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Loss of RAD52 is synthetically lethal in BRCA-deﬁcient cells, owing to its role
in backup homologous recombination (HR) repair of DNA double-strand breaks (DSBs). In
HR in mammalian cells, DSBs are processed to single-stranded DNA (ssDNA) overhangs,
which are then bound by replication protein A (RPA). RPA is exchanged for RAD51 by
mediator proteins: in mammals, BRCA2 is the primary mediator; however, RAD52 provides an alternative mediator pathway in BRCA-deﬁcient cells. RAD51 stimulates strand
exchange between homologous DNA duplexes, a critical step in HR. RPA phosphorylation
and dephosphorylation are important for HR, but its effect on RAD52 mediator function is
unknown. Here, we show that RPA phosphorylation is required for RAD52 to salvage HR
in BRCA-deﬁcient cells. In BRCA2-depleted human cells, in which the only available mediator pathway is RAD52 dependent, the expression of a phosphorylation-deﬁcient RPA mutant reduced HR. Furthermore, RPA-phosphomutant cells showed reduced association of
RAD52 with RAD51. Interestingly, there was no effect of RPA phosphorylation on RAD52
recruitment to repair foci. Finally, we show that RPA phosphorylation does not affect
RAD52-dependent ssDNA annealing. Thus, although RAD52 can be recruited independently of RPA’s phosphorylation status, RPA phosphorylation is required for RAD52’s association with RAD51 and its subsequent promotion of RAD52-mediated HR.
KEYWORDS BRCA deﬁcient, DNA repair, RAD52, RPA phosphorylation, double-strand-break

repair, homologous recombination
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NA double-strand breaks (DSBs) are the most deleterious type of DNA damage and
arise during endogenous processes, such as DNA replication, or after exposure to DNAdamaging agents, such as ionizing radiation or topoisomerase poisons (1). DSBs are resolved
predominately by two main pathways: homologous recombination (HR) and nonhomologous end joining (NHEJ). HR accurately repairs DSBs, thereby contributing signiﬁcantly to
the maintenance of genome integrity. In HR, DSBs are resected to generate single-stranded
DNA (ssDNA) overhangs, which are bound by the heterotrimeric ssDNA binding complex,
replication protein A (RPA) (1–5). RPA is exchanged for the RAD51 recombinase protein,
which then performs homology search and strand invasion. In mammalian cells, BRCA2
mediates this RAD51 ﬁlament formation on RPA-coated ssDNA and stimulates RAD51 strand
invasion (6, 7). Notably, Saccharomyces cerevisiae lacks BRCA2—instead, RAD52 mediates this
function in yeast (8, 9). As BRCA2 serves as the primary recombination mediator, the role of
RAD52 in mammalian cells is poorly understood. While Rad52-deﬁcient mice show no survival
deﬁciencies or sensitivity to ionizing radiation, inactivation of the protein leads to slightly
reduced HR, as measured by gene targeting (10). RAD52 is also inefﬁcient at displacing RPA
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and stimulating strand exchange in vitro, and RAD52 is not essential for RAD51 function or HR
(6, 10, 11). Prior evidence suggests that in BRCA-deﬁcient cells the RAD52 protein is integral to
the mediator activity in HR (12, 13), which depends on the annealing activity of RAD52 on
resected DNA (14), on interaction with RAD51 (15), and on interaction with other proteins that
are part of the HR pathway (16). In BRCA2-deﬁcient human cancer cell lines, the depletion of
RAD52 reduces cell survival and proliferation, suggesting a synthetically lethal relationship
between the two proteins (13). Further, RAD52 is necessary for RAD51-mediated HR in BRCA2deﬁcient cells (13). RAD52 mediator function is independent of BRCA2, since its recruitment to
damaged DNA is not affected by the presence of the BRCA2 protein, and it interacts with
RAD51 independently of BRCA2 (13). These observations suggest a critical role for a RAD52mediated backup pathway for HR in mammalian cells. That is, in the presence of BRCA2,
RAD52 has little effect on HR and viability, whereas in BRCA2-deﬁcient cells, RAD52 is essential
for viability and for the repair of DSBs via HR (13). The additional factors required for this
backup pathway are unknown and of signiﬁcant interest in RAD52 research.
RPA is a critical part of the DNA repair machinery and key to the maintenance of genome
integrity (17). Binding of RPA to resected ssDNA helps recruit several checkpoint proteins
which initiate the DNA damage response (18). Loss of RPA arrests growth in Saccharomyces
cerevisiae (19) and is embryonically lethal in mice. Haploinsufﬁciency of RPA in mammals is
known to be tumorigenic (20, 21). In mammalian cells, RAD52 has been shown to interact
with the RPA2 subunit of the RPA complex, and facilitates HR in mammalian cells (22). RPA2
is hyperphosphorylated in response to DNA damage by the activity of phosphoinositide 3kinase (PI3K)-related protein kinases (PIKK): ATM, ATR and DNA-PK (23–26). The interplay
between these three kinases is an intricate and tightly regulated process that is dependent
upon the kind of insult experienced by the cell. This posttranslational modiﬁcation is necessary for the recruitment of RAD51 recombinase to DNA break sites and is critical for HR (27,
28). Furthermore, dephosphorylation of RPA2 by PP4 and PP2A phosphatases is also essential for optimal HR (29, 30). Although posttranslational regulation of RPA has been extensively studied (26), the mechanisms underlying how RPA phosphorylation status affects
RAD52 function is poorly understood. In vitro studies have demonstrated that that RAD52
associates in a RPA-RAD52-ssDNA complex when RPA is phosphorylated (pRPA), which facilitates enhanced RAD52 interactions with ssDNA (31). However, these observations are yet to
be conﬁrmed in mammalian cells.
Here, by using phosphorylation-deﬁcient mutants in mammalian cell lines as well as biochemical characterization of regulation of RAD52 by RPA, we address how RPA phosphorylation
affects RAD52 function. Our studies determined that RPA phosphorylation affects RAD52-mediated HR directly. Using endonuclease-induced DSBs, we show that RPA phosphorylation-deﬁcient mutants have reduced RAD52-dependent HR and RAD51 recruitment to DSBs. We also
show that the interaction of RPA and RAD52 is not signiﬁcantly affected by RPA hyperphosphorylation. Furthermore, in biochemical studies, we observe that phosphorylation of RPA does
not alter the annealing of ssDNA by RAD52, an important characteristic of RAD52 function.
How RAD52 functions as a RAD51 mediator in HR was the focus of this investigation. A better
understanding of the regulation of RAD52 function in HR and DNA repair is paramount to the
development of therapeutic strategies that exploit tumor-speciﬁc synthetic lethality of RAD52.
RESULTS
RAD52-mediated HR is promoted by RPA hyperphosphorylation. Hyperphosphorylation
of RPA is required for the recruitment of RAD51 and other proteins critical to HR in mammalian cells (27, 28). However, the effects of RPA phosphorylation on RAD52 function are poorly
understood. In order to study the effect of RPA hyperphosphorylation on RAD52-mediated
HR, we used the DR-GFP assay (32). This assay tracks the restoration of green ﬂuorescent protein (GFP) expression resulting from a gene conversion event induced by an I-SceI DSB. When
an I-SceI break in a ﬂuorescence defective SceGFP construct is repaired by HR with the iGFP
gene fragment serving as a repair template, a functional GFP gene results and is expressed
(32). The percentage of cells expressing GFP can then be determined using ﬂow cytometry
analysis. Using a system similar to that used in other studies of RPA phosphorylation (33),
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FIG 1 RPA phosphorylation is important for RAD52-dependent HR. (A) Schematic representation of RPA2 highlighting phosphorylation sites
mutant in the N terminus of the phospho-dead protein (RPA2-A). Both contain a C-terminal Myc tag and were stably expressed in MCF7-DRGFP cells. (B) IP pulldown with Myc antibody, showing RPA2-WT and -A. Exogenous proteins interact with RPA1 and RPA3. (C) MCF7 DR-GFP
cells expressing RPA2-WT or phosphomutant RPA2-A were depleted of endogenous RPA2 by siRNA transfection along with siNT or siBRCA2.
Western blots conﬁrming depletion of BRCA2 and endogenous RPA2. (D) Schematic of the HR assay (DR-GFP). SceGFP is a full-length GFP
gene disrupted by an I-SceI site. HR between SceGFP and the internal GFP (iGFP) fragment on the same plasmid upon I-SceI digestion
restores GFP activity. (E) Forty-eight hours after siRNA treatment, MCF7 DR-GFP cells were transfected with the I-SceI endonuclease. Seventytwo hours after that, 105 cells per condition were tested by ﬂow cytometry for expression of GFP. Experiments were normalized to RPA-WT
siNT-treated cells. (F) siBRCA2 data, or RAD52-dependent HR events, plotted on different scales. Error bars represent standard errors of the
means (SEM). n = 5 (a P value of ,0.05 by t test was considered statistically signiﬁcant).

