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Abstract
Yeast Rad52 (yRad52) has two important functions at homologous DNA recombination

(HR); annealing complementary single-strand DNA (ssDNA) molecules and recruiting

Rad51 recombinase onto ssDNA (recombination mediator activity). Its human homolog

(hRAD52) has a lesser role in HR, and apparently lacks mediator activity. Here we show

that yRad52 can load human Rad51 (hRAD51) onto ssDNA complexed with yeast RPA in
vitro. This is biochemically equivalent to mediator activity because it depends on the C-ter-

minal Rad51-binding region of yRad52 and on functional Rad52-RPA interaction. It has

been reported that the N-terminal two thirds of both yRad52 and hRAD52 is essential for

binding to and annealing ssDNA. Although a second DNA binding region has been found in

the C-terminal region of yRad52, its role in ssDNA annealing is not clear. In this paper, we

also show that the C-terminal region of yRad52, but not of hRAD52, is involved in ssDNA

annealing. This suggests that the second DNA binding site is required for the efficient

ssDNA annealing by yRad52. We propose an updated model of Rad52-mediated ssDNA

annealing.

Introduction
Faithful repair of DNA double-strand breaks (DSBs) is crucial for genome stability. An unre-
paired DSB may cause cell death and erroneous DSB repair may cause cancer [1–3]. Rad52 is
one of the key proteins involved in DSB repair [4, 5]. The role of Rad52 in the DSB repair has
been extensively studied in the yeast Saccharomyces cerevisiae, where Rad52 is required for
DSB repair both in the high-fidelity homologous recombination (HR) pathway [6–9] and in an
error-prone single strand annealing (SSA) pathway [10]. In vitro studies have shown that
Rad52 can associate with single-stranded DNA (ssDNA) that is complexed with the ssDNA
binding protein RPA [11, 12], and mediates two reactions that are crucial for HR and SSA
pathways. In the HR pathway, Rad52 recruits Rad51, a RecA-family recombinase onto ssDNA
[13, 14]. The resulting Rad51-ssDNA nucleoprotein filament catalyzes DNA strand invasion, a
key step of HR pathway [15]. The recruitment of Rad51 onto ssDNA is termed recombination
mediator activity [4]. In addition, Rad52 can anneal complementary ssDNA molecules in the
SSA pathway [16].
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Rad52 is conserved from yeast to human, with homology mainly in the N-terminal two
thirds of the protein [17]. The conserved region is essential for the function of Rad52, and
referred to as Rad52NM [18]. For clarity, after this point, yeast proteins are denoted with prefix
“y” (e.g. yRad52), and human proteins are denoted with prefix “h” and capitalized (e.g.
hRAD52). Both yRad52NM and hRAD52NM are involved in binding ssDNA, RPA, and sec-
ond molecule of Rad52 [18–23]. Consistently, both yRad52NM and hRAD52NM can mediate
ssDNA annealing. However, yRad52 cannot anneal ssDNA that is complexed with hRPA, indi-
cating that yRad52-yRPA interaction is species-specific [11, 24].

The role of the C-terminal region of Rad52 seems to be considerably different in yeast and
mammals. The C-terminal region (amino acids 327–504) of yRad52 is involved in protein-pro-
tein interaction with yRad51, and is required for mediator activity [18, 19, 25, 26]. In contrast,
attempts to detect recombination mediator activity of hRAD52 in vitro have been unsuccessful
[4, 27], although hRAD52 has the ability to bind hRAD51 in vitro. Consistent with the in vitro
observations, the impact of the loss of RAD52 function in mammalian cells is less pronounced
than in yeast. RAD52-/- mouse ES cells showed only moderate reduction in homology-depen-
dent gene-targeting. RAD52-/- ES cells were not hypersensitive to X-ray or MMS. Furthermore,
RAD52-knockout mice were viable, fertile, and had normal immune systems [28].

BRCA2, not Rad52, seems to be a major mediator protein in mammalian cells [29, 30].
hBRCA2 binds hRAD51 through a short peptide (approximately 30 amino acids) repeat
sequence, the BRC repeat [31]. Interestingly, the BRC repeat does not have any clear sequence
similarity to the hRAD51-binding region of hRAD52. This suggests that hRAD52 and
hBRCA2 have distinct hRAD51 binding mechanisms. In this study, we demonstrate that the
mediator activity of yRad52 recruits hRAD51 onto ssDNA in vitro. Then we analyzed the roles
of the C-terminal regions of yRad52 and hRAD52 in mediator activity and ssDNA annealing.
We also constructed Rad52-BRC repeat fusion proteins and explored whether the BRC repeat
can substitute the C-terminal region of Rad52 and thereby stimulate the DNA strand exchange
by hRAD51.

Materials and Methods

Plasmids
The plasmids for overexpression of hRAD51 (phRad51.1), hRPA (p11d-tRPA), and yRad52
(pQE60-yRad52) were obtained from Patrick Sung (Yale University), Mark Wold (University
of Iowa), and Rodney Rothstein (Columbia University), respectively. Sequences of synthetic
DNA that were used in this study are shown in S1 Table. All Rad52 variants were expressed
with a C-terminal hexa-histidine (His6) tag. pQE60-yRad52NM was constructed from
pQE60-yRad52 by deleting a BamHI fragment that encoding C-terminal region RAD52 ORF.
pET21-yRad52NM-BRC4 was constructed as follows. First, a double-strand DNA (dsDNA)
encoding the BRC4 polypeptide (35 amino acids) was produced by hybridization of two syn-
thetic DNA molecules (Pri-1 and 2) followed by PCR amplification. The dsDNA product was
inserted at the BamHI site of pQE60-yRad52NM. The resulting plasmid was used as a template
for PCR (with Pri-3 and 4) to amplify the yRad52NM-BRC4 ORF, and the PCR product was
inserted between the NdeI and XhoI sites of pET21a. pET21-yRad52NM-BRC3-4 was con-
structed as follows. First, to create an XhoI site just after the BamHI site of yRad52NM encod-
ing region, pQE60-yRad52NM was amplified by PCR (with Pri-5 and 6) and cloned between
NdeI and XhoI sites of pET21a. The resulting plasmid was digested with BamHI and XhoI and
ligated with two synthetic dsDNAs (BRC3 and BRC4a) that encode BRC3 (35 amino acids)
and BRC4. pET21-yNM-BRC4X3 containing three BRC4 repeats was constructed by ligating
three synthetic dsDNA (BRC4b) encoding BRC4 into the BamHI site of pQE60-yRad52NM,
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and the fused ORF was amplified by PCR (with Pri-7 and 8) and cloned between NdeI and
XhoI sites of pET21a. Human RAD52 cDNA was obtained from PlasmID (Harvard Medical
School) and amplified by PCR (with Pri-9 and 10) and cloned between NdeI and XhoI sites in
pET21a to create pET21-hRAD52. Sequence alignment indicated that the region from the 1st
to the 286th amino acid of hRAD52 corresponded to yRad52NM (1-327th; S1 Fig). To create
pET21-hRAD52NM, a DNA segment encoding 1–290 amino acids (hRAD52NM) was ampli-
fied (with Pri-9 and 11) and cloned between the NdeI and XhoI sites in pET21a.
pET21-hRAD52NM-BRC4 was constructed by inserting the synthetic dsDNA (BRC4b) encod-
ing the BRC4 peptide into the BamHI site in pET21-hRAD52NM. All newly constructed plas-
mids were confirmed by sequencing.

