concentration
of DAPI was measured by using an extinction coefficient of
3.3 3 104 M21zcm21 at 345 nm. The binding of DAPI to
dsDNA increased the fluorescence of DAPI, which was monitored with an SLM8000 spectrofluorimeter set to excitation
and emission wavelengths of 345 and 467 nm, respectively. The
slit widths for excitation and emission light were 1 and 4 mm,
respectively. At this concentration of DAPI, the fluorescence
was proportional to dsDNA concentration up to 10 mM.
Annealing of 32P-labeled oligo-26 and unlabeled oligo-25
was performed under the same conditions as for fluorimetric
analysis. At the times indicated, 2 ml of reaction mixture were
treated by addition of 2.5 ml of stop buffer containing 6.4 mM
unlabeled oligo-26, 0.67% SDS, proteinase K (0.96 mgyml),
and 33 mM EDTA for 15 min at 30°C. For the zero-time
sample, proteins and DNA were mixed in the stop buffer.
Radioactive products were separated by PAGE on 10% gels in
40 mM Tris acetate, pH 8.1y2 mM EDTA and were both
visualized and quantified with a Molecular Dynamics Storm
840 phospho-imager with IMAGE-QUANT software.

RESULTS
Annealing of Complementary Oligonucleotides Can Be
Monitored Fluorimetrically. Mortensen et al. (14) reported
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that Rad52 protein promotes annealing of oligonucleotides in
vitro. To facilitate real-time and quantitative analysis of DNA
annealing by Rad52 protein, we used a fluorescent dsDNAbinding dye, DAPI, to monitor dsDNA formation (Fig. 1A).
The fluorescence of DAPI is enhanced by its specific binding
to the minor groove of dsDNA (45, 46); therefore, formation
of dsDNA from complementary ssDNA produces a corresponding increase in DAPI fluorescence (Fig. 1 A and B). This
dye has been used to follow, in real-time, the enzymatic
unwinding of dsDNA by E. coli RecBCD enzyme (47) and
dsDNA-binding by E. coli RecA protein (48).
When a 48-mer oligonucleotide (oligo-25; 200 nM) and its
complement (oligo-26; 200 nM) were mixed without protein,
the fluorescence increased slowly (Fig. 1B, trace wyo protein),
showing that these oligonucleotides spontaneously annealed
under these conditions. When oligo-26 was added to a preincubated mixture of oligo-25 and 20 nM of Rad52 protein (Fig.
1B, trace Rad52), the DAPI fluorescence increased significantly faster than in the absence of Rad52 protein. In this case,
the plateau of fluorescence indicates that approximately 85%
of the DNA was annealed in 1 min. No significant fluorescence
change was observed when the two oligonucleotides were not
complementary; in addition, oligo-25, oligo-26, or Rad52
protein alone did not cause a significant increase in DAPI
fluorescence (data not shown). Therefore, we conclude that
the increase in fluorescence shown in Fig. 1B measures DNA
annealing between oligo-25 and oligo-26 and that Rad52
protein accelerates this process. These results are consistent
with a previous report (14), showing that Rad52 protein can
promote annealing between complementary oligonucleotides;
furthermore, kinetic analyses confirmed that the reaction is
second order in ssDNA concentration (data not shown).
Rad52 Protein Can Mediate the Annealing of RPA–
Oligonucleotide Complexes. In the presence of RPA (30 nM),
the sequential addition of oligo-25 and oligo-26 to reaction
buffer did not show a significant change in fluorescence (Fig.
1B, trace RPA), indicating that RPA inhibited spontaneous
annealing of the oligonucleotides. This inhibition is likely the
result of a stable ssDNA–RPA complex (39), and not from
RPA-mediated displacement of DAPI from dsDNA, because
addition of RPA to dsDNA resulted in no fluorescence change
(data not shown). In contrast, when Rad52 protein was added
to the complementary oligonucleotide–RPA complexes (Fig.
1B, trace RPA and Rad52), DAPI fluorescence rapidly increased, showing that Rad52 protein can promote DNA
annealing even when the DNA was previously coated with
RPA. Moreover, Fig. 1B also shows that the annealing rate of
the RPA-coated DNA by Rad52 protein was significantly
higher than the rate of spontaneous annealing but lower than
that of free DNA with Rad52 protein; the relative stimulatory
effect of Rad52 protein in experiments with RPA versus its
absence may be comparable, but because we cannot measure
a reliable rate for annealing in the presence of RPA, quantitative comparison is not possible.