MCF7 mammary adenocarcinoma cells stably expressing Myc-tagged RPA2 phosphorylation
mutants were employed. These cells express either wild-type RPA2 (RPA2-WT), or a previously
characterized RPA2 mutant with nine serine/threonine phosphorylation sites in the N-terminal
domain mutated to alanine (RPA2-A), mimicking phosphorylation-defective RPA2 (Fig. 1A) (27,
28, 34). The stably expressed wild-type RPA2 (RPA2-WT) and RPA2-A mutant were expressed
with a C-terminal Myc tag, while the endogenous RPA2 was depleted using small interfering
RNA (siRNA) (Fig. 1C) to study the effects of the stably expressed RPA mutants speciﬁcally. As
in previous studies, the RPA mutants maintained interaction with RPA1 and RPA3 (Fig. 1B) (27,
28). Each of these cell lines also contained the integrated DR-GFP construct to measure levels
of gene conversion due to HR.
Consistent with earlier reports, cells expressing RPA2 phosphorylation mutants were
observed to have reduced HR as measured by the DR-GFP assay (Fig. 1D and 1E; Table 1),
conﬁrming that RPA phosphorylation is important for HR (27, 30, 35). We further investigated the role of RAD52 in facilitating HR. Upon depletion of BRCA2 with siRNA (Fig. 1C),
we observed a signiﬁcant reduction in GFP expression levels corresponding to reduced HR
activity (Fig. 1E). Previous studies using similar assays have shown that the remaining GFP
expression is representative of DSB repair via HR and that RAD51 foci in these cells are dependent on RAD52 (13). Additionally, upon BRCA2 depletion, we also observed reduced
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TABLE 1 Direct repeat recombinant frequencies
% of GFP+ cells
Assay and sample
DR-GFP
siNT RPA2-WT
siNT RPA2-A
siBRCA2 RPA2-WT
siBRCA2 RPA2-A
SA-GFP
siNT RPA2-WT
siNT RPA2-A

