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The RFAI gene encodes the large subunit of the yeast trimeric single-stranded DNA binding protein
replication protein A (RPA), which is known to play a critical role in DNA replication. A Saccharomyces
cerevisiae strain carrying the rfal-44 allele displays a number of impaired recombination and repair pheno-
types, all of which are suppressible by overexpression of RAD52. We demonstrate that a rad52 mutation is
epistatic to the rfal-44 mutation, placing RFAI and RADS52 in the same genetic pathway. Furthermore,
two-hybrid analysis indicates the existence of interactions between Rad52 and all three subunits of RPA. The
nature of this Rad52-RPA interaction was further explored by using two different mutant alleles of rad52. Both
mutations lie in the amino terminus of Rad52, a region previously defined as being responsible for its DNA
binding ability (U. H. Mortenson, C. Beudixen, I. Sunjeuaric, and R. Rothstein, Proc. Natl. Acad. Sci. USA
93:10729-10734, 1996). The yeast two-hybrid system was used to monitor the protein-protein interactions of the
mutant Rad52 proteins. Both of the mutant proteins are capable of self-interaction but are unable to interact
with Rad51. The mutant proteins also lack the ability to interact with the large subunit of RPA, Rfal.
Interestingly, they retain their ability to interact with the medium-sized subunit, Rfa2. Given the location of the
mutations in the DNA binding domain of Rad52, a model incorporating the role of DNA in the protein-protein

interactions involved in the repair of DNA double-strand breaks is presented.

The yeast single-stranded DNA binding protein replication
protein A (RPA) is a multisubunit complex containing three
polypeptides of 70, 30, and 14 kDa. This heterotrimeric struc-
ture is conserved across all eukaryotic species where the pro-
tein is found. In Saccharomyces cerevisiae, deletion of any one
of the three subunits is lethal (3), a reflection of the critical role
the protein complex plays in DNA replication. RPA’s role in
yeast is not limited to replication, however; it participates in
repair and recombination as well. RPA’s involvement in yeast
recombination is revealed in biochemical studies of Rad51,
which show that RPA is required for the Rad51-catalyzed
formation of both joint molecules and fully exchanged prod-
ucts from single-stranded circular DNA and linear double-
stranded DNA with an overhanging complementary end (31,
38, 39).

Genetic analysis of yeast has underscored the importance of
RPA in recombination, as mutations in the gene RFAI, encod-
ing the large (70-kDa) subunit, affect recombination ability (8,
24, 37). One of these mutations, the rfal-44 allele, results in a
390-fold reduction in a recombination assay that is based on
the recombinational repair of HO-endonuclease-induced dou-
ble-stranded breaks (DSBs) (8). In fact, the rfal-44 mutant
strain is approximately as deficient in its ability to repair a

* Corresponding author. Mailing address: Beckman Center B062,
Stanford University School of Medicine, Stanford, CA 94305. Phone:
(650) 723-6150. Fax: (650) 725-4951. E-mail: pberg@cmgm.stanford
.edu.

T Present address: Longworth House Office Building, Washington,
D.C. 20515.

% Present address: Firmenich, Inc., Plainsboro, N.J. 08536.

§ Present address: University of Washington School of Medicine,
Seattle, Washington.

| Present address: University of Pennsylvania School of Medicine,
Philadelphia, PA 19104.

4400

DSB—whether induced by the action of HO endonuclease or
by exposure to X rays—as the rad55 and rad57 mutants tested
(8, 13, 14). A further indication of the reduced recombina-
tional activity of the rfal-44 mutant is the 25-fold reduction in
the sporulation efficiency and spore viability of the strain com-
pared to those of the wild type (8). The rfal-44 mutant shows
moderate UV radiation sensitivity as well (8).

Interestingly, this mutation does not appear to have an effect
on DNA replication, as the [*HJuracil incorporation and
growth rates of the rfal-44 mutant and wild-type strains are not
substantially different (data not shown). Accordingly, we have
previously suggested that the rfal-44 mutation is a separation-
of-function allele (8).