Purification of proteins
All Rad52 derivatives were expressed as C-terminal His6-tag fusion proteins. yRad52 was puri-
fied as previously published [16] with modifications as described [12]. yRad52NM,
yRad52NM-BRC4 and yRad52NM-BRC3-4 were overexpressed by IPTG in E. coli BL21(DE3)
harboring pQE60-yRad52NM, pET21-yRad52-BRC4, and pET21-yRad52-BRC3-4, respec-
tively, and purified by the same protocol [12]. hRAD52, hRAD52NM and hRAD52NM-BRC4
were overexpressed by IPTG in BL21(DE3) harboring pET21-hRAD52, pET21-hRAD52NM,
and pET21-hRAD52NM-BRC4, respectively, and purified as described [12] except that Hepa-
rin column chromatography was omitted.

yRad52NM-BRC4X3 was overexpressed by IPTG in BL21(DE3) harboring pET21-yR-
ad52NM-BRC4x3 and purified as follows. First, cells were suspended in lysis buffer (30 mM
Tris-HCl (pH 7.5), 5% (v/v) glycerol and 500 mMNaCl) containing 10mM imidazole, 1 mM
PMSF, and a protease inhibitor cocktail (Roche) and lysed using a Branson Sonifier 250. Insol-
uble cell debris was removed by centrifugation at 20,000 rpm for 30 min with a Beckman
JA25.50 rotor. The cleared lysate was loaded on a nickel (Ni) Sepharose column (7 ml; GE
Healthcare). The yRad52NM-BRC4X3 protein did not bind to the resin. Thus the flow through
(FT) was diluted with an equal volume of TDEG buffer (30 mM Tris-HCl (pH7.5), 1 mM
dithiothreitol, 1 mM EDTA, 5% (v/v) glycerol) containing no NaCl and loaded onto a Heparin
Sepharose column (5 ml; GE Healthcare) that was pre-equilibrated with TDEG buffer contain-
ing 100 mMNaCl. The column was washed with TDEG buffer containing 100 mMNaCl, and
then subjected to a linear gradient from 100 mM to 1M NaCl in TDEG buffer. The fractions
containing yRad52NM-BRC4X3 (eluted with approximately 800 mMNaCl) were pooled and
dialyzed for 3 hours (2x) against TGEB buffer (30 mM Tris-HCl (pH7.5), 5 mM 2-mercap-
toethanol, 1 mM EDTA, 5% (v/v) glycerol) containing 100 mMNaCl, and loaded on the
Mono-Q column (1ml; GE Healthcare) equilibrated with the TGEB buffer containing 100mM
NaCl. The column was washed with the same buffer and subjected to a linear gradient from
100 mM to 1 M NaCl in the TGEB buffer. The fractions containing yRad52NM-BRC4X3 were
pooled and loaded onto a 1 ml Ni-Sepharose column that was equilibrated with 50 mM Tris-Cl
(pH7.5), 500 mM NaCl, 5% (v/v) glycerol, and 10 mM imidazole (I-10 buffer). The column
was washed with I-10 buffer and subjected to a step gradient of 50 mM and 200 mM imidazole
in I-10 buffer. The yRad52NM-BRC4X3 was eluted with 200 mM imidazole and concentrated
with an Amicon ultra 30 (Millipore) to 20.4 μM, and stored at -80°C.

yRad51 was purified as described [32]. hRAD51 was expressed in E. coli BLR(DE3) (pLysS)
harboring phRAD51.1 as described [33], and purified as follows. Harvested cells (60 g) were
suspended in 180 ml of TGEB containing 100 mMNaCl, 1 mM PMSF, and a protease inhibitor
cocktail (Roche) and lysed using a Branson Sonifier 250. The cell debris was cleared by centri-
fugation at 20,000 rpm for 30 min using a Beckman JA25.50 rotor. The cleared lysate was then
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loaded onto a Q-Sepharose FF column (30 ml; GE Healthcare) that was pre-equilibrated with
TGEB buffer containing 100 mMNaCl. The column was washed with TGEB buffer containing
100 mMNaCl and the protein was eluted using a linear gradient of 100 mM to 1 M NaCl in
150 ml TGEB buffer. The fractions containing hRAD51 were pooled and dialyzed against
MDG-200 buffer (20 mM K-4-morpholineethanesulfonic acid (MES; pH 6.5), 1 mM dithio-
threitol, 5% (v/v) glycerol, 10 mM potassium phosphate, and 200 mMNaCl) for 3 hrs (2x), and
loaded onto a hydroxyapatite (HAP) column (9 ml; BioRad) equilibrated with MDG-200
buffer. hRAD51 was found in the flow through, which was then loaded onto a Heparin column
(5 ml; GE Healthcare) equilibrated with TDEG buffer containing 100 mMNaCl. The column
was washed with the same buffer and then subjected to a linear gradient from 100 mM to 1 M
NaCl in TDEG buffer. The fractions containing the hRAD51 were pooled, dialyzed against
MDG-200 buffer, and then loaded onto a HAP column (9 ml; BioRad) equilibrated with
MDG-200 buffer. The hRAD51 bound to HAP under these conditions. The column was
washed with the same buffer and subjected to a linear gradient from 10 mM to 400 mM potas-
sium phosphate in MDG-200 buffer. The fractions containing the hRAD51 were pooled and
diluted with equal amount of TGEB buffer and loaded onto a Mono-Q column (1 ml; GE
Healthcare) equilibrated with TGEB buffer containing 100 mMNaCl. The column was washed
with the same buffer and subjected to a linear gradient from 100 mM to 1 M NaCl. The frac-
tions containing the hRAD51 were pooled and concentrated to 21.2 μMwith an Amicon ultra
30, divided into small aliquots, and stored at -80°C.