Avg

SD

0.245
0.110
0.032
0.017

0.155
0.043
0.015
0.013

0.380
0.377

0.062
0.104

FIG 2 RPA phosphorylation does not affect DNA binding. (A) SDS-PAGE gel showing puriﬁed RAD52, RPA, and pRPA.
(B) Western blots of puriﬁed RPA and pRPA used for the in vitro assays. (C) An ssDNA binding electrophoretic mobility
shift assay (EMSA) was performed using RPA and pRPA. The proteins were incubated with an 80-nucleotide ssDNA
oligonucleotide containing an infrared dye for 5 min, cross-linked with glutaraldehyde, run on an agarose gel, and imaged on
a Li-Cor Odyssey machine. (D) Quantiﬁcation of results in panel A. Bands were measured using Image Studio; points represent
the percentage of ssDNA signal bound by protein as a fraction of the total of the signal in each lane (n = 3).
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HR in the RPA phosphorylation-defective cell lines (RPA2-A) compared to RPA2-WT (Fig. 1E
and 1F). Our data suggest that abrogation of RPA phosphorylation hampers not only
BRCA2-dependent HR but also the RAD52-dependent pathway for repair of DSBs. Our
experiments suggest that RPA phosphorylation facilitates RAD52-dependent HR.
RPA phosphorylation does not alter RAD52 biochemical activity. To investigate
the role of RPA phosphorylation in facilitating RAD52-dependent HR, we studied the
effects of RPA phosphorylation on its ability to bind ssDNA. We compared wild-type
RPA protein to a hyperphosphorylated variant (pRPA) that was posttranslationally
modiﬁed, using HeLa cell extracts, and puriﬁed. The phosphorylation status of RPA
(Fig. 2A and B) was veriﬁed using antibodies speciﬁc to the S4/S8 epitope on RPA and
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by an observed phosphorylation-dependent shift in mobility on immunoblotting.
Using an in vitro RPA-ssDNA binding assay, we compared DNA binding activities of
RPA and pRPA to 5 nM an 80-nucleotide ssDNA oligomer (400 nM nucleotide). We
observed no signiﬁcant difference in DNA binding between the two proteins: both proteins bound and saturated the ssDNA at the same concentration; in some cases either
RPA or pRPA bound ssDNA at a slightly lower concentration, but this effect was not
seen consistently and there was no signiﬁcant difference (Fig. 2C and D).
In mammalian systems, RAD52 is known to predominantly catalyze single-strand
annealing (SSA) as well as play a minor role in synthesis-dependent strand annealing
(SDSA), both of which are critical in DSB repair. We postulated that RPA phosphorylation
might affect RAD52 annealing activity. This notion was supported by previous evidence that
RPA phosphorylation promotes RAD52-ssDNA contacts and the RPA-RAD52 interaction (36).
To examine the effect of RPA phosphorylation on DNA strand annealing activity of RAD52,
we designed strand annealing experiments based on those previously performed by Jensen
et al. (6). Brieﬂy, complementary ssDNAs were incubated separately with RPA or pRPA for
5 min, followed by incubation with RAD52 for 5 min. The two components were then mixed
and further incubated to allow annealing. The reactions were at 1, 5, 15, and 30 min (Fig.
3A) (see Materials and Methods). RPA and pRPA on their own signiﬁcantly reduced selfannealing of the substrates compared to the control with no RPA or RAD52 protein (Fig. 3C
and D). This is expected, as in the cell, RPA binds ssDNA and prevents secondary structure
formation while protecting nascent ssDNA from nuclease activity. When RAD52 was incubated without RPA or pRPA, most of the single-stranded substrates were annealed into the
double-stranded product. (Fig. 3B and C, lanes 9 to 12). Adding RPA or pRPA before RAD52
inhibited RAD52 annealing, and there was no signiﬁcant difference between the wild-type
and phosphorylated RPA (Fig. 3B and C, lanes 1 to 4 versus 5 to 8). Thus, under our assay
conditions, RPA phosphorylation did not promote RAD52 annealing in vitro (Fig. 3D).
To further investigate the effect of RPA phosphorylation on RAD52-dependent SSA
in vivo, we used the cell-based SA-GFP assay, which consists of two GFP gene fragments,
59GFP and SceGFP39, containing 266 bp of homology (Fig. 3E). Repair of a DSB in SceGFP39,
which is generated by I-SceI induction, results in a functional GFP gene as a result of SSA
owing to the DNA strand from SceGFP39 annealing to the complementary strand of 59GFP
(37). When either RPA2-WT or RPA2-A was overexpressed in cells containing the SSA reporter and depleted of endogenous RPA2, no observable difference was observed in the efﬁciency of SSA (Fig. 3E; Table 1) as measured by GFP-positive cells. This is consistent with
our in vitro results suggesting that RPA2 phosphorylation status does not affect RAD52’s ability to anneal single-stranded DNA.
RAD52-RPA interaction is unaffected by RPA hyperphosphorylation. To further
characterize the role of RPA phosphorylation in regulating RAD52-dependent HR, we investigated the effect of RPA phosphorylation mutants on RAD52 recruitment to sites of DNA damage, since RAD52-dependent HR may be impaired in RPA phosphorylation-defective mutants
due to a failure to recruit RAD52 to DSBs. As endogenous RAD52 foci are difﬁcult to detect by
immunoﬂuorescence, RAD52 tagged with GFP was expressed in MCF7 cells expressing either
the RPA-A mutant or RPA2-WT. Six hours after transfection, the cells were treated with 4 m M
camptothecin (CPT) (or no treatment in control cells). The treated cells were then ﬁxed and
prepared for immunoﬂuorescence imaging using confocal microscopy. The total number of
foci per cell was scored (Fig. 4A and B), and the number of cells with more than ﬁve RAD52GFP foci per condition were grouped as positive (Fig. 4C) events above background. After
treatment with CPT, the difference in the number of RAD52-GFP foci observed between
RPA2-WT and RPA2-A cells (Fig. 4B and C) was minimal. This suggests that upon DNA damage, RPA phosphorylation and dephosphorylation events do not signiﬁcantly alter the
recruitment of the RAD52 protein to DSBs. Either RAD52 is able to interact sufﬁciently with
the RPA2 mutants for its recruitment, or RAD52 is recruited independently of RPA.
The interaction between RPA and RAD52 is well established, and it has been suggested to affect RAD52 function directly (22). Previous studies have also shown that
RPA hyperphosphorylation promotes the interaction of RAD52 and RPA (36). These
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FIG 3 RPA phosphorylation does not affect RAD52-mediated strand annealing. (A) Schematic illustration of the strand annealing assay. Complementary
ssDNAs in separate tubes were incubated with RPA, pRPA, or buffer for 5 min, RAD52 was added for 5 min, and then the ssDNAs were mixed. Aliquots
were added to stop buffer at 1, 5, 15, and 30 min, run on a polyacrylamide gel, and imaged on a phosphorimager. (B and C) Autoradiograms of reaction
described for panel A. (D) Bands in panels B and C were quantiﬁed, and the signal of the annealed product as a percentage of the total signal in each lane
was determined and plotted (n = 3). (E) Schematic of the single-strand annealing assay (SA-GFP). 59 GFP and 39 SceGFP are GFP fragments bearing 266 bp
of homology. Single-strand annealing repair of the I-SceI-induced DSB generates a functional GFP gene. Forty-eight hours after treatment (siRNA and RPA2
overexpression), U2OS-SA-GFP cells were transfected with the I-SceI endonuclease. Seventy-two hours after that, 100,000 cells per condition were tested by
ﬂow cytometry for expression of GFP. Experiments were normalized to RPA-WT-treated cells (n = 3). Error bars represent SEM (a P value of ,0.05 by t test
was considered statistically signiﬁcant).