Earlier evidence stemming from the experiments on the
recombination and repair defects of the rfal-44 mutant indi-
cated the possibility of an interaction between RFAI and
RADS2. First, the rfal-44 mutant’s recombination and repair
defects are suppressible by dose-dependent overexpression of
RADS?2 (8), indicative of a genetic interaction between RADS52
and RFAI. In addition, an allele-specific genetic interaction
between rfal-44 and one of the rad52 mutants in our collection
was observed. Briefly, a diploid strain carrying both the rfal-44
and rad52-34 mutations (as well as the corresponding wild-type
copies of the genes) is only partially complemented with re-
spect to X-ray survival (8). Diploids carrying both the rfal-44
mutation and any of the other rad52 mutations in our collec-
tion show the expected full complementation (7, 8). Given
these genetic interactions, we surmised that the RPA and
Rad52 proteins might interact physically as well. Such a direct
interaction between the mammalian forms of Rad52 and RPA
has been demonstrated (32).

A number of proteins involved in yeast DSB repair appear to
function as a complex (4, 14, 17, 18, 25, 27, 36) that has been
dubbed a “recombinosome” (8). Relying on earlier successes in
which interactions between Rad52 and Rad51 were detected
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TABLE 1. Yeast strains used in this study

Origin or

Strain® source Genotype
YME2” 5 MATa ade2-Al his3-A187 leu2-Al ura3-52
YAF44 8 rfal-44; isogenic to YME2
YAF5 8 rad52-34; isogenic to YME2
YAF22 8 rad52-38; isogenic to YME2
YAF100  This study  rfal-44 rad52-38; isogenic to YME2
Y190 11 MATa ade2-101 his3-A200 leu2-3,112

ura3-52 lys2-801 trp1-901 tyr1-501 can®
galdA gal80A cyh® URA3:GAL-lacZ
LYS2:GAL-HIS3

“ All strains are heterothallic.
?YME2 is a derivative of strain S288C.

by using the yeast two-hybrid system (6), we used the same
approach to search for interactions between Rad52 and the
individual subunits of RPA. Additionally, we used the same
assay to examine interactions between two Rad52 mutant pro-
teins, Rad52-34 and Rad52-38 (8), each of whose mutations
reside in the region believed to be responsible for Rad52’s
DNA binding activity (28). Our results indicate that these
mutations affect the ability of Rad52 to interact with Rad51
and Rfal but do not affect the interaction with Rfa2. We
suggest a model in which DNA binding plays a role in facili-
tating the protein interactions that define the putative recom-
binosome.

MATERIALS AND METHODS

Yeast strains and media. Yeast strains used in this study are listed in Table 1.
Strains YAF5 and YAF22 (8) were the respective sources of the rad52-34 and
rad52-38 mutations. Cells were grown according to standard techniques (35), and
YPD plates were routinely supplemented with 40 wg of adenine/ml.

Plasmids. Plasmids used for two-hybrid analysis in this study are listed in Table
2. Plasmid pCAD-1 (33) was used to create the carboxy-terminal fusions of Rfal
and Rad52 to the amino-terminal end of the Gal4 activation domain. Plasmids
pSLH128 and pSLH129 are rad52-34 and rad52-38 derivatives, respectively, of
pSLH127 (14), which contains a Rad52-Gal4 DNA binding domain fusion. Plas-
mids pSLH217, pSLH218, and pSLH219 contain the corresponding Gal4 acti-
vation domain fusions. Other two-hybrid plasmids are described in reference 14.
PAF50 is a YCplac33 (9)-derived plasmid carrying an EcoRI-Sall segment con-
taining the RAD52 coding and promoter sequences (8). More detailed descrip-
tions of plasmid constructs are available upon request.
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Cloning of the rad52-34 and rad52-38 alleles. Genomic DNA from strains
YAF5 (rad52-34) and YAF22 (rad52-38) was digested with EcoRI and Sall
restriction endonucleases, which cut in the sequences flanking the RADS52 coding
and regulatory regions. The DNA from these reactions was subsequently di-
gested with Xbal, Xhol, EcoRV, HindIll, Stul, and Pvul endonucleases, none of
which cuts within the RAD52 EcoRI-Sall fragment. The digested DNA was
electrophoresed on a 0.8% agarose gel; bands ranging from 3.0 to 3.4 kbp of
DNA, the approximate size of the RAD52 EcoRI-Sall fragment, were excised,
and the DNA was isolated from these gel fragments. This DNA was then ligated
to EcoRI-Sall-restricted YCplacl11 (9) and transformed into Escherichia coli
DH5a. Colonies containing a plasmid bearing the ~3.2-kbp RADS52 fragment
were identified by using a colony lift assay (34); hybridization with a 3?P-labeled
RADS?2 probe (EcoRI-Sall fragment) was employed to detect plasmids contain-
ing RADS52 coding sequences. Plasmid DNA from positively hybridizing colonies
was prepared and subjected to restriction analysis to validate the presence of the
RADS52 coding sequence. Plasmids yielding appropriate restriction patterns were
used in domain swap experiments (see below) and for creating the mutant rad52
two-hybrid fusions.