The yeast strain to overexpress yRPA was obtained from Richard Kolodner (University of
California, San Diego) and yRPA was purified as described [34]. hRPA was overexpressed in
BLR(DE3)(pLysS) harboring p11d-tRPA as described [35]. Cells were suspended in the cell dis-
ruption buffer (20 mM Tris-HCl (pH7.5), 20 mM EDTA, 5 mM 2-mercaptoethanol, 5% (v/v)
glycerol, and 0.5 M NaCl) containing 1 mM PMSF, lysed with glass beads, and cleared as
described above. The lysate was loaded onto a ssDNA cellulose column (30 ml) that was equili-
brated with buffer-A (25 mM Tris-HCl (pH7.5), 5 mM EDTA, 5 mM 2-mercaptoethanol, and
5% (v/v) glycerol) containing 0.5 M NaCl. The column was washed with 100 ml of buffer-A
containing 0.75 M NaCl. The hRPA was eluted with buffer-A containing 1.5 M NaCl and 50%
(v/v) ethylene glycol. The hRPA (40 ml) was then de-salted by passage through a 200 ml G-25
column (GE Healthcare) that was equilibrated with MDG-200 buffer containing 5 mM K-
phosphate, and then loaded on a HAP column (10 ml) that was equilibrated with the same
buffer. The column was washed with MDG-200 buffer containing 5 mM K-phosphate and
then subjected to a linear gradient from 5 to 100 mM K-phosphate in MDG-200 buffer. The
fractions containing hRPA (eluted with approximately 80 mM phosphate), were pooled and
mixed with a 2x volume of buffer-A, and then loaded onto a mono-Q column (1 ml; GE
Healthcare) equilibrated with buffer-A containing 50 mMNaCl. The column was washed with
buffer-A containing 50 mMNaCl, and then subjected to a linear gradient from 50 to 500 mM
NaCl in buffer-A. The hRPA eluted from the column with approximately 240 mMNaCl. The
protein was dialyzed against buffer-A containing 50 mMNaCl, concentrated to 6.77 μM using
Amicon-ultra 30, divided in small aliquots and stored at -80°C. Protein concentrations were
determined using a Coomassie protein assay kit (Pierce).

DNA binding Assay
The 70-nt ssDNA (TSO252, S1 Table) was labeled with 32P using T4 polynucleotide kinase
(NEB) and γ-32P-ATP (Perkin Elmer). Rad52 or its derivatives was incubated with 100 nM of
the labeled TSO252 at 37°C for 15 minutes in a 10 μl reaction mixture containing 30 mM Tri-
sAc (pH7.5), 3 mMMgAc, and 20 mMNaCl. The sample was then mixed with 4 μl of TAE
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loading dye (50% (v/v) glycerol and 0.1% bromophenol blue in Tris-acetate EDTA buffer),
loaded onto a 6% polyacrylamide gel (19 cm x 16 cm) in Tris-borate EDTA buffer, and sepa-
rated by electrophoresis at 200 V. The gel was dried on DE81 chromatography paper (What-
man) and the labeled products were visualized using a BioRad Personal FX phosphor imager.
Radioactive signals were quantified using Quantity One software (BioRad), and the percentage
of the Rad52-ssDNA complex in reference to total radioactivity in each lane was determined.

Mediator assay
FX174 phage circular ssDNA and dsDNA were purchased from New England Biolabs and the
dsDNA was linearized using XhoI. RPA and ssDNA were incubated for 2 minutes at 37°C in
buffer containing 40 mM Tris-HCl (pH 7.5), 1 mMDTT, 2 mM ATP, 1 mMMgCl2, 8 mM cre-
atine phosphate, and 28 μg/ml creatine phosphokinase. Then Rad52 or its derivatives was
added to the reaction and incubation continued for 3 min. Then hRAD51 was added to start
hRAD51-ssDNA filament formation. After 5 minutes, linear dsDNA, ammonium sulfate (to
100 mM), and spermidine (to 4 mM) were added to start DNA strand exchange. The volume
of the reaction at this point was 15 μl, in which the final concentrations of RPA, hRAD51,
ssDNA, and dsDNA were 2.65 μM, 7.5 μM, 15 μM (nt), and 15 μM (bp), respectively. After 90
minutes at 37°C, the reaction was stopped and deproteinized by adding 5 μl of stop buffer
(10% SDS, 10 mg/ml proteinase K in TAE dye) and incubating for another 15 minutes. The
DNA products were separated by 1% agarose gel electrophoresis (20 x 26 cm) in TAE buffer at
35 V for 15 hours. The gel was stained with ethidium bromide (1 μg/ml) in TAE for 1 hour and
destained in H2O for another 1 hour. DNA bands were visualized with BioRad ChemiDoc XRS
+ imaging system and quantified using Image Lab software. DNA strand exchange was quanti-
fied as percentage of products (sum of the nicked circle dsDNA and the joint molecules) in
total DNA each lane. Then, relative DNA strand exchange was expressed as a value relative to
the control reactions carried out in the absence of the potential mediator. For better band visu-
alization, black and white images of the gels were inverted in the figures.

Annealing assay
A fluorescence-based annealing assay was performed in a 400 μl reaction essentially as
described [24]. First, two complementary 70-mer ssDNA oligos TSO252 and TSO253 (40 μM
(nt)) were incubated with or without RPA (36 nM) in a standard reaction mixture (30 mM Tri-
sAc (pH 7.5), 5 mMMgAc, and 0.4 μM 4',6-diamidino-2-phenylindole (DAPI)). The annealing
reaction was started by adding Rad52 derivatives. DAPI fluorescence was monitored every sec-
ond by using a HORIBA Jobin Yvon FluoroMAX-3 spectrofluorometer. The annealing rates
were determined from the linear portions of the slopes of fluorescence/time curves (between
0.33 and 2 minutes).

Protein-protein binding assay
hRAD51 (100 pmoles) and His6-tagged yRad52 (40 pmoles) were incubated for 10 min at 37°C
in 30 μl of buffer containing 30 mM Tris-acetate (pH7.5), 5 mMMg-acetate, 0.03% Igepal, 2.5
mM ATP, and 10 μl (bed volume) of Ni-Sepharose beads. Reaction mixture was then centri-
fuged at 800 xg for 3 min, and beads fraction was washed with 400 μl of 30 mM Tris-acetate
(pH 7.5), 10 mM imidazole, 50 mMNaCl, 5 mMMg-acetate, 0,03% Igepal, and 1 mM ATP
three times. Bound proteins were eluted in 20 μl of 1x SDS loading dye and analyzed by 10%
SDS-PAGE. Gel was stained with Coomassie brilliant blue R-250.
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Results

Yeast Rad52 recruits human Rad51 onto ssDNA that is complexed with
yeast RPA in vitro
Although yRad52 and hRAD52 share 34% amino acid similarity, attempts to detect recruit-
ment of hRAD51 onto hRPA-ssDNA complex by hRAD52 (mediator activity) have been
unsuccessful [4, 27]. To understand the apparent lack of hRAD52 mediator activity, we first
investigated whether yRad52 can recruit hRAD51 onto a yRPA-ssDNA complex. We adopted
the methodology used to analyze BRCA2 mediator activity [36] and modified it to analyze
yRad52 (Fig 1A). First, yRad52 was added to the preincubated yRPA-FX174 ssDNA complex
and then hRAD51 was added to start formation of hRAD51-ssDNA complex. If yRad52 has
mediator activity for hRAD51, it should facilitate formation of the hRAD51-ssDNA complex.
To observe formation of the hRAD51-ssDNA complex, dsDNA was added exactly 5 min after
the addition of the yRad51 to start the DNA strand exchange reaction. Unexpectedly, DNA
strand exchange was stimulated by increasing amounts of yRad52 (Fig 1D and 1F). This result
suggests that yRad52 works as a recombination mediator with hRAD51 in vitro.