prior studies possibly explain the differences we observe between RPA2-WT and RPAphosphomutant cells in RAD52-dependent HR and RAD51 foci. We further investigated
the effect of RPA phosphorylation on the interaction between RAD52 and RPA. Using immunoﬂuorescence experiments, the colocalization between RPA2-Myc-tagged proteins
and RAD52-GFP foci (Fig. 4D and E) was measured using Pearson’s coefﬁcient of colocalization. We also determined the percentage of cells that had RAD52-GFP foci in which at
least ﬁve of those foci were colocalized with RPA (Fig. 4D to G). RPA2 colocalized with
RAD52-GFP at similar levels in RPA2-WT and RPA-A cells in untreated cells and after treatment
February 2022 Volume 42 Issue 2 e00524-21
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FIG 4 RAD52 recruitment after damage is unaffected by RPA phosphorylation status. MCF7 cells expressing RPA2-WT or
phosphomutant RPA2 (RPA2-A) were depleted of endogenous RPA2 by electroporation of siRPA, and RAD52-GFP was
expressed. Forty-eight hours later, cells were plated on glass slides. The next day, cells were treated with CPT for 6 h, then
ﬁxed with formaldehyde, and permeabilized with Triton X-100. Cells were stained with Myc primary antibody and
ﬂuorescent secondary antibody and then imaged on a confocal microscope. (A) Representative images of RAD52 foci
across the different conditions; data are quantiﬁed in panel B. (B) Total number of RAD52 foci per cell plotted (left y axis)
and the average number of RAD52 foci per cell (right y axis). Each dot represents the focus count of one nucleus. More
than 2,500 cells were scored for each condition. (C) Additionally, 300 cells were counted manually per condition in each
experiment, and cells with .5 RAD52-GFP foci were counted as positive for RAD52. (D) Representative images for RAD52RPA2 colocalizing foci across the different conditions; data are quantiﬁed in panels E and F. (E) Pearson’s coefﬁcient for
RAD52-RPA2 colocalization was calculated using ImageJ and plotted. Each dot represents the correlation coefﬁcient of one
imaging ﬁeld. (F) Cells with .5 RAD52-GFP foci colocalized with RPA2-Myc were manually counted as positive for
colocalization in at least 300 cells. (G) Percentages of cells with RAD52-GFP in which .5 of those foci are colocalized with
RPA2-Myc (n = 3). Bars, 10 m m. Error bars represent SEM (a P value of ,0.05 by t test was considered statistically signiﬁcant).
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FIG 5 RPA phosphorylation is important for RAD51 foci formation in response to DNA damage. MCF7 cells expressing
RPA2-WT or phosphomutant RPA2 (RPA2-A) were depleted of endogenous RPA2 by electroporation of siRPA2, and
RAD52-GFP was expressed. Forty-eight hours later, cells were depleted of BRCA2 by Lipofectamine RNAiMax
transfection of siBRCA2. Twenty-four hours after that, cells were plated on glass slides. The next day, cells were treated
with CPT for 4 h, then ﬁxed with formaldehyde, and permeabilized with Triton X-100. Cells were stained with RAD51
primary antibody and ﬂuorescent secondary antibody and then imaged on a confocal microscope. (A) Representative
images of RAD51 foci across the different conditions. Data are quantiﬁed in panel B. (B) Total number of RAD51 foci
per cell (left y axis) and average number of RAD51 foci per cell (right y axis). Each dot represents the focus count of
one nucleus. All cells containing more than 1 RAD51 focus was included in the analysis, and .700 cells were scored
for each condition. (C) Three hundred cells were manually counted per condition in each experiment, and cells with
.5 RAD51 foci were counted as positive for RAD51 (n = 3). Bars, 10 m m. Error bars represent SEM (a P value of ,0.05
by t test was considered statistically signiﬁcant).

with CPT. Our results suggest that RPA phosphorylation has minimal impact on the interactions between RPA and RAD52.
RPA hyperphosphorylation is essential for RAD51-RAD52 interaction. From the
data above, it was apparent that, although RAD52 forms foci in RPA phosphorylation
mutants, the RPA phosphorylation status seems to have a profound impact on RAD52-dependent HR (Fig. 1 and 4). In wild-type HR-proﬁcient cells, the RAD51 recombinase is recruited
to DSBs in response to DNA damage. The accumulation of RAD51 protein at these DSBs can
be visualized as punctate foci by immunoﬂuorescence. Furthermore, the levels of RAD51 foci
are signiﬁcantly reduced in cells that have impaired HR. To investigate if the effect of RPA
phosphorylation on RAD52-dependent HR was a function of the inability of RAD52 to recruit
RAD51 normally in the absence of RPA hyperphosphorylation, we quantiﬁed RAD51 focus formation. DSBs were induced by treating MCF7 cells for 4 h with 4 m M CPT. RAD51 foci were
visualized by immunoﬂuorescence, and the total number of foci per cell was determined (Fig.
5A and B). Additionally, the percentages of cells with more than ﬁve RAD51 foci were
grouped as positive HR events above background (Fig. 5C). In cells treated with
February 2022 Volume 42 Issue 2 e00524-21
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DISCUSSION
In Saccharomyces cerevisiae, Rad52 functions as a critical mediator of HR by facilitating
the loading of Rad51 onto ssDNA. However, in mammalian systems and other vertebrates,
BRCA2 is known to function as the primary mediator of RAD51 ﬁlament formation (6, 7),
while prior studies have shown a limited role for RAD52 in HR. Additionally, loss of RAD52
has little consequence for cell viability (10, 11, 37), raising questions regarding its function in
mammalian cells. Recent evidence suggests that RAD52 may provide an alternative mediator pathway to BRCA2 function (12, 13). We have previously shown that cells lacking both
BRCA2 and RAD52 have increased chromosomal instability, pointing to a severe HR deﬁciency and a role for RAD52 in RAD51-mediated HR in BRCA2-deﬁcient cells (13). RAD52 is
also synthetically lethal with BRCA1 and PALB2 (38), as RAD51 recruitment and focus formation are dependent on RAD52 in BRCA1- and PALB2-depleted cells (38). RAD52 is also synthetically lethal with XRCC3 (39). BRCA2 is epistatic to RAD51 paralogs in response to DNA
damage, as measured by cellular survival after treatment with DNA-alkylating agents (40),
and synthetically lethal with RAD52 in human cells (41). Several lines of evidence suggest
that the RAD52 backup pathway functions independently of the BRCA pathway, where
RAD52 accumulation to DNA damage sites and colocalization with RPA2 are not affected by
BRCA2 status (13). Additionally, recent studies have shown that RAD52 can load RAD51 at
replication-associated one-ended DSBs (42) and that RAD52 can interact with PALB2 independently of BRCA2 (43), further supporting the idea that RAD52 can help mediate RAD51
ﬁlament formation in BRCA2-deﬁcient cells.
In this study, we investigated the biological consequences of RPA phosphorylation
on RAD52 mediator function. RPA hyperphosphorylation serves a critical function for
the repair of DSB through HR by signaling the recruitment of several proteins that
mediate the HR pathway. RPA hyperphosphorylation is also an important marker for
repair of replication-associated DNA breaks via HR. In mammalian cells, defects in RPA
phosphorylation induce sensitivity to DNA-damaging agents (27, 29, 30), which lead to
persistent DNA breaks (27, 29, 44, 45). While phosphorylation-defective RPA mutants
can associate with DNA damage sites (28), the recruitment of downstream factors in
the HR pathway is severely impaired, supporting a model where RPA can localize to
breaks and sites of stress without phosphorylation.
Using the DR-GFP assay, we veriﬁed the role of RPA phosphorylation in HR and
observed that gene conversion events were signiﬁcantly reduced in phosphorylation
mutants (Fig. 1). Reduced gene conversion events have been associated with aberrant
sister chromatid exchanges, which are increased in phosphorylation mutants (46).
Additionally, phosphorylated RPA has been shown to inhibit resection in vitro,
February 2022 Volume 42 Issue 2 e00524-21

mcb.asm.org

9

Downloaded from https://journals.asm.org/journal/mcb on 01 March 2022 by 134.197.85.87.