Determination of the location of the rad52-34 and rad52-38 mutations. DNA
from the plasmids described above, which carry the EcoRI-Sall fragment corre-
sponding to RAD52 DNA, were digested with Agel and BamHI, or BamHI and
Miul, endonucleases, effectively dividing the mutant rad52 coding sequence into
two fragments. These fragments were used to replace the same fragments on
PAF50, resulting in a swap between DNA from the mutant alleles and the
wild-type allele carried on pAF50. These plasmids were used to transform rad52
mutant strains to determine whether complementation of the mutant’s X-ray
sensitivity occurred. Failure of a plasmid to complement the rad52 mutant was
taken to indicate that the mutation resided in the “swapped” region. Regions
believed to contain a mutation were transferred to pBluescript (Stratagene) for
DNA sequencing (done at the Protein and Nucleic Acid Facility, Center for
Molecular and Genetic Medicine, Stanford University, Stanford, Calif.).

Two-hybrid analysis. Two-hybrid analysis was performed as previously de-
scribed (14).

RESULTS

RFAI is a member of the RAD52 epistasis group. To deter-
mine if RFAI is a new member of the RAD5?2 epistasis group,
classical genetic epistasis analysis was performed by monitor-
ing X-ray survival in strains with the rfal-44 mutation, the
rad52-38 mutation, or both. Figure 1 shows the rfal-44 mu-
tant’s moderate sensitivity to X rays and the rad52-38 mutant’s
substantially greater sensitivity. The double mutant is no more
sensitive to X rays than the rad52 single mutant, indicating that
the rad52 and rfal mutations affect the same pathway.

Rad52 and Rfal proteins interact in vivo. Given the genetic
evidence indicating an interaction between RFAI and RADS52
(8), it seemed likely that the Rad52 and Rfal proteins could be
interacting physically as well. Nevertheless, initial two-hybrid
analysis failed to detect such an interaction (12, 17). Because

TABLE 2. Two-hybrid plasmids used in this study

Plasmid Source Description

pAS1-CYH2 11 Plasmid used for constructing fusions of proteins via their N termini to the DNA binding
domain (DBD) of the Gal4 protein

pBG4D-1 R. Brazas Plasmid used for constructing fusions of proteins via their C termini to the DBD of the
Gal4 protein

pGAD-GH G. Hannon Plasmid used for constructing fusions of proteins via their N termini to the
transcriptional activation domain (TAD) of the Gal4 protein

pCAD-1 33 Plasmid used for constructing fusions of proteins via their C termini to the TAD of the
Gal4 protein

pSLH99 14 GAL4-RADS51 TAD fusion expression vector made with pGAD-GH

pSLH127 14 RAD52-GAL4 DBD fusion expression vector made with pBG4D

pSLH128 This study rad52-34-GAL4 DBD fusion expression vector made with pBG4D

pSLH129 This study rad52-38-GAL4 DBD fusion expression vector made with pBG4D

pSLH217 This study RAD52-GAL4 TAD fusion expression vector made with pCAD-1

pSLH218 This study rad52-34-GAL4 TAD fusion expression vector made with pCAD-1

pSLH219 This study rad52-38-GAL4 TAD fusion expression vector made with pCAD-1

pSLH106 14 GAL4-RADS5 TAD fusion expression vector made with pGAD-GH

pSLH108 14 GAL4-RAD57 TAD fusion expression vector made with pGAD-GH

pSLH223 This study RFAI-GAL4 DBD fusion expression vector made with pBG4D-1

pRB3 This study RFA2-GAL4 DBD fusion expression vector made with pBG4D-1

pRB5 This study RFA3-GAL4 DBD fusion expression vector made with pBG4D-1
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FIG. 1. Results of X-ray survival studies of strains bearing either the rfal-44 mutation, the rad52-38 mutation, or both.

