
694–708 Nucleic Acids Research, 2020, Vol. 48, No. 2 Published online 4 December 2019
doi: 10.1093/nar/gkz1052

DSS1 interacts with and stimulates RAD52 to promote
the repair of DSBs
Barbora Stefanovie1,2,†, Sarah R. Hengel3,†, Jarmila Mlcouskova1,2, Jana Prochazkova2,
Mario Spirek1,2, Fedor Nikulenkov2, Daniel Nemecek4, Brandon G. Koch3, Fletcher E. Bain3,
Liping Yu3,5, Maria Spies3 and Lumir Krejci1,2,6,*

1Department of Biology, Masaryk University, 62500 Brno, Czech Republic, 2International Clinical Research Center,
St. Anne’s University Hospital in Brno, 62500 Brno, Czech Republic, 3Department of Biochemistry, University of Iowa
Carver College of Medicine, 51 Newton Road, Iowa City, IA 52242, USA, 4CEITEC, Masaryk University, 62500 Brno,
Czech Republic, 5NMR Core Facility, Carver College of Medicine, University of Iowa, Iowa City, IA 52242, USA and
6National Centre for Biomolecular Research, Masaryk University, 62500 Brno, Czech Republic

Received May 23, 2019; Revised October 21, 2019; Editorial Decision October 22, 2019; Accepted October 23, 2019

ABSTRACT

The proper repair of deleterious DNA lesions such
as double strand breaks prevents genomic insta-
bility and carcinogenesis. In yeast, the Rad52 pro-
tein mediates DSB repair via homologous recombi-
nation. In mammalian cells, despite the presence of
the RAD52 protein, the tumour suppressor protein
BRCA2 acts as the predominant mediator during ho-
mologous recombination. For decades, it has been
believed that the RAD52 protein played only a back-
up role in the repair of DSBs performing an error-
prone single strand annealing (SSA). Recent studies
have identified several new functions of the RAD52
protein and have drawn attention to its important
role in genome maintenance. Here, we show that
RAD52 activities are enhanced by interacting with
a small and highly acidic protein called DSS1. Bind-
ing of DSS1 to RAD52 changes the RAD52 oligomeric
conformation, modulates its DNA binding properties,
stimulates SSA activity and promotes strand inva-
sion. Our work introduces for the first time RAD52 as
another interacting partner of DSS1 and shows that
both proteins are important players in the SSA and
BIR pathways of DSB repair.

INTRODUCTION

To avoid genome instability, a hallmark and enabling char-
acteristic of cancer (1), cells need to carry out efficient
replication and repair when DNA lesions such as double-
stranded breaks (DSBs) occur. Many critical players are

shared during cellular mechanisms that promote DNA
replication completion, mediate replication fork recovery
and restart damaged replication forks, and repair DSBs via
homologous recombination (HR) (2–5).

In yeast, HR primarily depends on proteins within the
RAD52 epistasis group (6). Among all members of this epis-
tasis group deletion of the RAD52 gene in S. cerevisiae leads
to the strongest HR and DNA repair phenotype, accentu-
ating its importance. The yeast Rad52 protein is a recom-
bination mediator as it facilitates nucleation of the Rad51
filaments on ssDNA bound by the ssDNA binding pro-
tein RPA (7,8). In mammalian cells, the BRCA2 tumour
suppressor protein plays a central HR function by mediat-
ing formation of RAD51 presynaptic filament required for
DSB repair (9,10) and protection of stalled replication forks
(11,12).

The human RAD52 protein plays an important yet his-
torically elusive role in DNA repair. Initial characteriza-
tion identified roles in SSA and second-end capture during
RAD51-dependent DSB repair (13,14). Depletion or phar-
macological inhibition of human RAD52 has a syntheti-
cally lethal relationship with defects in both BRCA2 (15–19)
and BRCA1/PALB2 (20). This relationship, however, can-
not be fully explained by HR defects alone, as RAD52 does
not compensate for BRCA2 deficiency with respect to HR.
Moreover, depletion of RAD52 only has a mild effect on
HR (21,22). Instead of functioning in HR, RAD52 in mam-
malian cells is required for the repair (23) and restart (24)
of stalled replication forks, for mitotic DNA synthesis (MI-
DAS) (25), SSA (38) and BIR events (24,26). Additionally,
RAD52 plays a gatekeeper function at stalled replication
forks where it antagonizes fork reversal by SMARCAL1
(27). Furthermore, RAD52 has been found to be impor-
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tant for repair of >50 nt repeat sequences that flank DSBs
and combined depletion with POLQ cause hypersensitiv-
ity to cisplatin and a synthetic reduction in replication fork
restart (28). Structurally, the human RAD52 protein forms
oligomers with an average of seven oligomers (29,30). The
RAD52 monomer consists of two domains, an evolution-
arily conserved N-terminal domain (NTD) and species spe-
cific C-terminal domain (CTD) (31). The NTD is involved
in DNA binding and contains an oligomerization domain
(32,33), while the CTD harbors RPA and RAD51 inter-
action domains (34,35). The RAD52 protein harbors two
DNA binding sites. The inner DNA binding site binds ss-
DNA within a positively charged groove spanning the cir-
cumference of the ring (33,36) and the outer DNA binding
site lies above the inner DNA binding site and binds both
ssDNA and dsDNA (37). This unique binding mode may
facilitate single-strand annealing of complementary ssDNA
(38).