nontargeting siRNA with BRCA2-dependent RAD51 recruitment intact, we observed a
dependence of RAD51 recruitment on RPA phosphorylation, i.e., RPA2-A cells displayed
reduced RAD51 foci in both untreated cells and cells treated with CPT compared to RPA2WT cells, in agreement with previous reports that RPA phosphorylation is important for
RAD51 recruitment and HR (Fig. 5B and C). In cells depleted of BRCA2, where RAD51 focus formation is dependent on RAD52, RAD51 foci were signiﬁcantly reduced in the RPA2-A cells
compared to RPA2-WT cells.
To investigate why RAD52 is more efﬁcient at HR and RAD51 recruitment in RPA2-WT
than RPA2 phosphorylation-defective cells (RPA2-A), we measured Pearson’s coefﬁcient of
colocalization in MCF7 cells expressing RAD52-GFP with RAD51. Upon induction of DNA
damage, RAD52-GFP colocalized with RAD51 at signiﬁcantly higher levels in the RPA2-WT
line than in the RPA2-A line, with and without BRCA2 (Fig. 6A to E). Furthermore, the percentage of cells with RAD52-GFP foci that are colocalized with RAD51 was lower in RPA2A cells than RPA2-WT cells (Fig. 6D). Additionally, in unperturbed cells, we did not observe
any RAD52-RAD51 colocalization above the background threshold of ﬁve colocalized foci
(Fig. 6C and E). Taken together, our observations suggest that RPA phosphorylation is necessary for RAD52-dependent recruitment of RAD51 and subsequent HR, but it does not
affect RAD52’s annealing ability at a DSB (Fig. 7).
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FIG 6 RPA phosphorylation is important for RAD52-dependent RAD51 foci. MCF7 cells expressing RPA2-WT or phosphomutant
RPA2 (RPA2-A) were depleted of endogenous RPA2 by electroporation of siRPA2, and RAD52-GFP was expressed. Forty-eight
hours later, cells were depleted of BRCA2 by Lipofectamine RNAiMax transfection of siBRCA2. Twenty-four hours after that, cells
were plated on glass slides. The next day, cells were treated with CPT for 4 h, then ﬁxed with formaldehyde, and permeabilized
with Triton X-100. Cells were stained with RAD51 primary antibody and ﬂuorescent secondary antibody and then imaged on a
confocal microscope. (A) Representative images for RAD51-RAD52 colocalizing foci across the different conditions. Data are
quantiﬁed in panels B and C. (B) Pearson’s coefﬁcient for RAD51-RAD52 colocalization was calculated using ImageJ and plotted.
Each dot represents the correlation coefﬁcient of one imaging ﬁeld. (C) Three hundred cells were counted per condition in each
experiment, and cells with .5 RAD51 foci colocalized with RAD52-GFP were counted as positive for colocalization. (D) Percentage
of cells with RAD52-GFP foci in which .5 of those foci colocalized with RAD51. (E) Percentage of cells with RAD51 foci in which
.5 of those foci colocalized with RAD52-GFP (n = 3). Bars, 10 m m. Error bars represent SEM (a P value of ,0.05 by t test was
considered statistically signiﬁcant).
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suggesting a feedback loop between DNA resection and the DNA damage response
(47). This is primarily due to impaired interactions with HR and DNA damage response proteins, including MRN (33, 48), p53 (35, 49), RAD51 (30, 35, 36), PALB2 (50), and ATR (36).
Thus, RPA phosphorylation is important for the BRCA-dependent DNA repair pathway.
The effect of RPA phosphorylation on the RAD52 mediator pathway has been poorly
characterized. Other groups have established that RPA phosphorylation improves its interaction with RAD52 (36). Phosphorylated RPA colocalizes with RAD52 in foci and stabilizes
the RPA-ssDNA-RAD52 complex (36). Furthermore, cross-linking experiments have shown
increased RAD52-ssDNA interactions when the RPA in the complex is hyperphosphorylated (31). Our data obtained with cells supports this evidence that RPA phosphorylation
promotes RAD52 function as an alternative mediator. We showed that RAD52-dependent
HR, as measured by RAD51 foci and the DR-GFP assay, is dependent on functional phosphorylation of RPA even after depletion of the canonical BRCA2 mediator protein (Fig. 1
and 5). This supports the importance of RPA and its phosphorylation in both the BRCA
and RAD52 pathways of HR.
We have shown that RPA phosphorylation promotes the association of RAD51 and
RAD52 by colocalization, as RAD51 and RAD52 colocalize at considerably higher levels in
RPA2-WT cells than in RPA2-A mutant cells. We also show that the association of RAD51 and
RAD52 is DNA damage dependent, which supports a role for RAD52 in facilitating RAD51 nucleoprotein formation in DNA repair. Assuming that RAD52 serves as a backup for BRCA2 in
facilitating RAD51 nucleoprotein formation, we expected that the extent to which RAD52
colocalizes with RAD51 would increase when BRCA2 is depleted. However, the lack of such an
observation suggests that while in normal cells, a fraction of RAD51 recruitment to resected
DNA is due to RAD52 mediator function, and the absence of BRCA2 does not enhance its
mediator activity, supporting the independence of RAD52 from the BRCA pathway. In both
BRCA2-proﬁcient and BRCA2-depleted cells, the percentage of cells with RAD52 foci that
colocalize with RAD51 was reduced in RPA2-A phosphomutant cells compared to RPA2-WT
cells. Combining our observations showing fewer RAD52-dependent (in BRCA2-depleted cells)
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FIG 7 RPA phosphorylation is essential for RAD52-dependent HR in BRCA22/2 cells. Upon DNA damage, the
broken DNA ends are processed and resected by exonucleases, followed by the loading of the RPA complex
(gray). In BRCA22/2 cells, RAD52 (red) is loaded onto the RPA-coated ends and the cell proceeds toward RAD51
loading (green) and repair via HR. If the RPA2 hyperphosphorylation (purple) is hindered, the cell still efﬁciently
loads RAD52 but is unable to carry out RAD51 loading and HR. In either case, RPA hyperphosphorylation does
not affect RAD52-dependent SSA.
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RAD51 foci (Fig. 5 and 6) and reduced RAD52-dependent HR in RPA2-phosphomutant cells
(Fig. 1) leads us to suggest that RPA phosphorylation promotes RAD52-dependent RAD51
recruitment. Taken together, these data show that RPA phosphorylation is an important regulator of RAD52 mediator function, although the exact mechanism is yet to be determined.
The effects of RPA phosphorylation on RAD52 function in vitro have been largely
unresolved. Several prior studies have suggested that the interaction of RPA and RAD52
is improved with RPA phosphorylation (36), phospho-RPA promotes RAD52 contacts
with ssDNA in RPA-RAD52-ssDNA complexes (31), and the interaction between RPA and
RAD52 is functionally signiﬁcant, since RAD52 mutants that do not interact with RPA fail
to enhance HR in monkey cells in contrast to RAD52-WT cells (22). The RAD52-RPA interaction facilitates binding of RAD52 to RPA-ssDNA, and this interaction is necessary for RAD52
to counteract RPA’s helix-destabilizing activity (51, 52).
Biochemically, RAD52 has been shown to have strand-annealing activity and RAD51
mediation activity in the absence of RPA or under suboptimal conditions for RAD51,
but it has not been shown to displace RPA from ssDNA to allow RAD51 ﬁlament formation (6). Additionally, recent studies employing DNA curtains have shown that though
RAD52 by itself cannot remove RPA from ssDNA, and addition of RAD51 to the reaction
mixture leads to complete dissociation of the RPA-RAD52 complex followed by RAD51
nucleoprotein ﬁlament formation (52). Using DNA binding and strand annealing experiments,
we observed that RPA phosphorylation does not promote RAD52 DNA binding or annealing
activities in vitro. No effect of RPA phosphorylation was observed in SSA-based GFP reporter
assays (Fig. 3).
It is possible that additional factors are needed and/or the physiological conditions
in cells are required to demonstrate a role of RPA phosphorylation in promoting RAD52
annealing activity. Previous reports have shown that the protein DSS1 and not the phosphorylation cycle of RPA helps promote RAD52’s observed DNA repair activity. The DSS1-RAD52
interaction facilitates repair by altering the RAD52 conformation and aiding its release from
the DNA end (53). Our results indicate that RPA phosphorylation has a minimal effect if any on
RAD52 functions in the cell that rely on its DNA binding or annealing activity. The interactions
between RAD52 and RPA in the absence of phosphorylation are signiﬁcantly reduced, as previously demonstrated in immunoprecipitation experiments (36), potentially being facilitated
by a weak interaction between RAD52 and RPA1 (54–56), suggesting that our observations of
diminished RAD52-dependent HR in phosphorylation mutants could have been due to
impaired interactions between RAD52 and RPA. Paradoxically, RAD52 foci form normally in
RPA phosphorylation mutant cells after damage (Fig. 4). Given our observation that RPA phosphorylation promotes RAD52-dependent HR and improved interaction with RAD52, it is possible that, although RAD52 is recruited to foci independently of RPA phosphorylation, either
through its interactions with RPA2 and RPA1 or through its own DNA binding activity, the
association between RAD52 and RPA is not efﬁcient without phosphorylation of RPA32.
Alternatively, the lack of cycling between phosphorylation and dephosphorylation prevents a
hand-off of tighter ssDNA contacts from RPA to RAD52, thereby causing defective HR.
Taken together, our data suggest that in the absence of RPA phosphorylation, it is
not the reduced association between RAD52 and RPA but the failure of RAD52 to recruit
RAD51 that leads to the failure to promote HR in BRCA2-depleted cells. The role of RAD52 in
BRCA-proﬁcient cells is an interesting question. Despite RAD52’s lack of severe HR phenotype,
there are some recombination phenotypes of RAD52, suggesting that RAD52 does play a role
even in BRCA-competent cells (11, 13, 57–59). RAD52 interacts with RAD51 and RPA (15, 22,
54, 58, 60–64), and its synthetic lethality with DNA repair factors suggests that it plays an important role in HR. The DNA annealing activity of RAD52 may play a role in BRCA-proﬁcient
cells, through SSA, second-end capture, or synthesis-dependent strand annealing (51, 65–68).
In cancer patients carrying BRCA mutations only, tumor cells are BRCA deﬁcient (usually
heterozygous BRCAmut/2), while normal cells are proﬁcient in HR, containing one functional
and one nonfunctional copy of BRCA1 or BRCA2. Thus, targeting a protein such as RAD52,
which is synthetically lethal only with biallelic BRCA2 deﬁciency, would result in selective
death of tumor cells. The synthetic lethal relationship between poly(ADP-ribose) polymerase
February 2022 Volume 42 Issue 2 e00524-21