The C-terminal yRad51 binding region of yRad52 is required for mediator activity [19, 26].
To investigate whether the same region is involved in the stimulation of DNA strand exchange
by hRAD51, we constructed a derivative of yRad52 that lacked the C-terminal region
(yRad52NM; Fig 1B and 1C). This derivative has been reported to lose the ability to interact
yRad51 but retain binding activity to DNA and yRPA [18, 19, 37]. When yRad52NM was used,
no stimulation of DNA strand exchange was observed (Fig 1E and 1F, “yRad52NM”), indicat-
ing that the C-terminal yRad51-binding region is required for this apparent mediator activity.
It has been reported that yRad52 cannot form functional interaction with hRPA, and that this
species-specific yRad52-yRPA interaction is required for mediator activity [24, 32]. To investi-
gate whether the same interaction is involved in the stimulation of DNA strand exchange by
hRAD51, we replaced yRPA with hRPA (Fig 2). yRad52 failed to recruit hRAD51 when ssDNA
was complexed with hRPA (Fig 2D and 2E “hRPA”). Furthermore, consistent with the previ-
ously reported inability of hRAD52 to stimulate DNA strand exchange by hRAD51 [4, 27],
hRAD52 did not stimulate the DNA strand exchange by hRAD51 with either hRPA or yRPA
(Fig 2F). Based on these results, we concluded that yRad52 has an ability to recruit hRAD51 to
the yRPA-ssDNA complex in vitro via an equivalent mechanism to the mediator. Consistently,
we observed direct interaction between hRAD51 and yRad52 in vitro (Fig 1G).

Effect of Rad52-BRC fusions on the mediator activity
Failure to detect the mediator activity of hRAD52 might be due to the lack of the functional
interaction between the C-terminal region of hRAD52 and hRAD51. Therefore, we next tried
to replace the C-terminal region of hRAD52 with a hRAD51-binding domain of BRCA2, a
well-known human mediator. It has been demonstrated that BRCA2 has distinct hRAD51--
binding regions called BRC repeats [31]. Because a single synthetic BRC repeat (BRC4; 35
amino acids) can interact with hRAD51 [38, 39], we constructed hRAD52NM-BRC4 fusion
protein (Fig 2A, hNM-BRC4), and examined its mediator activity (Fig 3A and 3C). The
hRAD52NM-BRC4 fusion protein did not stimulate DNA strand exchange by hRAD51 above
the negative control (hRAD52NM).

We also constructed yRad52NM-BRC4 fusion protein, (yNM-BRC4; Fig 1B and 1C).
Although intact yRad52 stimulated DNA strand exchange by hRAD51 (Fig 1D and 1F),
replacement of its C-terminal Rad51-binding region with BRC4 eliminated the stimulation
(Fig 3B and 3D, “yNM-BRC4”). We further tested yRad52NM fused with BRC3-BRC4 repeats
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Fig 1. Mediator assay of yRad52 with hRAD51. (A) Illustration of the DNA strand exchange experiment to
analyze the mediator activity.ΦX-174 ssDNA was incubated with yRPA, yRad52, hRAD51, and then with
ΦX-174 dsDNA in the indicated order. The reaction produced joint molecules (jm) and a nicked circular (nc)
dsDNA. (B) Derivatives of yRad52. N-terminal (N), middle (M), and C-terminal (C) region have been
described in previous paper [18]. For bottom three constructs, yRad52NMwas fused with a human BRC4
(NM-BRC4), BRC3-BRC4 (NM-BRC3-4), or three repeats of BRC4 (NM-BRC4x3). (C) Same amount (2 μg) of
purified yRad52 and its derivatives were separated by SDS-PAGE and stained with coomassie brilliant blue.
Asterisk indicates a contaminating protein present in all preparations. (D and E) DNA strand exchange was
performed in the absence (lane 2) or presence of 1, 2, 3, 4 μM (lane 3 to 6) of yRad52 (D) or yRad52NM (E).
DNA products were separated through agarose gel and visualized with ethidium bromide staining. Lane 1
shows a control reaction without any protein. (F) The products (nicked circles (nc) and joint molecules (jm))
were quantified from D (yRad52) and E (yRad52NM) and repeated experiments and relative product
formation was plotted against the mediator concentration. Product formation in the absence of the mediator
was 31.2%, which was defined as 1.0. Error bars are standard deviations (n = 3). (G) hRAD51 and His-
tagged yRad52 were mixed as indicated and precipitated with Ni-beads. Proteins on the beads were then
eluted and analyzed by SDS-PAGE.

doi:10.1371/journal.pone.0158436.g001
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(yNM-BRC3-4) and with three repeats of BRC4 (yNM-BRC4x3). Although it was reported that
the multi-copy BRC repeats further enhanced the mediator activity of BRCA2 [40], none of
these fusion proteins stimulated DNA strand exchange by hRAD51 (Fig 3D). Thus we con-
cluded that BRC repeats cannot replace the Rad51-binding domain of Rad52 for mediator
activity.

The C-terminal region of yRad52, but not of hRAD52, is required for
efficient ssDNA annealing
Seong et al.[18] reported that the C-terminal region of yRad52 harbors a “secondary” DNA
binding site that is distinct from the “primary” site at the N-terminal region. A similar second-
ary DNA binding site was identified in hRAD52 [41] but mapped in a different region of the
protein (amino acids 102–173). To compare the roles of the C-terminal region of yeast and
human Rad52 in ssDNA binding, we carried out gel-mobility shift assay using Rad52 and
Rad52NM from both yeast and human (Fig 4). When yRad52 and yRad52NM were incubated
with 32P-labeled ssDNA, both proteins formed complexes with DNA (Fig 4A). However, quan-
tification of the complexes showed a small but detectable difference in binding (Fig 4B).
Approximately 1.5 to 2-fold more yRad52NM was required to saturate the ssDNA than
yRad52, indicating that the C-terminal region is involved in the yRad52-ssDNA binding. On
the other hand, the titration curves by hRAD52-ssDNA and hRAD52NM-ssDNA complex for-
mations showed no detectable differences (Fig 4C and 4D), indicating that the C-terminal
region of hRAD52 did not have prominent role in the ssDNA binding.