The BRCA2 protein functions in complex with the highly
conserved, small, and very acidic protein DSS1 to promote
the RAD51-loading activity of BRCA2 (39). Moreover, the
binding of DSS1 masks a nuclear export signal of BRCA2
and thereby controls both BRCA2 and RAD51 nuclear
localization (40). Recently, DSS1 was also shown to pro-
mote BRCA2-dependent HR by targeting RPA. It was sug-
gested that DSS1 could mimic DNA and reduce the affin-
ity of RPA for ssDNA, thereby facilitating a handoff of ss-
DNA from RPA to RAD51 (41). Despite the newly iden-
tified DSS1 interaction proteins within HR pathway, how
DSS1 cooperates with multiple genome maintenance pro-
teins in many diverse processes remains unknown. Similarly,
the functional relationship between BRCA2 and RAD52 re-
mains unclear.

Here, we show that the RAD52 protein is a novel in-
teracting partner of DSS1. This interaction changes the
RAD52 protein conformation and modulates DNA bind-
ing resulting in stimulated annealing and D-loop activities
of RAD52. We show that DSS1 acts not only in the BRCA2-
mediated HR pathway, but also in RAD52-dependent SSA
and BIR repair pathways. We propose that DSS1 and
RAD52 function together in SSA but seem to have separate
roles in BIR.

MATERIALS AND METHODS

Protein purifications

The pGEX-KG plasmid carrying GST-DSS1 (Supplemen-
tary Table S1) was introduced into Escherichia coli BL21
(DE3) cells (New England BioLabs). Cells were grown at
37◦C until OD600 = 0.6 and the GST-DSS1 expression was
induced by addition of 0.5 mM IPTG and incubation at
37◦C for 4 h. Harvested cells were resuspended in T+300
buffer (25 mM Tris–HCl pH 7.5, 300 mM KCl, 10% glyc-
erol, 0.5 mM EDTA, 0.01% NP40, 1 mM DTT, cocktail of
protein inhibitors), followed by sonication in order to dis-
rupt the DNA and finally centrifuged for 1 h at 35 000 × g at
4◦C. Supernatant was mixed with 1 ml of Glutathione 4B-
Sepharose beads (GE Healthcare) equilibrated in T+300
buffer for 1 h at 4◦C. A gravity column was used to re-
move unbound fraction and beads were washed with 10

ml of T+300 buffer to remove non-specifically bound pro-
teins. Bound protein was eluted by 2 × 1 ml of T+300
buffer containing 10, 50 or 100 mM glutathione respec-
tively. Both 50 mM glutathione fractions were pooled, di-
luted with T buffer to decrease the conductivity and loaded
onto 1 ml-MonoQ (GE Healthcare) equilibrated in buffer
T supplemented with 100 mM KCl. GST-DSS1 was eluted
with 10 column volumes gradient of the 100–1000 mM KCl
in buffer T containing 1000 mM KCl. Fractions from 440
to 480 mM KCl were pooled, split into halves and first half
was concentrated on VivaSpin 2.0 (MWCO 5000) to 150
�l and washed two times in T+100 buffer. GST tag in the
second half of protein was cleaved by 30 units of throm-
bin (Sigma-Aldrich) O/N at RT. Cleavage was stopped by
the addition of 1 mM PMSF and the mixture of cleaved
GST and DSS1 was diluted in T buffer and loaded onto
0.5-ml Mono Q equilibrated in buffer T containing 100 mM
KCl. DSS1 was then eluted by 20 column volume gradient
of 200–700 mM KCl. Peak fractions were pooled, concen-
trated on VivaSpin 2,0 (MWCO 5000) and washed in T+100
buffer to decrease salt concentration. Both proteins were
aliquoted and stored at −80◦C.