mcb.asm.org

12

Downloaded from https://journals.asm.org/journal/mcb on 01 March 2022 by 134.197.85.87.

Carley et al.

RPA Regulates RAD52-Dependent Homologous Recombination

Molecular and Cellular Biology

(PARP) and BRCA—believed to underlie the effectiveness of treatment of BRCA-deﬁcient
cancers by PARP inhibitors—provides a proof of principle that synthetic lethality can be
exploited to develop cancer therapeutics. RAD52 loss or inhibition may have advantages
over PARP inhibitors in that it causes little DNA damage in wild-type cells, making the target
attractive for cancer treatment. Our work demonstrates that RPA phosphorylation is important not only for the BRCA pathway but also for the RAD52 pathway, making this interaction
a potential therapeutic target.
Our data support a model of RAD52-dependent HR that is promoted by hyperphosphorylation of RPA (Fig. 7). After a DSB or replication fork collapse, the ends are resected to
generate 39 ssDNA overhangs that are bound by RPA, which is then hyperphosphorylated.
RAD52 is recruited to the damage site by RPA regardless of RPA phosphorylation status.
However, RPA phosphorylation enhances its interactions with RAD52, augmenting recruitment
of RAD51 and promoting nucleoprotein ﬁlament formation. RAD51 then catalyzes homology
search and strand invasion, promoting HR. Meanwhile, the other functions that RAD52 has in
DSB repair via strand annealing activity remain unaltered. The exact mechanism by which
RAD52 mediates HR needs to be investigated further. The role of cycling phospho-RPA and
other factors needed to regulate RAD52-mediated HR still remains undetermined.