Fig 2. hRPA and hRAD52 failed to stimulate DNA strand exchange by hRAD51. (A) Regions of hRAD52
that correspond to yRad52N, M and C, and their similarities (%) to yRad52. (B and C) Same amount (2 μg) of
purified hRAD52 and its derivatives (B), and yRPA and hRPA (C) were separated by SDS-PAGE and stained
with coomassie brilliant blue. (D) DNA strand exchange assay using yRad52 and hRAD51 was performed as
shown in Fig 1D, except that yRPA was replaced with hRPA. (E) Products of D were quantified (hRPA) and
compared with the data shown in Fig 1F (yRPA). Error bars are standard deviations (n = 3). F. Same
analyses as in E except that hRAD52 was used as a mediator.

doi:10.1371/journal.pone.0158436.g002
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Both yRad52 and hRAD52 anneal complementary ssDNA molecules [16, 24, 42, 43]. Previ-
ous studies have shown that the C-terminal region of Rad52 is not essential for annealing activ-
ity [19, 43]. To understand detailed contribution of the C-terminal regions of yRad52 and
hRAD52 to annealing, we analyzed the ssDNA annealing activities of yRad52, hRAD52, and
their C-terminal deletion derivatives (Fig 5). For quantitative kinetic analysis, annealing reac-
tions were carried out in the presence of DAPI, which increase in fluorescence upon binding to
dsDNA (Fig 5A). When yRad52 was added to complementary ssDNA molecules that were sat-
urated with yRPA, DAPI fluorescence increased quickly, showing the efficient ssDNA anneal-
ing by yRad52 (Fig 5B “yRad52”). yRad52NM also mediated annealing, but the rate was much
slower than the reaction carried out by yRad52 (Fig 5B and 5C). This result indicates that the
C-terminal secondary DNA binding region is required for efficient annealing by yRad52. In
contrast, hRAD52 and hRAD52NM showed indistinguishable annealing activities (Fig 5D and
5E), indicating that the corresponding region of hRAD52 is dispensable for ssDNA annealing.

Discussion
Results presented in this paper (Figs 1 and 2) indicate that yRad52 can recruit hRAD51 onto
yRPA-ssDNA complex in vitro by a mechanism equivalent to the mediator activity. This is sur-
prising since humans have a Rad52 homolog that apparently does not have mediator activity.
We speculate that, during evolution, the mediator activity of Rad52 was replaced by BRCA2
that recruits Rad51 in a distinct mechanism. Since BRCA2 is larger than Rad52 and interacts
with many proteins, like BRCA1, PALB2 [44], and DSS1 [45], it can regulate HR more tightly
than Rad52 does in yeast.

Fig 3. BRC repeats failed to replace the function of the C-terminal Rad51-binding domain of Rad52. (A
and B) The mediator activity of hNM-BRC4 (A) and yNM-BRC4 (B) were examined in the presence of hRPA
and yRPA, respectively. (C and D). The relative product formation of DNA strand exchange was plotted
against the concentrations of the Rad52 derivatives. Error bars are standard deviations (n = 3).

doi:10.1371/journal.pone.0158436.g003
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It was also unexpected that BRC repeats cannot replace the C-terminal region of yRad52 to
re-constitute functional interaction with hRAD51 (Fig 3). Although our results do not exclude
the possibility that BRC repeats failed to interact with hRAD51 when it is fused with our Rad52
constructs, we suggest that the binding of Rad51 and Rad52 is distinct form that of Rad51 and
BRCA2. Crystallography has indicated that BRC4 associates with the Rad51 polymerization
interface [46]. This region is not highly conserved in yeast and humans, but the corresponding
region of yRad51 (N-terminal 150 amino acids) was mapped as the yRad52 interacting site by
yeast two-hybrid [47]. These results suggest that both BRC4 and Rad52 might interact with the
same or close regions of Rad51. More detailed structural information about Rad51-Rad52
interaction is needed to understand the exact role of the Rad52 C-terminus in mediator
activity.

Despite loss of mediator activity, ssDNA annealing activity is conserved in hRAD52 and
yRad52. Our results indicate that yRad52 but not hRAD52 needs its C-terminal region for effi-
cient ssDNA annealing (Fig 5). In addition, the C-terminal region is also involved in ssDNA
binding of yRad52 but not of hRAD52 (Fig 4). It seems likely that the C-terminal region of
yRad52 facilitates ssDNA annealing by interacting with the second DNA molecule. Based on
this and other structural and biochemical evidence, we propose a model of yRad52-mediated
annealing (Fig 6). Crystallography has revealed that N-terminal half of hRAD52 adopts an
undecameric ring structure in which the ssDNA binding groove runs around the outside rim
of the ring (dashed line in Fig 6A) [22, 26, 43]. Although the C-terminal region is not included

Fig 4. Effects of C-terminal deletion of yRad52 and hRAD52 on their ssDNA binding activities. (A and
C) 32P-labeled 70-mer ssDNA (100 nM) was incubated without (lane 1 and 7) or increasing concentrations
(0.25, 0.5, 1, 2 and 3 μM from left to right) of yRad52 (lane 2–6 of A), yRad52NM (lane 8–12 of A), hRAD52
(lane 2–6 of C), or hRAD52NM (lane 8–12 of C). Protein-ssDNA complexes were analyzed by
electrophoresis through 6% polyacrylamide gel. (B and D) The same experiment in A and C were repeated
and percentage of the ssDNA-protein complex was calculated from their band intensities. Error bases are
STD (n = 3).

doi:10.1371/journal.pone.0158436.g004
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in the crystal structure, we speculate that the C-terminal secondary DNA binding sites of
yRad52 (green spheres in Fig 6) face to the primary ssDNA binding sites from outside of the
ring. Electron micrographs of intact Rad52 showed ring-with-flaps structures that are consis-
tent to our speculation [42, 48]. This arrangement can align two ssDNA molecules to facilitate
annealing by yRad52 (Fig 6C and 6D). On the other hand, the C-terminal region of hRAD52 is
not required for either ssDNA binding or annealing (Figs 4 and 5). This is consistent to the pre-
vious finding that the secondary DNA binding site of hRAD52 is not in the C-terminal but in
the mid region of the protein and that the loss of the second DNA binding activity eliminated
the activity of D-loop formation of hRAD52 [41]. Taken together, it is likely that both yRad52