To confirm the fluorescence results, we performed the same
reactions shown in Fig. 1B, using 32P-labeled oligo-26 and
unlabeled oligo-25 and analyzing the labeled annealing products by PAGE (Fig. 1 D–G). Quantitative analyses of these gels
(Fig. 1C) show that the results from the fluorescence assay
generally parallel the gel electrophoresis assay except for the
slightly higher yield observed with RPA.
Because annealing of oligonucleotides can occur spontaneously and both Rad52 protein and RPA can bind ssDNA, the
rate of annealing in the presence of these proteins might be
elevated simply due to an increased local concentration of
oligonucleotide resulting from aggregation of the protein–
DNA complexes. To eliminate this possibility, we centrifuged
the reactions shown in Fig. 1 D–G at 13,000 3 g for 15 min to
remove any protein–DNA aggregate, but little radioactivity
was precipitated, and it was independent of the extent of
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FIG. 1. Rad52 protein-mediated annealing of oligonucleotides. (A) Schematic illustration of the fluorescent annealing assay. DAPI does not
bind to ssDNA but binds to dsDNA produced by annealing, resulting in an enhancement of DAPI fluorescence. (B) The 48-mer oligonucleotide
(oligo-25; 200 nM) and a complementary oligonucleotide (oligo-26; 200 nM) were incubated in 400 ml of reaction buffer containing 0.2 mM DAPI
without protein or in the presence of Rad52 protein, RPA, or both RPA and Rad52 protein. Reactions were started by addition of oligo-26, except
in the experiment containing both proteins, which was started by addition of Rad52 protein to preformed RPA–oligonucleotides complexes. The
final concentrations of Rad52 protein and RPA were 20 nM and 30 nM, respectively. The fluorescence of DAPI was continuously monitored, and
the extent of annealing is expressed as a percentage of dsDNA formed, based on the DAPI fluorescence. (C–G) The same reactions as in B were
performed with 32P-labeled oligo-26 and unlabeled oligo-25, and the products were analyzed by PAGE (D–G). (C) Percentages of DNA annealing
that are calculated based on radioactivity of bands in D (E), E (F), F (h), and G (‚).

annealing (data not shown). This suggests that aggregation is
not responsible for the stimulation of annealing mediated by
Rad52 protein.
RPA Stimulates Annealing by Eliminating Secondary
Structure within ssDNA. We next examined Rad52 proteinmediated annealing of longer DNA. Fig. 2 shows the results of
annealing experiments using linear heat-denatured plasmid
dsDNA (length 5 2,961 bp). Unexpectedly, Rad52 protein
alone failed to promote the annealing of the denatured
plasmid DNA (Fig. 2B, trace Rad52). This result is in striking
contrast to the annealing of oligonucleotides (Fig. 1), which
Rad52 protein promoted quite efficiently.
When Rad52 protein was added to a preincubated complex
of RPA and denatured DNA (Fig. 2B, trace RPA 3 Rad52),
85% of the DNA annealed quite efficiently. This result again
shows that the ssDNA–RPA complex is a good substrate for
Rad52 protein-mediated annealing. Furthermore, in contrast
to the annealing of oligonucleotides, RPA greatly stimulates
the Rad52 protein-dependent annealing of heat-denatured
plasmid DNA. However, when RPA was added about 10 min
after the addition of Rad52 protein to the DNA (Fig. 2B, trace
Rad52 3 RPA), annealing was not stimulated. Thus, RPA
supports the Rad52 protein-mediated annealing of this longer
DNA only when it is first complexed with ssDNA, demonstrating that the RPA–ssDNA complex, itself, is the target for
Rad52 protein action.
An RPA titration of the reaction (Fig. 2C) shows that the
optimal amount of RPA needed to stimulate the reaction is
approximately 30 nM, which corresponds to a ratio of 26–27

nucleotides of ssDNA per RPA heterotrimer. Because this
ratio is, within experimental error, the same as the ssDNA
binding stoichiometry of our RPA preparation (T.S. and
S.C.K., unpublished observations), the optimal substrate for
Rad52 protein-mediated annealing appears to be ssDNA that
is completely covered with RPA. Irrespective of the rate at
which annealing occurred, each reaction in Fig. 2C produced
a similar amount of dsDNA product (80–85%; data not
shown). Fig. 2C also shows that excess RPA inhibits annealing.
This inhibition might result from the binding and sequestration
of Rad52 protein by the excess free RPA, a possibility that is
examined below. A titration of the reaction with Rad52 protein
at the optimal RPA concentration shows that the optimal
Rad52 protein concentration is between 20 and 30 nM (Fig.