Cell lines. Myc-tagged RPA2 expression vectors were electroporated into MCF7 cells, a breast adenocarcinoma cell line, containing the DR-GFP reporter construct. Cells were grown in blasticidin, and resistant colonies were expanded and tested for expression of RPA-mutant cell lines. Cells were maintained in Dulbecco’s
modiﬁed Eagle medium (DMEM) with 100 U/mL penicillin, 100 m g/mL streptomycin, 10% bovine growth serum
(BGS), 20 mM HEPES. NaOH (pH 7.4), and 15 m g/mL blasticidin. RPA2-WT and RPA2-A plasmids were generated
from pEF6 by insertion into the XbaI and BstBI sites of the pEF6/Myc-HisA vector (Invitrogen). Expression of the 6His tag from pEF6/Myc-HisA was prevented by mutating the ATG codon at position 1863 to a TGA codon.
siRNA. siRNAs were obtained from Horizon Discovery (Dharmacon). siRPA was two ON-TARGETplus
(Horizon Discovery; custom siRNA) sequences mixed in equal amounts (sense sequence: AAC UGG AUC
UAA CUG GGU ACC UU; GCU UCU AGG AAG UAG GUU UCA UU). siBRCA2 was an ON-TARGETplus
SMARTpool (L-003462-00) (target sequences: GAA ACG GAC UUG CUA UUU A, GGU AUC AGA UGC UUC
AUU A, GAA GAA UGC AGG UUU AAU A, and UAA GGA ACG UCA AGA GAU A). siNT was an ONTARGETplus SMARTpool (D-001810-10) (target sequences: UGG UUU ACA UGU CGA CUA A, UGG UUU
ACA UGU UGU GUG A, UGG UUU ACA UGU UUU CUG A, and UGG UUU ACA UGU UUU CCU A).
Cell-based DNA repair assays. MCF7-pDR-GRP cells containing stably integrated Myc-tagged RPA2,
either WT or RPA2-A, were assayed for gene conversion events as previously described (32). One million
cells were transfected with 2 m g each siRPA and siBRCA2 (or siNT control) using the Amaxa electroporation
system. Forty-eight hours later, 2 m g of the pCMV-ISceI-3xNLS plasmid along with 0.5 m g of each siRNA
was transfected using the Lipofectamine 2000 reagent (Life Technologies). Seventy-two hours later, the
cells were harvested, and percentages of GFP-positive cells per 100,000 cells were determined by ﬂow
cytometry (FACSCalibur; Becton Dickinson).
U2OS-SA-GFP cells were assayed for single-strand annealing events as previously described (37). 1
million cells were transfected with 2 m g each siRPA and RPA2-WT- or RPA2-A-expressing plasmid using
the Amaxa electroporation system. Forty-eight hours later, 2 m g of the pCMV-ISceI-3xNLS plasmid along
with 0.5 m g of each siRNA was transfected using the Lipofectamine 2000 reagent (Life Technologies).
Seventy-two hours later, the cells were harvested, and percentages of GFP-positive cells per 100,000
cells were determined by ﬂow cytometry (FACSCalibur; Becton Dickinson).
Preparation of protein lysates for immunoblotting. Cells were trypsinized and pelleted by centrifugation followed by lysis using radioimmunoprecipitation assay (RIPA) buffer containing 1 protease inhibitor cocktail (Halt protease inhibitor cocktail; Thermo Scientiﬁc) and incubated on ice for 5 min.
Lysates were sonicated, incubated on ice for 30 min, and then centrifuged at a relative centrifugal force
(RCF) of 16,100 for 20 min. Protein concentrations in the lysates were determined by using Bio-Rad protein assay dye reagent concentrate and comparing against a bovine serum albumin (BSA) protein standard curve, measured on a Tecan Inﬁnite M200 reader.
Western blots. Twenty to one hundred micrograms of protein lysates was loaded onto precast gels
from Life Technologies (NuPAGE Novex 10% bis-Tris SDS-PAGE gels were run in NuPAGE MOPS [morpholinepropanesulfonic acid] SDS running buffer for all proteins except BRCA2; 3 to 8% Tris-acetate gels run
in NuPAGE Tris-acetate running buffer were used for BRCA2 and SMC-1) in a Novex mini-cell or midi apparatus at 110 V for 2 h. Gels were then transferred onto nitrocellulose membranes using transfer buffer
(1.4% glycine, 0.3% Tris base, 20% methanol) at 40 V overnight in a Mini-PROTEAN Tetra system (BioRad). Membranes were stained with Ponceau S solution to verify even transfer and then blocked in 5%
milk in TBS-T (Tris-buffered saline with 0.1% Tween) or Odyssey TBS blocking solution for 1 h.
Membranes were incubated in primary antibodies diluted in 5% milk TBS-T (2.5% for BRCA2) or Odyssey
TBS blocking solution with 1% Tween overnight. Antibody was removed, and the membrane was
washed 3 times for 10 min in TBS-T. Membranes were then incubated with secondary antibodies for 1 h
and washed again 3 times with TBS-T. Membranes incubated with horseradish peroxidase (HRP)February 2022 Volume 42 Issue 2 e00524-21
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conjugated secondary antibodies were incubated in Western Lightning Plus-ECL (Perkin Elmer) for 5 min
and then exposed to autoradiography ﬁlm. Membranes incubated in IRDye secondary antibodies were
imaged on the Odyssey CLx System (Li-Cor).
Antibodies. Antibodies used for immunoblotting included those against RPA2 (cell signaling RPA2
[4E4] rat monoclonal antibody [MAb]; no. 2208), 1:1,000; pRPA (Abcam anti-RPA32/RPA2 [phospho
S4 1 S8] antibody [ab87277]), 1:400; Myc (cell signaling Myc rabbit [rb] polyclonal antibody; no. 2272),
1:400; Myc (Myc-Tag [9B11] mouse MAb; no. 2276), 1:1,000; RAD52 (rb polyclonal RAD52 antibody H300; sc-8350); RAD52 (mouse monoclonal Rad52 antibody F-7; sc-365341); BRCA2 (BRCA2 mouse MAb;
OP-95; EMD Millipore); SMC-1 (rabbit polyclonal; Bethyl Laboratories); and actin (mouse monoclonal;
EMD Millipore; MAB1501). Secondary antibodies included Pierce goat anti-mouse and goat anti-rabbit
HRP-conjugated IgG, Li- or IRDye-conjugated 800CW goat anti-mouse IgG, IRDye-conjugated 800CW
goat anti-rabbit IgG, and IRDye-conjugated 800CW goat anti-rat IgG.
Antibodies used for immunoﬂuorescence include those against Myc (Myc-Tag [9B11] mouse MAb;
no. 2276) and RAD51 (rabbit monoclonal, Abcam; ab133534), 1:2,500. The secondary antibodies were
Alexa Fluor 568-conjugated goat anti-mouse immunoglobulin (Life Technologies) and Alexa Fluor 555conjugated goat anti-rabbit immunoglobulin.
Immunoprecipitation. Nuclear lysates were collected using the universal magnetic coimmunoprecipitation (co-IP) kit (Active Motif). A protein A/G SpinTrap buffer kit (GE Healthcare) was used to immunoprecipitate proteins as follows. Protein A magnetic Sepharose beads (GE Healthcare) were equilibrated
by resuspension in 500 m L binding buffer, which was then removed. Beads were incubated with 10 m g
primary antibody (Myc mouse; Cell Signaling no. 2276) for 4 h. They were washed in 500 m L binding buffer and