Rfal might interact with Rad52 via its relatively nonconserved
amino terminus, we suspected that fusion of the Gal4 DNA
binding domain to the amino-terminal end of Rfal might be
blocking its ability to interact with Rad52 and possibly other
proteins.

Accordingly, a new Rfal fusion construct was prepared in
which the Gal4 DNA binding domain was fused to the carboxy
terminus of Rfal, freeing the amino terminus for possible
protein-protein interactions. The two-hybrid assay with this
new construct indicates that Rfal interacts with Rad52 but not
with Rad51, Rad55, or Rad57 (Fig. 2), other members of the
RADS?2 epistasis group known to interact with each other (14,
18). Others have also reported findings regarding the influence
of the nature of the fusion constructs on the ability of proteins
to interact (33). While freeing the amino terminus may account
for the detection of the Rfal-Rad52 interaction, we cannot
discount the possibility that the new construct is active in the
two-hybrid assay simply because it is expressed in greater
amounts, is more stable, or is folded differently than the ami-
no-terminal fusion.

RadS52 also interacts with the medium and small subunits of
RPA. Because Rfal is part of a heterotrimeric protein com-
plex, the two-hybrid assay allowed us to determine if Rad52
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FIG. 2. Results of two-hybrid study of Rfal and either Rad52, Rad51,
Rad55, or Rad57. The error bars represent the standard deviations for at least
three repetitions.

interacts with the other two subunits of RPA: Rfa2 and Rfa3.
Appropriate Gal4 fusions to Rfa2 and Rfa3 were constructed
and assayed in the two-hybrid system for their ability to inter-
act with one another, as well as with Rfal. As expected, the
members of this complex appear to interact with each other in
this assay (data not shown).

Pairing the Rfa2 and Rfa3 fusions with the Gal4 DNA bind-
ing domain in combination with Rad52 fused to the Gal4
transactivation domain indicates that Rad52 interacts not only
with the large subunit of RPA, Rfal, but also with the medium
and small subunits, Rfa2 and Rfa3, respectively (Fig. 3).

In principle, the two-hybrid assay does not allow the conclu-
sion that Rad52 and RPA interact directly; they might appear
to do so because of a shared interaction with a common sub-
strate, such as DNA. Both Rad52 (28) and RPA bind single-
stranded DNA, the latter through Rfal (19, 20, 40). However,
the two-hybrid analysis with the rad52-34 and rad52-38 mutants
(see below), each of which has a mutation in the well-con-
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FIG. 3. Results of two-hybrid analysis to detect Rad52 interactions with
Rfal, Rfa2, and Rfa3. The error bars represent the standard deviations for at
least three repetitions.
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FIG. 4. Results of two-hybrid analysis to detect possible homotypic interac-
tions of Rad52-34, Rad52-38, and wild-type Rad52. The error bars represent the
standard deviations for at least three repetitions.

served DNA binding domain of Rad52 (28), appears to rule
out this possibility.

Isolation of the rad52-34 and rad52-38 alleles. The rad52-34
allele, which exhibits the previously described genetic interac-
tion with the rfal-44 allele (8), was cloned to determine
whether this mutant’s ability to interact with other members of
the RADS2 epistasis group was affected. A second rad52 mu-
tant, rad52-38, chosen at random from our collection, was
examined in parallel. DNA fragments containing the mutant
alleles were retrieved from the genome of yeast bearing the
mutation, and domain swaps of the mutant alleles were per-
formed in order to locate the region of the coding sequence in
which these mutations were located (see Materials and Meth-
ods). DNA sequencing of these regions revealed that the mu-
tations result in single base changes leading to single amino
acid substitutions. The rad52-34 mutation creates a glycine-to-
glutamate change at residue 121; a change from glycine to
aspartate at residue 142 constitutes the rad52-38 mutation.