2D). Because this optimum is close to that of RPA (30 nM),
protein–protein interactions between Rad52 protein and RPA
may mediate annealing. The reason for the inhibition by excess
Rad52 protein is not clear.
An obvious difference between the short oligonucleotide
and the plasmid-sized ssDNA substrates is that the longer
ssDNA has relatively stable secondary structure that could
interfere with efficient annealing. RPA might stimulate Rad52
protein-mediated DNA annealing by eliminating this DNA
secondary structure. To test this possibility, we examined
annealing of poly(dT) and poly(dA) (Fig. 3), substrates that are
325 nt long on average but are devoid of secondary structure.
Though these substrates anneal spontaneously at a significant
rate, Rad52 protein permits a more efficient reaction; also, as
before, RPA alone completely inhibits annealing. As pre-
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FIG. 2. RPA is needed for Rad52 protein-mediated annealing of
heat-denatured plasmid DNA. (A) A schematic illustration for the
annealing of linear heat-denatured plasmid DNA. (B) RPA (65 nM)
and Rad52 protein (30 nM) were added to linear heat-denatured
pBluescriptSK1 dsDNA (800 nM) in the indicated order, and annealing was monitored fluorimetrically. Two curves, Rad52 and Rad52 3
RPA, are overlaid. The contribution of DNA secondary structure was
subtracted. No significant spontaneous annealing occurred in the
absence of protein (data not shown). The effect of RPA concentration
(C) was examined under the same conditions used in B, and the effect
of Rad52 protein concentration (D) was examined under the same
conditions, except that RPA concentration was 30 nM. Relative
annealing initial rates were determined from the slopes of the fluorescence–time curves.

dicted, RPA did not stimulate Rad52 protein-mediated annealing of these DNA substrates. This finding indicates that
one role of RPA in Rad52 protein-mediated annealing is to
eliminate secondary structure within native ssDNA.
Rad52 Protein-Mediated Annealing of RPA–ssDNA Complexes Is Species-Specific. Because previous studies suggested
a direct protein–protein interaction between Rad52 protein
and RPA in both the yeast and human systems (33, 35), we
wished to determine whether species specificity is manifest in
the DNA annealing reaction. For this reason, E. coli SSB
protein and hRPA were tested in the Rad52 proteindependent annealing reaction (Fig. 4A). Interestingly, Rad52
protein did not anneal DNA that was complexed with either E.
coli SSB protein or hRPA. Only yRPA could support efficient
DNA annealing by yeast Rad52 protein. The same species
specificity was also observed in the annealing of oligonucleotides (data not shown) and of poly(dA) and poly(dT) (Fig. 3,
traces hRPA and hRPA1Rad52). In Fig. 4A, each singlestranded DNA binding protein was present at a concentration
approximately 1.5-fold higher than that required to cover all
DNA molecules based on site sizes of E. coli SSB protein [16
nt per monomer (49, 50)], hRPA [30 nt per heterotrimer (51)],
and yRPA (20 nt per heterotrimer (37); T.S. and S.C.K.,
unpublished results). Because our RPA preparation shows a
smaller site size than that of hRPA, we used more yRPA than
hRPA in Fig. 4A. However, the lack of stimulation was
independent of hRPA concentration (data not shown).
To eliminate the possibility that the inhibition of annealing
by hRPA was nonspecific and also to further define the
significance of the RPA–Rad52 protein interaction, we examined the effect of complexes of RPA and nonhomologous
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FIG. 3. Rad52 protein-mediated annealing of poly(dT) and
poly(dA) is essentially unaffected by RPA. Annealing was performed
with poly(dT) (400 nM) and poly(dA) (400 nM) and Rad52 protein (25
nM) in either the presence or absence of yRPA (65 nM) or hRPA (40
nM). The Rad52 protein-mediated reaction with each RPA (traces
RPA1Rad52 and hRPA1Rad52) was started by addition of Rad52
protein to preincubated RPA–DNA complexes. Reactions with only
RPA (traces RPA and hRPA), with only Rad52 protein (trace Rad52)
and without protein (trace Spontaneous) were started by addition of
poly(dT) to a preincubated (30 sec) mixture of the other components.

ssDNA on the annealing reaction (Fig. 4B). Various amounts
of RPA or hRPA were preincubated with a stoichiometric
amount of poly(dT) and then added to an annealing reaction
at the same time as Rad52 protein. The yRPA–poly(dT)
complex inhibited the rate of annealing in a concentrationdependent manner, suggesting that the yRPA–poly(dT) complex sequesters the Rad52 protein. On the other hand, the
hRPA–poly(dT) complex showed only slight inhibition. These
results support the idea that a direct RPA–Rad52 protein
interaction is involved in the annealing of RPA-coated ssDNA
by Rad52 protein.