The RAD52 protein was overexpressed using pET11a
vector (Supplementary Table S1) in E. coli Rosetta™ (DE3)
pLysS cells (Novagen). Protein expression was induced by
0.5 mM IPTG and incubation at 16◦C overnight. Harvested
cells were resuspended in K buffer (20 mM KH2PO4, 500
mM KCl, 10% glycerol, 0.5 mM EDTA, 0.01% NP40, 1 mM
�-mercaptoethanol) containing 500 mM KCl, followed by
sonication and centrifugation for 1 h at 35 000 × g at 4◦C.
Supernatant was diluted with K buffer and loaded on 30-
ml SP Sepharose column (GE Healthcare) equilibrated in
K+150 buffer. RAD52 was eluted by 240 ml of 3–65% KCl
gradient of buffer K+1000. Fractions containing RAD52
protein were pooled, diluted and loaded on 1-ml Heparin
Fast Flow (GE Healthcare) followed by 10 column wash
and elution with 10 ml of 5–75% KCl gradient of K+1000
buffer. Fractions form 360–430 mM KCl containing the ma-
jority of RAD52 protein was pooled, diluted with K buffer
and loaded on 0.5-ml Mono S column. RAD52 protein
was eluted with 10 ml gradient of 5–55% of K+1000. Frac-
tions containing protein (in the range of 300–350 mM KCl)
were pooled and concentrated on VivaSpin 2.0 (MWCO 30
000). Size exclusion chromatography was further used to in-
crease the homogeneity of the protein sample. Sample was
loaded on 25-ml Sephacryl S-400 (GE Healthcare) equili-
brated in K+150 buffer and eluted with 25 ml of K+150
buffer. Fraction containing RAD52 were pooled, concen-
trated, aliquoted and stored at −80◦C.

The His6-RAD52 and yeast His-Rad52 proteins were ex-
pressed and purified as described before (42,43). There are
extensive evidences that the N-terminal tag, including His-
tag, does not affect the activity (44).

Recombinant Pull-down assays

Glutathione Sepharose™ 4B resin (20 �L, GE Healthcare)
was pre-equilibrated in T+100 buffer. Reaction mixture
containing GST-DSS1 (5 �g) and RAD52 (5 �g) proteins
in 30 �l of T+100 buffer was added to the resin and incu-
bated for 30 min in the Thermomixer (Eppendorf) at 1150
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× rpm at 4◦C. Samples were centrifuged and flow through
fraction (FT) collected. Resin was washed two times with
200 �l of T+100 buffer. The bound fraction(B) was eluted
by addition of 20 �l of SDS-Laemmli buffer and all samples
were analysed by 12% SDS-PAGE.

In the quantitative GST-DSS1 pulldown experiments,
GST-DSS1 (at a final concentration of 4 �M) was mixed
with the indicated concentrations of His6-RAD52 in the
binding buffer (20 mM Tris-acetate pH 7.5, 100 mM KCl,
0.01% NP40, 1 mM DTT) and GST beads (Pierce &
Thermo Scientific) in binding buffer (20 mM Tris-acetate
pH 7.5, 100 mM KCl, 0.01% NP40, 1 mM DTT) to a final
volume of 30 �l. Beads and proteins were incubated for 1 h
rotating at 4◦C. Beads and proteins were pelleted at 3,000 ×
g for 5 minutes, washed twice with 200 �l of binding buffer.
Bound proteins were eluted by adding 5 �l of binding buffer
and 5 �l of Laemmli buffer and boiling for ∼10 min. Pro-
teins were separated using a 12% SDS-Page gel (200 V, 50
min). Quantification was carried out using volume intensity
analysis using BIORAD Image Software and the data was
normalized to the 6 �M His6-RAD52 intensity value. All
data was plotted using GraphPad Prism 7.