Interactions between the mutant and wild-type forms of
Rad52. Rad52 is reported to be involved in homotypic inter-
actions (2, 4). We used the yeast two-hybrid system to deter-
mine if the Rad52-34 and Rad52-38 proteins are able to
interact with themselves and with wild-type Rad52. Rad52
self-interaction is clearly evident from the high levels of B-ga-
lactosidase produced in strains carrying fusions of Rad52 to the
Gal4 DNA binding and activation domains (Fig. 4). Further-
more, each of the mutants appears to interact with wild-type
Rad52 as well as with itself. Experiments to determine whether
there is an interaction between the two mutant forms of Rad52
were inconclusive, with the interaction being dependent on the
fusion of the mutant proteins to either the Gal4 activation
domain or the DNA binding domain (data not shown). This
may be the result of differential effects of the two Gal4 do-
mains on each of the mutant Rad52 proteins.

Interactions between the mutant forms of Rad52 and Rad51,
Rfal, Rfa2, and Rfa3. We and others have used two-hybrid
analysis to show that Rad52 interacts with Rad51, and Fig. 2
and 3 indicate that Rad52 interacts with Rfal, Rfa2, and Rfa3.
We next sought to determine if the mutant forms of Rad52,
Rad52-34 and Rad52-38, are able to interact with Rad51 and
with the RPA subunits. In contrast to their self-interaction, the
mutant Rad52 proteins are unable to interact with Rad51 (Fig.
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FIG. 5. Results of two-hybrid analysis for possible interactions between
Rad52-34 and Rad52-38 with Rad51. The error bars represent the standard
deviations for at least three repetitions.

5). Interestingly, the mutant forms of Rad52 also fail to inter-
act with the large subunit of RPA, Rfal, but remain active in
their interaction with Rfa2 (Fig. 6), which has no DNA binding
activity (16). This implies that Rad52 can interact with RPA in
the absence of simultaneous binding to DNA. These results
also suggest that the interaction of Rad52 with Rfal is not
mediated by endogenous Rfa2. Such a “bridging” event has
been noted before, when the bridge protein is overexpressed
(23). In the present case, however, if the endogenous Rfa2
served as a bridge, then the competence of the Rad52-Rfa2
interaction should be sufficient to allow the Rad52-Rfal inter-
action to be detected in our two-hybrid assays. Since the
rad52-34 and rad52-38 mutations appear to eliminate the mu-
tant proteins’ interaction with Rfal but still allow for interac-
tion with Rfa2 (Fig. 6), we regard the bridging explanation as
unlikely. In addition, the fact that the Rad52 mutant proteins
retain their ability to interact with Rfa2, wild-type Rad52, and
themselves makes it unlikely that the mutant proteins are
grossly misfolded and therefore unable to participate in pro-
tein-protein interactions.

Given that the interactions between Rfa3 and the Rad52
mutant proteins are barely at the threshold for positive iden-
tification of an interaction, we cannot determine with any cer-
tainty if the reduced interactions seen between the mutant
forms of Rad52 and Rfa3 are significant. Thus, the question of
whether the mutant forms of Rad52 interact with Rfa3 remains
ambiguous.

Because of the interesting genetic interactions between the
rfal-44 and rad52-34 mutants, we were particularly interested
in studying the corresponding protein fusions in the two-hybrid
system. Accordingly, an rfal-44-GAL4 DNA binding domain
fusion expression vector was constructed. For reasons that are
not clear, the resulting fusion was toxic in the yeast strain used
for our two-hybrid experiments, as indicated by the fact that
yeast carrying the fusion expression vector grew extremely
poorly (data not shown). For this reason, we were unable to
ascertain the existence of interactions by using the Rfal-44
mutant protein in the two-hybrid system.

DISCUSSION

RPA has a well-documented role in DNA replication. Con-
ceivably, its participation in recombination and repair is the
result of its role in DNA synthesis during the replacement of
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least three repetitions.

missing genetic information at the site of a DSB or in the
course of filling the gap at the site of an excised lesion. How-
ever, previous analysis indicated that the rfal-44 mutation does
not result in a dramatic increase in the cell’s doubling time, and
the rate of [*H]uracil incorporation, a more direct measure of
DNA synthesis, is not substantially reduced in a rfa/-44 mutant
strain compared to that in wild-type yeast (data not shown).
These findings suggest that the rfal-44 mutant’s reduced ca-
pacity for recombinational repair of DSBs is not due primarily
to an impairment of DNA synthesis. Thus, the rfal-44 allele
appears to be a true separation-of-function allele which affects
RPA’s role in recombination and repair without dramatically
affecting its role in DNA replication.