then in cross-link solution A. The beads were cross-linked to the primary antibody twice in 500 m L cross-link solution A with 50 mM dimethyl pimelimidate (DMP) for 30 min, with a wash in cross-link solution A between. After
cross-linking, the beads were washed in 500 m L cross-link solution A. They were blocked for 15 min in cross-link
solution B, and unbound antibody was then eluted for 10 min at 50°C in elution buffer. Antibody-cross-linked
beads were washed twice in 500 m L wash buffer, and then nuclear lysates were added to the beads and incubated for 3 h. Unbound lysates were removed, and the antibody- and protein-bound beads were then washed
twice with wash buffer. Bound protein was eluted in twice for 10 min in elution buffer. The eluate was concentrated using Amicon Ultra 0.5-mL centrifugal ﬁlters (Ultracel 10K; Millipore) and run on Western blots as described
above. Binding and wash buffer (50 mM Tris, 150 mM NaCl [pH 7.5]), elution buffer (0.1 M glycine-HCl [pH 2.9]),
cross-link solution A (200 mM triethanolamine [pH 8.9]), and cross-link solution B (100 mM ethanolamine [pH
8.9]) were used.
Confocal microscopy and immunoﬂuorescence. Cells were simultaneously ﬁxed and permeabilized in 0.5% Triton X-100 and 0.5% paraformaldehyde diluted in phosphate-buffered saline (PBS) for
15 min. They were then blocked at 4°C overnight in 5% BGS in PBS. The following morning, they were
incubated in primary antibody for 3 h at room temperature. Cells were washed 3 times for 5 min in 0.5%
Triton X-100 in PBS and then incubated in secondary antibody for 1 h. Cells were washed again 3 times
for 5 min in 0.5% Triton X-100 in PBS. Mounting medium with DAPI (49,6-diamidino-2-phenylindole;
Vectashield) was added, and then coverslips were added. Cells were imaged on a Zeiss LSM-510 confocal
microscope. Images were further processed and analyzed using ImageJ2 (69).
Confocal image analysis. Figures were analyzed using a batch script. Automated focus counting for
RAD52 (Fig. 4B) and RAD51 (Fig. 5B) were performed on maximum-intensity Z projections using a custom-written ImageJ macro. Cell nucleus and focus segmentation was performed with a series of auto-thresholds and
watershed algorithms (ImageJ plugin) on the 8-bit images (split into its constituent channels) of either the nucleus background or the focus signal. Data analysis was performed with the particle analyzer (ImageJ plugin).
Pearson’s coefﬁcient was calculated using the JACoP plug-in (70) in ImageJ2, where channel A was assigned to
the 488-nm excitation and channel B corresponded to 561-nm excitation. For Fig. 4E, the channel A and B
thresholds were set at 115 and 110, respectively, while they were ﬁxed at 73 and 43 for Fig. 6B.
Puriﬁcation of proteins. RPA and phosphorylated RPA were puriﬁed in Gloria Borgstahl’s lab as
described previously (31, 71). To generate phosphorylated RPA, RPA was puriﬁed as previously described
and then mixed with HeLa extracts supplemented with an ATP regenerating system, ssDNA, and phosphatase inhibitors. The phosphorylated RPA was then puriﬁed again as described previously. RAD52 was
puriﬁed in Ryan Jensen’s lab as described previously (6).
DNA binding assay. RPA and pRPA were incubated at indicated concentrations in 35 mM HEPES,
NaOH (pH 7.5), 1 mM dithiothreitol (DTT), and 5 nM 80-mer (59 IRD700-labeled oligonucleotide [TT TGT
TAA AAT TCG CGT TAA ATT TTT GTT AAA TCA GCT CAT TTT TTA ACC AAT AGG CCG AAA TCG GCA AAA
TCC CTT ATA]; Integrated DNA Technologies [IDT]; high-performance liquid chromatography [HPLC]
puriﬁed) at 37°C for 5 min. Reactions were then cross-linked for 10 min at room temperature with 0.2%
glutaraldehyde and stopped with 100 mM Tris (pH 8.0). Reaction products were loaded on a 1% agarose
gel for 2 h and imaged on a Li-Cor Odyssey CLx system.
Substrates for DNA annealing assays. DNA annealing assays were based on experiments reported
in reference 6 and performed as follows. Polyacrylamide gel electrophoresis (PAGE)-puriﬁed oligonucleotide substrates were obtained from Sigma or IDT. The following oligonucleotides were used: RJ-167-mer (59-CTGCTTTAT
CAAGATAATTTTTCGACTCATCAGAAATATCCGTTTCCTATATTTATTCCTATTATGTTTTATTCATTTACTTATTCTTTATGTT
CATTTTTTATATCCTTTACTTTATTTTCTCTGTTTATTCATTTACTTATTTTGTATTATCCTTATCTTATTTA-39), RJ-Oligo1 (59TAATACAAAATAAGTAAATGAATAAACAGAGAAAATAAAG-39), and RJ-Oligo2 (59-CTTTATTTTCTCTGTTTATTCATTTA
CTTATTTTGTATTA-39).
DNA annealing assays. Cold 167-mer at 4 nM (molecules) and 59 radiolabeled oligonucleotide 1 at 2 nM
(molecules) were each incubated separately in 10-m l reaction mixtures containing 25 mM Tris acetate (pH 7.5),
1 mM MgCl2, and 1 mM DTT for 5 min with RPA (50 nM), pRPA (50 nM), or storage buffer. The 40-mer is
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complementary to the 167-mer at the 39 end. All incubations were at 37°C. The oligonucleotides were then incubated with either RAD52 (100 nM) or protein storage buffer for 5 min. The two reaction mixtures were then
mixed and incubated for 1, 5, 15, or 30 min to allow annealing. At the indicated time points, aliquots were
removed and added to stop buffer (4 mg/mL proteinase K, 1% SDS and 0.2 m M unlabeled Oligo2 [complementary to Oligo1]) for 15 min. Loading dye was then added to the samples, and they were run on precast 6% polyacrylamide gels in Tris-borate-EDTA (TBE) buffer (Life Technologies) for 2 h at 30 V. The gels were dried onto
Whatman paper and exposed to a phosphorimager screen overnight. The screens were scanned on a
Fujiﬁlm FLA-7000 phosphorimager, and bands were quantiﬁed using Quantity One software. The percentage of annealed product was calculated as the radiolabeled product divided by the total radiolabeled input
DNA in each lane.
Protein buffers. The buffer for RPA and pRPA was 30 mM HEPES, NaOH (pH 7.8), 0.5% inositol,
0.5 mM EDTA, 1 mM DTT, 250 mM KCl. The buffer for RAD52 was 50 mM Tris-Cl (pH 7.5), 200 mM KCl,
15% glycerol, 10 mM b -mercaptoethanol. The buffer for RAD51 was 20 mM HEPES, NaOH (pH 7.5),
150 mM NaCl, 0.1 mM EDTA, 10% glycerol, 2 mM b -mercaptoethanol.
Statistical analysis. Statistical analysis for the various experiments was performed using GraphPad
Prism 9.1.0 software. A P value of ,0.05 by the unpaired t test (two tailed) was considered statistically
signiﬁcant.
Data availability. The data that support the ﬁndings of this study are presented in the article and
are available upon request.
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