NMR Spectroscopy

NMR spectra were acquired on a 500 or 800 MHz Bruker
Avance II NMR spectrometer at 5◦C using a 220 �M uni-
formly [15N,13C]-labelled DSS1 for backbone and sidechain
assignments or a 10 �M uniformly 15N-labelled DSS1
for binding experiments with RAD52 in a buffer contain-
ing 25 mM Tris, 50 mM KCl and 25 �M EDTA, pH
7.5 in 90% H2O/10% D2O. A suite of triple resonance
NMR experiments including HNCACB, HN(CO)CACB,
HNCO, HN(CA)CO, HNCA and HN(CO)CA experi-
ments (45) were acquired for backbone assignments of
DSS1. Sidechain assignments were obtained by acquir-
ing C(CO)NH, H(CCO)NH, HBHA(CO)NH and 15N-
NOESY spectra (46). 15N-heteronuclear NOEs and 15N T2
relaxation times of DSS1 were obtained as described previ-
ously (47). Duplicates of 15N{1H}-heteronuclear NOE ex-
periments were performed and used to calculate the aver-
age value and standard deviation for each backbone amide.
The standard deviations of 15N T2 relaxation times of DSS1
were obtained from data fitting. The RAD52 binding ex-
periments were performed by acquiring a series of 15N/1H
HSQC spectra of 10 �M uniformly 15N-labelled DSS1 in
the absence of His6-RAD52 and in the presence of 2.5,
5 and 10 �M His6-RAD52. The acquired data were anal-
ysed by peak heights. The 1H and 13C chemical shifts were
referenced to 2,2-dimethyl-2-silapentane-5-sulfonate. The
collected data were processed using NMRPipe (48) and
analysed using NMR View (49).

Microscale thermophoresis

For the purpose of MST measurements, DSS1 was labelled
by NT-647-NHS dye according to the manufacturer pro-
tocol (NanoTemper Technologies). Constant concentration
of labelled DSS1 protein (50 nM) was mixed with increasing
concentrations of RAD52 (1 nM to 36 �M) in Tris-Acetate
buffer (30 mM Tris-acetate pH 7.5, 1 mM DTT) in a se-

ries of 16 independent capillaries. Mixed proteins were in-
cubated at 25◦C for 10 min and measured using low MST
power and 20% of Excitation power. Changes in fluores-
cence were plotted against RAD52 concentration and Kd
value was calculated using quadratic binding equation for
six independent measurements at two different MST power.

Electromobility shift assay (EMSA)

Increasing concentrations of RAD52 protein or the
RAD52-DSS1 complex (pre-formed in 1:1 ratio by incuba-
tion in Tris-acetate buffer (30 mM Tris-acetate pH 7.5, 1
mM DTT) for 10 min at 4◦C were mixed with 15 nM fluo-
rescently labelled DNA substrate (pR1027, Supplementary
Table S2) in the reaction buffer. Reactions were incubated
for 10 min at RT and subsequently cross-linked by 0.1%
glutaraldehyde for 10 min at RT. Reaction products were
resolved on 0.8% 1× TAE agarose gel in TAE buffer, vi-
sualized by Image Reader FLA-9000 and quantified using
MultiGauge V3.2 software (Fujifilm). Reported values are
averages of three independent experiments.

FRET-based ssDNA and phiX binding assays

FRET-based DNA binding assays were carried out as previ-
ously described (50) using a Cary Eclipse spectrophotome-
ter (Varian) at 25◦C. Briefly, the FRET-based DNA bind-
ing assays were performed in reaction buffer (30 mM Tris-
acetate, 1mM DTT, pH 7.5 and 0.1 mg/ml BSA) in a 5
mm cuvette with a reaction volume of 600 �l. After mea-
suring the baseline, 1 nM Cy3-dT30-Cy5 oligonucleotide
(Supplementary Table S2) was added into the cuvette fol-
lowed by addition of the indicated concentrations of His6-
RAD52. After each titrant the solution was mixed and al-
lowed to reach equilibrium. The equilibrium fluorescence
was recorded for 2 min in the Cy3 and Cy5 channels. The
data were averaged after each addition and background was
subtracted. For each of the protein concentrations appar-
ent FRET was calculated as described previously (50). Each
assay was performed in triplicate and the average of each
FRET value was then plotted against the concentration of
RAD52 (monomers). For titrations with pre-mixed His6–
RAD52–DSS1 complexes, the two proteins were mixed at
1:20 ratio and incubated at 4◦C for 5 min. For compe-
tition assays with dsDNA, the indicated amount of ds-
DNA (�X174 RF I DNA, Supplementary Table S1) di-
gested with ApaLI, was titrated into the cuvette contain-
ing stoichiometric His6-RAD52/Cy3-dT30-Cy5 or His6-
RAD52/DSS1/Cy3-dT30-Cy5 complexes. Reported values
are averages of at least three independent experiments.