Fig 5. The C-terminal domain of hRAD52 but not of yRad52 is dispensable for ssDNA annealing. (A)
Illustration of ssDNA annealing assay. The reaction contained DAPI, fluorescence of which increased upon
binding to the dsDNA product. (B and D) Sixteen nanomolar of yRad52, yRad52NM, hRAD52, or hRAD52NM
was added to complementary 70-nt ssDNA (2.86 nM each) that were pre-complexed with their cognate RPA
(36 nM). (C and E). The same reactions as in B and D were repeated with various concentrations of the
Rad52 derivatives and the initial rates of the reactions were plotted with the concentrations of Rad52
derivatives. Error bases are STD (n = 3 to 4).

doi:10.1371/journal.pone.0158436.g005

Fig 6. Model of ssDNA annealing by Rad52.Green spheres are hypothetical C-terminal regions of yRad52.
(A) yRad52 ring structure that is expected from structural and biochemical evidence. (B to D) Proposed
ssDNA annealing process by yRad52. See text for explanations.

doi:10.1371/journal.pone.0158436.g006
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and hRAD52 require two DNA binding sites for their maximum annealing activity, but that
the secondary DNA binding sites are localized in different regions on their primary sequences.

Supporting Information
S1 Fig. Homologous alignment of yeast and human Rad52. The regions corresponding to
the Rad52NM are enclosed in a box.
(PDF)

S1 Table. Synthetic oligonucleotides used for this study.
(PDF)

Acknowledgments
We thank Don Holzschu, Yizhang Chen, Kalen Robeson, Ben Colvin, and Noriko Kantake for
comments on the manuscript.

Author Contributions
Conceived and designed the experiments: NVK TS. Performed the experiments: NVK. Ana-
lyzed the data: NVK TS. Contributed reagents/materials/analysis tools: NVK TS. Wrote the
paper: NVK TS.

References
1. Pierce AJ, Stark JM, Araujo FD, Moynahan ME, Berwick M, Jasin M. Double-strand breaks and tumori-

genesis. Trends Cell Biol. 2001; 11(11):S52–9. PMID: 11684443.

2. Khanna KK, Jackson SP. DNA double-strand breaks: signaling, repair and the cancer connection.
Nature genetics. 2001; 27(3):247–54. doi: 10.1038/85798 PMID: 11242102.

3. Thompson LH, Schild D. Recombinational DNA repair and human disease. Mutat Res. 2002; 509(1–
2):49–78. PMID: 12427531.

4. San Filippo J, Sung P, Klein H. Mechanism of eukaryotic homologous recombination. Annu Rev Bio-
chem. 2008; 77:229–57. PMID: 18275380. doi: 10.1146/annurev.biochem.77.061306.125255

5. Symington LS. Role of RAD52 epistasis group genes in homologous recombination and double-strand
break repair. Microbiol Mol Biol Rev. 2002; 66(4):630–70. PMID: 12456786.

6. Pâques F, Haber JE. Multiple pathways of recombination induced by double-strand breaks in Saccha-
romyces cerevisiae. Microbiol Mol Biol Rev. 1999; 63(2):349–404. PMID: 10357855

7. Haber JE, Ira G, Malkova A, Sugawara N. Repairing a double-strand chromosome break by homolo-
gous recombination: revisiting Robin Holliday's model. Philos Trans R Soc Lond B Biol Sci. 2004; 359
(1441):79–86. PMID: 15065659.

8. Shrivastav M, De Haro LP, Nickoloff JA. Regulation of DNA double-strand break repair pathway choice.
Cell Res. 2008; 18(1):134–47. PMID: 18157161.

9. Phillips ER, McKinnon PJ. DNA double-strand break repair and development. Oncogene. 2007; 26
(56):7799–808. PMID: 18066093.

10. Ivanov EL, Sugawara N, Fishman-Lobell J, Haber JE. Genetic requirements for the single-strand
annealing pathway of double-strand break repair in Saccharomyces cerevisiae. Genetics. 1996; 142
(3):693–704. PMID: 8849880.

11. Sugiyama T, Kowalczykowski SC. Rad52 protein associates with replication protein A (RPA)-single-
stranded DNA to accelerate Rad51-mediated displacement of RPA and presynaptic complex forma-
tion. J Biol Chem. 2002; 277(35):31663–72. doi: 10.1074/jbc.M203494200 PMID: 12077133.

12. Sugiyama T, Kantake N. Dynamic regulatory interactions of rad51, rad52, and replication protein-a in
recombination intermediates. J Mol Biol. 2009; 390(1):45–55. PMID: 19445949; PubMed Central
PMCID: PMCPMID:19445949. doi: 10.1016/j.jmb.2009.05.009

13. Sugawara N, Wang X, Haber JE. In vivo roles of Rad52, Rad54, and Rad55 proteins in Rad51-medi-
ated recombination. Molecular cell. 2003; 12(1):209–19. PMID: 12887906.

Roles of C-Terminal Region of Rad52 in Rad51-Nucleoprotein Filament Formation and ssDNA Annealing

PLOS ONE | DOI:10.1371/journal.pone.0158436 June 30, 2016 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158436.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158436.s002
http://www.ncbi.nlm.nih.gov/pubmed/11684443
http://dx.doi.org/10.1038/85798
http://www.ncbi.nlm.nih.gov/pubmed/11242102
http://www.ncbi.nlm.nih.gov/pubmed/12427531
http://www.ncbi.nlm.nih.gov/pubmed/18275380
http://dx.doi.org/10.1146/annurev.biochem.77.061306.125255
http://www.ncbi.nlm.nih.gov/pubmed/12456786
http://www.ncbi.nlm.nih.gov/pubmed/10357855
http://www.ncbi.nlm.nih.gov/pubmed/15065659
http://www.ncbi.nlm.nih.gov/pubmed/18157161
http://www.ncbi.nlm.nih.gov/pubmed/18066093
http://www.ncbi.nlm.nih.gov/pubmed/8849880
http://dx.doi.org/10.1074/jbc.M203494200
http://www.ncbi.nlm.nih.gov/pubmed/12077133
http://www.ncbi.nlm.nih.gov/pubmed/19445949
http://dx.doi.org/10.1016/j.jmb.2009.05.009
http://www.ncbi.nlm.nih.gov/pubmed/12887906


14. Sung P. Function of yeast Rad52 protein as a mediator between replication protein A and the Rad51
recombinase. J Biol Chem. 1997; 272(45):28194–7. PMID: 9353267.

15. Sung P. Catalysis of ATP-dependent homologous DNA pairing and strand exchange by yeast RAD51
protein. Science. 1994; 265(5176):1241–3. PMID: 8066464.

16. Mortensen UH, Bendixen C, Sunjevaric I, Rothstein R. DNA strand annealing is promoted by the yeast
Rad52 protein. Proceedings of the National Academy of Sciences of the United States of America.
1996; 93(20):10729–34. PMID: 8855248; PubMed Central PMCID: PMC38223.