What might Rfal’s role in recombination be? Our present
experiments indicate that RAD5?2 is epistatic to RFAI for re-
combinational repair of DSBs (Fig. 1). Furthermore, there is
growing evidence that the proteins encoded by members of the
RADS?2 epistasis group function as a multiprotein complex (4,
14, 17, 18, 25, 27, 36), which may be considered a recombino-
some (8). It seems plausible that the rfal-44 mutant’s inability
to properly interact with one or more members of the recom-
binosome, but particularly with a critical participant, Rad52,
could explain the defect. The region of RFAI in which the
rfal-44 mutation occurs is not highly conserved among species,
perhaps because this protein domain is involved in species-
specific protein-protein interactions integral to recombination
or repair pathways rather than with the more highly conserved
system for DNA replication. For that reason we examined
some of these protein-protein interactions in greater detail.

Our two-hybrid analysis indicates that Rad52 does in fact
interact with Rfal (Fig. 2). Rad52 also interacts with Rfa2 and
Rfa3 (Fig. 3), raising the possibility that Rad52 makes multiple
contacts with the RPA heterotrimer. In contrast, no interac-
tions were detected between Rfal and the other members of
the Rad52 epistasis group tested, Rad51, Rad55, and Rad57
(Fig. 2).

One possibility for the role of the RPA-Rad52 interaction is
that RPA helps to recruit a DNA polymerase to the site of a
DSB via simultaneous interactions with Rad52 and a repair
polymerase. A second possibility, given RPA’s role in Rad51-
mediated strand exchange (31, 38, 39), is that a complex of
Rad51-Rad52 recruits RPA to the site of a DSB or other

recombinogenic lesion in preparation for RPA’s role in the
strand exchange event. Finally, it could be that RPA, alone or
in concert with Rad52, binds the single-stranded overhangs at
the site of a DSB, perhaps protecting the exposed single-
stranded ends from cellular nucleases. Localized to such a site,
RPA, through its interaction with Rad52, might nucleate the
formation of a recombination complex, or recombinosome,
that would carry out DSB repair. Such a role for RPA might be
considered analogous to the role of human RPA in nucleo-
tide excision repair, where RPA interacts with the repair pro-
teins XPA and XPG (15, 21, 22, 26, 30) and this interaction
is necessary both for XPA to bind to damaged DNA and for
the action of the XPG nuclease. In this same system, RPA
also plays a role in the subsequent gap-filling reaction (1, 10,
29).

The inability of the Rad52-34 and Rad52-38 mutants, whose
sequence changes lie in the presumptive DNA binding domain
of Rad52 (28), to interact specifically with Rfal and Rad51
raises the possibility that these interactions require the integ-
rity of the Rad52 DNA binding domain while the interaction
with Rfa2 does not. Thus, association between Rad52 and
DNA might conceivably be necessary for the proper interac-
tion of Rad52 with the Rfal subunit of RPA. Similarly, the
interaction of Rad52 with Rad51, itself in a complex with its
homologs, Rad55 and Rad57, and the Rad54 helicase, might
also be dependent on the DNA binding ability of Rad52. Such
a model, in which Rad52, in concert with RPA, nucleates the
assembly of the recombinosome, is depicted in Fig. 7.

In this model, we suppose that RPA alone binds to single
strands created at a DSB, followed by association with Rad52,
or that a complex of RPA and Rad52 binds at such single-
stranded ends. We surmise that Rad51, along with the Rad54
and the complex of Rad55 and Rad57, then associates through
the interacting domains of Rad51 and Rad52. It is also con-
ceivable that homotypic Rad52 interactions bring the broken
ends in apposition and that the Rad51 positioned at or near
the end promotes strand invasion to initiate the repair process.
Further information about the assembly of the putative re-
combinosome awaits further genetic and biochemical anal-
ysis.
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a)

c)

FIG. 7. A model in which the interaction of Rad52 with DNA occurs via
interaction with all three subunits of RPA, which is bound to single-stranded
DNA. RPA alone binds to single strands created at a DSB followed by associ-
ation with Rad52 (a) or a complex of RPA and Rad52 binds at such single-
stranded ends (b); a subassembly of Rad51 associated with Rad54 and Rad55
and, through Rad55, with Rad57 is presumed to bind to the Rad52-RPA complex
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