DISCUSSION
Rad52 protein was previously shown to catalyze the annealing
of two complementary oligonucleotides (14). Herein we report
the effect of RPA and other ssDNA binding proteins on the
Rad52 protein-mediated annealing of complementary oligonucleotides (Fig. 1), heat-denatured plasmid DNA (Fig. 2),
and poly(dT) and poly(dA) (Fig. 3). Direct monitoring of DNA
annealing by the dsDNA-specific fluorescent dye DAPI provides some substantial advantages in the study of this process.
This method measures annealing in real time and eliminates
the possible artifacts of assays, such as gel electrophoresis, in
which samples are deproteinized, thereby potentially permitting spontaneous annealing in the absence of protein. For
annealing of oligonucleotides, the fluorimetric assay and the
gel assay showed parallel results (Fig. 1 B and C). However, in
each case, the gel assay shows a slightly higher annealing rate
than that of the fluorimetric assay. In addition, there is an
apparent difference in results of the two assays performed in
the presence of RPA alone: the gel assay shows a substantial
amount of dsDNA product (approximately 30%), whereas the
fluorimetric assay shows no significant annealing (compare the
RPA curves in Fig. 1 B and C). We believe that this difference
is caused by spontaneous annealing in the stop buffer used for
the gel assay and not by limitations of the fluorimetric assay.
For the RPA-only experiments, we presume that within the
RPA–oligonucleotide complex, a region of several nucleotides
is free to anneal. After deproteinization, the partially paired
DNA can fully anneal to make complete dsDNA product;
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FIG. 4. Neither E. coli SSB protein nor hRPA can substitute for
yRPA. (A) Annealing experiments were performed with linear heatdenatured pBluescriptSK1 plasmid DNA (1.6 mM) preincubated with
80 nM hRPA, 150 nM E. coli SSB protein, or 120 nM yRPA. Each
ssDNA binding protein was preincubated with the ssDNA for 2.5 min,
and the reaction was started by addition of Rad52 protein (20 nM). (B)
The yRPA–ssDNA complex can sequester Rad52 protein. Heatdenatured pBluescriptSK1 plasmid DNA (0.8 mM) was preincubated
with yRPA (65 nM). Annealing reactions were started by the simultaneous addition of Rad52 protein (20 nM) and various amounts of
competitor. The competitor was either yRPA or hRPA that had been
preincubated with a stoichiometric amount of poly(dT) for 3 min at
30°C. The rates of annealing, which were calculated from the slopes of
fluorescence–time curves at approximately 100 sec after Rad52 protein addition, are expressed as relative values. The concentrations of
the competitors are expressed in RPA concentration.

ssDNA is not deproteinized in the fluorescence method and,
consequently, this assay is not prone to such an artifact.
Our results indicate that RPA, which has a strong ssDNA
binding activity, is inhibitory to spontaneous DNA annealing.
In the presence of Rad52 protein, however, annealing of all
RPA–ssDNA complexes occurs. Interestingly, the effect of
RPA on the efficiency of annealing is dramatically different
depending on the DNA substrate. RPA reduces the rate of
annealing of short oligonucleotides but is required for the
Rad52 protein-mediated annealing of plasmid-length DNA; in
contrast, annealing of poly(dT) and poly(dA) is hardly affected
by RPA (Fig. 3). These results indicate that one role of RPA
is to eliminate the secondary structure of ssDNA. Additionally,
because Rad52 protein can promote the annealing of fortuitous regions of intramolecular complementarity that interfere
with extended dsDNA formation, RPA permits extensive
dsDNA formation by disrupting such weak intramolecular
annealing. Our result also shows that hRPA, which is approximately 45% similar to yRPA in amino acid sequence, cannot
support DNA annealing mediated by the yeast Rad52 protein
(Fig. 4A). The species specificity of this reaction suggests a
second role for RPA requiring an RPA–Rad52 protein interaction. This idea is confirmed by the observation that the
reaction is inhibited by excess RPA (Fig. 2C) and by the
RPA–poly(dT) complex (Fig. 4B). Furthermore, the Rad52
protein-mediated stimulation of DNA strand exchange by
Rad51 protein also requires a species-specific interaction with
RPA (17, 18) These collective observations suggest that the
Rad52 protein-mediated annealing of ssDNA is biologically
important.
RPA also affects the functions of another recombination
protein, Rad51 protein. RPA stimulates the DNA strand
exchange and ssDNA-dependent ATPase activities of Rad51
protein (36, 37). Therefore, RPA can stimulate the activities of
both Rad51 and Rad52 proteins. In both cases, a primary role
of RPA is to eliminate secondary structure within ssDNA.