17. Muris DF, Bezzubova O, Buerstedde JM, Vreeken K, Balajee AS, Osgood CJ, et al. Cloning of human
and mouse genes homologous to RAD52, a yeast gene involved in DNA repair and recombination.
Mutat Res. 1994; 315(3):295–305. PMID: 7526206.

18. Seong C, Sehorn MG, Plate I, Shi I, Song B, Chi P, et al. Molecular anatomy of the recombination medi-
ator function of Saccharomyces cerevisiae Rad52. J Biol Chem. 2008; 283(18):12166–74. doi: 10.
1074/jbc.M800763200 PMID: 18310075; PubMed Central PMCID: PMC2335352.

19. Krejci L, Song B, BussenW, Rothstein R, Mortensen UH, Sung P. Interaction with Rad51 is indispens-
able for recombination mediator function of Rad52. J Biol Chem. 2002; 277(42):40132–41. doi: 10.
1074/jbc.M206511200 PMID: 12171935.

20. Park MS, Ludwig DL, Stigger E, Lee SH. Physical interaction between human RAD52 and RPA is
required for homologous recombination in mammalian cells. J Biol Chem. 1996; 271(31):18996–9000.
PMID: 8702565

21. Shen Z, Cloud KG, Chen DJ, Park MS. Specific interactions between the human RAD51 and RAD52
proteins. J Biol Chem. 1996; 271(1):148–52. PMID: 8550550.

22. KagawaW, Kurumizaka H, Ishitani R, Fukai S, Nureki O, Shibata T, et al. Crystal structure of the homol-
ogous-pairing domain from the human Rad52 recombinase in the undecameric form. Molecular cell.
2002; 10(2):359–71. PMID: 12191481.

23. Grimme JM, Honda M, Wright R, Okuno Y, Rothenberg E, Mazin AV, et al. Human Rad52 binds and
wraps single-stranded DNA and mediates annealing via two hRad52-ssDNA complexes. Nucleic Acids
Res. 2010; 38(9):2917–30. doi: 10.1093/nar/gkp1249 PMID: 20081207; PubMed Central PMCID:
PMC2875008.

24. Sugiyama T, New JH, Kowalczykowski SC. DNA annealing by RAD52 protein is stimulated by specific
interaction with the complex of replication protein A and single-stranded DNA. Proceedings of the
National Academy of Sciences of the United States of America. 1998; 95(11):6049–54. PMID:
9600915; PubMed Central PMCID: PMC27583.

25. Milne GT, Weaver DT. Dominant negative alleles of RAD52 reveal a DNA repair/recombination com-
plex including Rad51 and Rad52. Genes & Development. 1993; 7(9):1755–65. doi: 10.1101/gad.7.9.
1755

26. KagawaW, Arai N, Ichikawa Y, Saito K, Sugiyama S, Saotome M, et al. Functional analyses of the C-
terminal half of the Saccharomyces cerevisiae Rad52 protein. Nucleic Acids Res. 2014; 42(2):941–51.
doi: 10.1093/nar/gkt986 PMID: 24163251; PubMed Central PMCID: PMC3902949.

27. Jensen RB, Carreira A, Kowalczykowski SC. Purified human BRCA2 stimulates RAD51-mediated
recombination. Nature. 2010; 467(7316):678–83. doi: 10.1038/nature09399 PMID: 20729832; PubMed
Central PMCID: PMC2952063.

28. Rijkers T, Van Den Ouweland J, Morolli B, Rolink AG, Baarends WM, Van Sloun PP, et al. Targeted
inactivation of mouse RAD52 reduces homologous recombination but not resistance to ionizing radia-
tion. Molecular and cellular biology. 1998; 18(11):6423–9. PMID: 9774658; PubMed Central PMCID:
PMC109228.

29. Venkitaraman AR. Cancer susceptibility and the functions of BRCA1 and BRCA2. Cell. 2002; 108
(2):171–82. PMID: 11832208.

30. Thorslund T, West SC. BRCA2: a universal recombinase regulator. Oncogene. 2007; 26(56):7720–30.
PMID: 18066084.

31. Wong AK, Pero R, Ormonde PA, Tavtigian SV, Bartel PL. RAD51 interacts with the evolutionarily con-
served BRCmotifs in the human breast cancer susceptibility gene brca2. J Biol Chem. 1997; 272
(51):31941–4. PMID: 9405383.

32. New JH, Sugiyama T, Zaitseva E, Kowalczykowski SC. Rad52 protein stimulates DNA strand
exchange by Rad51 and replication protein A. Nature. 1998; 391(6665):407–10. doi: 10.1038/34950
PMID: 9450760.

33. Sigurdsson S, Trujillo K, Song B, Stratton S, Sung P. Basis for avid homologous DNA strand exchange
by human Rad51 and RPA. J Biol Chem. 2001; 276(12):8798–806. PMID: 11124265.

Roles of C-Terminal Region of Rad52 in Rad51-Nucleoprotein Filament Formation and ssDNA Annealing

PLOS ONE | DOI:10.1371/journal.pone.0158436 June 30, 2016 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/9353267
http://www.ncbi.nlm.nih.gov/pubmed/8066464
http://www.ncbi.nlm.nih.gov/pubmed/8855248
http://www.ncbi.nlm.nih.gov/pubmed/7526206
http://dx.doi.org/10.1074/jbc.M800763200
http://dx.doi.org/10.1074/jbc.M800763200
http://www.ncbi.nlm.nih.gov/pubmed/18310075
http://dx.doi.org/10.1074/jbc.M206511200
http://dx.doi.org/10.1074/jbc.M206511200
http://www.ncbi.nlm.nih.gov/pubmed/12171935
http://www.ncbi.nlm.nih.gov/pubmed/8702565
http://www.ncbi.nlm.nih.gov/pubmed/8550550
http://www.ncbi.nlm.nih.gov/pubmed/12191481
http://dx.doi.org/10.1093/nar/gkp1249
http://www.ncbi.nlm.nih.gov/pubmed/20081207
http://www.ncbi.nlm.nih.gov/pubmed/9600915
http://dx.doi.org/10.1101/gad.7.9.1755
http://dx.doi.org/10.1101/gad.7.9.1755
http://dx.doi.org/10.1093/nar/gkt986
http://www.ncbi.nlm.nih.gov/pubmed/24163251
http://dx.doi.org/10.1038/nature09399
http://www.ncbi.nlm.nih.gov/pubmed/20729832
http://www.ncbi.nlm.nih.gov/pubmed/9774658
http://www.ncbi.nlm.nih.gov/pubmed/11832208
http://www.ncbi.nlm.nih.gov/pubmed/18066084
http://www.ncbi.nlm.nih.gov/pubmed/9405383
http://dx.doi.org/10.1038/34950
http://www.ncbi.nlm.nih.gov/pubmed/9450760
http://www.ncbi.nlm.nih.gov/pubmed/11124265


34. Kantake N, Sugiyama T, Kolodner RD, Kowalczykowski SC. The recombination-deficient mutant RPA
(rfa1-t11) is displaced slowly from single-stranded DNA by Rad51 protein. J Biol Chem. 2003; 278
(26):23410–7. doi: 10.1074/jbc.M302995200 PMID: 12697761.

35. Henricksen LA, Umbricht CB, Wold MS. Recombinant replication protein A: expression, complex for-
mation, and functional characterization. J Biol Chem. 1994; 269(15):11121–32. PMID: 8157639.

36. Yang H, Jeffrey PD, Miller J, Kinnucan E, Sun Y, Thoma NH, et al. BRCA2 function in DNA binding and
recombination from a BRCA2-DSS1-ssDNA structure. Science. 2002; 297(5588):1837–48. doi: 10.
1126/science.297.5588.1837 PMID: 12228710.

37. Boundy-Mills KL, Livingston DM. A Saccharomyces cerevisiae RAD52 allele expressing a C-terminal
truncation protein: activities and intragenic complementation of missense mutations. Genetics. 1993;
133(1):39–49. PMID: 8417987; PubMed Central PMCID: PMC1205296.

38. Saeki H, Siaud N, Christ N, Wiegant WW, van Buul PP, Han M, et al. Suppression of the DNA repair
defects of BRCA2-deficient cells with heterologous protein fusions. Proceedings of the National Acad-
emy of Sciences of the United States of America. 2006; 103(23):8768–73. doi: 10.1073/pnas.
0600298103 PMID: 16731627; PubMed Central PMCID: PMC1482653.

39. Carreira A, Kowalczykowski SC. Two classes of BRC repeats in BRCA2 promote RAD51 nucleoprotein
filament function by distinct mechanisms. Proceedings of the National Academy of Sciences of the
United States of America. 2011; 108(26):10448–53. doi: 10.1073/pnas.1106971108 PMID: 21670257;
PubMed Central PMCID: PMC3127913.

40. Galkin VE, Esashi F, Yu X, Yang S, West SC, Egelman EH. BRCA2 BRCmotifs bind RAD51-DNA fila-
ments. Proceedings of the National Academy of Sciences of the United States of America. 2005; 102
(24):8537–42. doi: 10.1073/pnas.0407266102 PMID: 15937124; PubMed Central PMCID:
PMC1150802.

41. KagawaW, Kagawa A, Saito K, Ikawa S, Shibata T, Kurumizaka H, et al. Identification of a second
DNA binding site in the human Rad52 protein. J Biol Chem. 2008; 283(35):24264–73. PMID:
18593704. doi: 10.1074/jbc.M802204200

42. Shinohara A, Shinohara M, Ohta T, Matsuda S, Ogawa T. Rad52 forms ring structures and co-operates
with RPA in single-strand DNA annealing. Genes Cells. 1998; 3(3):145–56. PMID: 9619627.

43. Singleton MR, Wentzell LM, Liu Y, West SC, Wigley DB. Structure of the single-strand annealing
domain of human RAD52 protein. Proceedings of the National Academy of Sciences of the United
States of America. 2002; 99(21):13492–7. doi: 10.1073/pnas.212449899 PMID: 12370410; PubMed
Central PMCID: PMC129701.

44. Sy SM, Huen MS, Chen J. PALB2 is an integral component of the BRCA complex required for homolo-
gous recombination repair. Proceedings of the National Academy of Sciences of the United States of
America. 2009; 106(17):7155–60. doi: 10.1073/pnas.0811159106 PMID: 19369211; PubMed Central
PMCID: PMC2678481.

45. Li J, Zou C, Bai Y, Wazer DE, Band V, Gao Q. DSS1 is required for the stability of BRCA2. Oncogene.
2006; 25(8):1186–94. doi: 10.1038/sj.onc.1209153 PMID: 16205630.

46. Pellegrini L, Yu DS, Lo T, Anand S, Lee M, Blundell TL, et al. Insights into DNA recombination from the
structure of a RAD51-BRCA2 complex. Nature. 2002; 420(6913):287–93. doi: 10.1038/nature01230
PMID: 12442171.

47. Donovan JW, Milne GT, Weaver DT. Homotypic and heterotypic protein associations control Rad51
function in double-strand break repair. Genes & development. 1994; 8(21):2552–62. PMID: 7958917.

48. Stasiak AZ, Larquet E, Stasiak A, Muller S, Engel A, Van Dyck E, et al. The human Rad52 protein exists
as a heptameric ring. Current biology: CB. 2000; 10(6):337–40. PMID: 10744977.

Roles of C-Terminal Region of Rad52 in Rad51-Nucleoprotein Filament Formation and ssDNA Annealing

PLOS ONE | DOI:10.1371/journal.pone.0158436 June 30, 2016 14 / 14

http://dx.doi.org/10.1074/jbc.M302995200
http://www.ncbi.nlm.nih.gov/pubmed/12697761
http://www.ncbi.nlm.nih.gov/pubmed/8157639
http://dx.doi.org/10.1126/science.297.5588.1837
http://dx.doi.org/10.1126/science.297.5588.1837
http://www.ncbi.nlm.nih.gov/pubmed/12228710
http://www.ncbi.nlm.nih.gov/pubmed/8417987
http://dx.doi.org/10.1073/pnas.0600298103
http://dx.doi.org/10.1073/pnas.0600298103
http://www.ncbi.nlm.nih.gov/pubmed/16731627
http://dx.doi.org/10.1073/pnas.1106971108
http://www.ncbi.nlm.nih.gov/pubmed/21670257
http://dx.doi.org/10.1073/pnas.0407266102
http://www.ncbi.nlm.nih.gov/pubmed/15937124
http://www.ncbi.nlm.nih.gov/pubmed/18593704
http://dx.doi.org/10.1074/jbc.M802204200
http://www.ncbi.nlm.nih.gov/pubmed/9619627
http://dx.doi.org/10.1073/pnas.212449899
http://www.ncbi.nlm.nih.gov/pubmed/12370410
http://dx.doi.org/10.1073/pnas.0811159106
http://www.ncbi.nlm.nih.gov/pubmed/19369211
http://dx.doi.org/10.1038/sj.onc.1209153
http://www.ncbi.nlm.nih.gov/pubmed/16205630
http://dx.doi.org/10.1038/nature01230
http://www.ncbi.nlm.nih.gov/pubmed/12442171
http://www.ncbi.nlm.nih.gov/pubmed/7958917
http://www.ncbi.nlm.nih.gov/pubmed/10744977