With Rad51 protein, RPA helps to produce a contiguous
Rad51 protein–ssDNA presynaptic filament; specific heterologous protein–protein interactions are not required for this
activity. Indeed, E. coli SSB protein can substitute for RPA in
this reaction (37). Furthermore, stimulation of enzymatic
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activity is more effective when RPA is added after an initial
Rad51 protein–ssDNA complex has been formed (37). In
contrast, with Rad52 protein, a specific protein–protein interaction with RPA is required for stimulation of ssDNA annealing (Figs. 3 and 4); other ssDNA binding proteins cannot
substitute for RPA. In addition, stimulation occurs only when
Rad52 protein is introduced to RPA–ssDNA complex. Therefore, our results argue that the effects of RPA on Rad51
protein are mediated primarily through interaction of RPA
with ssDNA whereas for Rad52 protein, RPA acts through
both ssDNA- and protein–protein interactions. These differences suggest alternative mechanisms for the RPA-mediated
stimulation of Rad51 protein function versus Rad52 protein
function, and they highlight the multiple roles of RPA in
genetic recombination, as well as in other cellular processes.
At meiosis, 59-end-specific resection of DSBs produces 39
ssDNA tails (52). Several lines of evidence indicate that this
ssDNA is acted upon by RPA, Rad51, Rad52, Rad55, and
Rad57 proteins as an early step of homologous recombination
(16–18, 36, 37, 53–55). On the basis of the results in this and
recent papers, we present a model for the repair of the resected
DSBs (Fig. 5A). First, RPA, a protein that is abundant in the
yeast cell, binds the ssDNA produced by resection. Although
resection is likely to be concurrent with assembly of the
recombination apparatus, RPA plays an essential early step
because assembly of the recombination proteins is typically
kinetically slower than the binding of a ssDNA binding protein;
also, because physical analysis demonstrates that these ssDNA
tails are approximately 1 kb long, RPA will be needed to
prevent formation of intramolecular ssDNA secondary structure, which is inhibitory to both Rad51 and Rad52 protein
function. This RPA–ssDNA complex undergoes one of two
alternative fates. One fate is replacement of RPA by Rad51
protein, aided by Rad52 and Rad55–Rad57 proteins (16–18,
53), to produce a contiguous Rad51 protein–ssDNA filament
(Fig. 5A, left pathway). This Rad51 protein–ssDNA complex

FIG. 5. Model for the repair of DSBs by yeast recombination
proteins. (A) There are two biochemical pathways of recombination:
in both pathways, RPA binds the 39 ssDNA tail produced by resection
of the DSB. In the first (leftward arrow), in the presence of Rad52
protein andyor the Rad55–Rad57 protein complex, Rad51 protein
displaces the RPA to form the presynaptic filament needed for
homologous pairing and DNA strand exchange. In the alternative
pathway (rightward arrow), Rad52 protein anneals the RPA–ssDNA
complex with complementary ssDNA provided (presumably) by the
other end of DSB. (B) The mechanism of Rad52 protein-mediated
annealing of ssDNA. RPA eliminates the secondary structure within
ssDNA (a), and Rad52 protein interacts with the RPA bound to the
ssDNA (b) and mediates annealing (c and d).
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would then invade homologous dsDNA to produce homologously paired joint molecules with the associated exchange of
DNA strands (36, 37, 54, 55). An alternative fate is the
annealing of the RPA–ssDNA complex to complementary
ssDNA by Rad52 protein (Fig. 5A, right pathway). In this
process, as we showed in this article, Rad52 protein interacts
with RPA via protein–protein interaction (Fig. 5B). Interestingly, Rad52 protein, as well as RPA, is required for both these
processes. This coincides with the fact that RAD52 function is
required for most homologous recombination in S. cerevisiae.
Genetic analyses in S. cerevisiae show that one of the
mechanisms for homologous recombination between directrepeat sequences involves ssDNA annealing (56–59). A particular rfa1 mutant strain, rfa1-D228Y, shows elevated frequencies of direct-repeat recombination that appear to result from
a reduced cellular concentration of RPA (34). This genetic
finding can be explained by our in vitro observations that excess
RPA inhibits Rad52 protein-mediated ssDNA annealing and
that, at all concentrations, RPA inhibits spontaneous ssDNA
annealing in the absence of Rad52 protein. Thus, a lower RPA
concentration could increase recombination between directrepeat sequences, a view that was espoused earlier (J. Smith
and R. Rothstein, personal communication).
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