Single-strand annealing assay

The 3′-overhang substrates with 32 nucleotides comple-
mentary ssDNA were prepared by annealing in Hybridiza-
tion buffer (50 mM HEPES, 150 mM NaCl, pH 7.5). La-
belled oligonucleotide pR101 (Supplementary Table S2)
was mixed with the 1.5× excess of unlabelled oligonu-
cleotide pR2863 (Supplementary Table S2) and the reac-
tion was heated to 95◦C for 5 min and allowed slowly cool
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to reach RT. The completion of the self-annealing reac-
tions was checked on 13% native PAGE in 1xTBE. Reac-
tion mixtures containing increasing concentrations of either
RAD52 or pre-formed RAD52-DSS1 complex (1:1) were
incubated with 3 nM fluorescently labelled 3′-overhang sub-
strates (pR101 + pR2863) for 3 min at room temperature.
Complementary 3′-overhang substrate (6 nM, pR2864 +
pR2865, Supplementary Table S2) was then added to re-
actions and incubated for another 10 min at RT. The re-
actions were deproteinized using 0.1% SDS and 500 �g/ml
Proteinase K (PanreacAppliChem) for 10 min at RT. Prod-
ucts were resolved on 10% native PAGE in 1× TBE, vi-
sualized by Image Reader FLA-9000 and quantified using
MultiGauge V3.2 software (Fujifilm). Reported values are
averages of three independent experiments.

FRET-based annealing assays

FRET-based annealing of complementary oligonucleotides
by RAD52 was monitored under identical conditions as the
FRET binding assays described above. For each assay, the
reaction master mixture containing RAD52 protein (8 nM)
in the presence and absence of DSS1 protein (40 nM) were
prepared at room temperature and divided into two half
reactions. Following baseline buffer and protein measure-
ments, 0.5 nM of Target-28Cy3 ssDNA substrate (Supple-
mentary Table S2) was added to the reaction cuvette and
the signal was allowed to stabilize. The annealing reaction
was initiated upon addition and mixing of the second half-
reaction pre-incubated with 0.5 nM Probe-28Cy5 (Supple-
mentary Table S2) ssDNA substrate. Reactions with RPA
were performed by pre-incubating 2 nM RPA with 0.5 nM
ssDNA substrate (saturating amount of RPA was used, 1
molecule of RPA per 28 nts ssDNA) before addition of
RAD52 or the RAD52-DSS1 complex. The fluorescence of
Cy3 and Cy5 were measured simultaneously over the reac-
tion time course (150s). Apparent FRET values were calcu-
lated as an average of three or more independent annealing
reactions plotted against time (s). The average FRET values
were fitted to a double exponential equation.

D-loop assay

Increasing concentration of RAD52 or RAD52–DSS1
complex (1:1) (150, 300, 600, 800, 1600 and 3200 nM) was
pre-incubated with fluorescently labelled oligonucleotide
(pR231, 30 nM, Supplementary Table S2, Mw = 28.295
kDa, 8.46 ng in reaction) in Borate buffer (20 mM Borate,
75 mM KCl, pH 7.5) for 3 min at 37◦C. Subsequently, the
formation of the D-loop product was initiated by addition
of 540 ng pBluescript II SK plasmid DNA (Supplementary
Table S1, 2 �l of 270 ng/�l in 10 �l of total reaction vol-
ume) and incubated for 5 min at 37◦C. The molar ration
between oligonucleotide and duplex target was ∼1:1. For
the RAD51 protein control (in the concentration of 1 and
2 �M), reaction mixture contained extra 1 mM ATP and
2 mM CaCl2. Reactions were deproteinized by incubation
with 0.1% SDS and 500 �g/ml of Proteinase K (PanreacAp-
pliChem) for 5 min at RT. Products were resolved on 0.8%
1× TAE agarose gel, visualized by Image Reader FLA-9000
and quantified using MultiGauge V3.2 software (Fujifilm).

Reported values are averages of three independent experi-
ments.

S1 nuclease protection assay

Fluorescently labelled oligonucleotide (pR1027, 15 nM,
Supplementary Table S2) was pre-incubated with 960 nM
RAD52 or pre-formed stoichiometric RAD52-DSS1 com-
plex (1:1) in Tris-acetate buffer (30 mM Tris-Acetate, 1 mM
DTT, pH 7.5) for 10 min at RT. Subsequently, 0.2 U of S1
nuclease (Takara) was added to the reaction and aliquots
were withdraw at 5, 15 and 60 min. Reactions were depro-
teinized by incubation with 0.1% SDS and 500 �g/ml of
Proteinase K (Panreac AppliChem) for 10 min at RT. Prod-
ucts were resolved on 30% denaturing PAGE gel, visualized
by Image Reader FLA-9000 and quantified using Multi-
Gauge V3.2 software (Fujifilm). Reported values are aver-
ages of three independent experiments.

Cell culture

The human U2OS osteosarcoma cell lines (Supplemen-
tary Table S4) were grown in Dulbecco’s modified Eagle’s
medium (DMEM, high glucose, Glutamax) containing 10%
FBS and penicillin-streptomycin antibiotics under standard
cell culture conditions (5% CO2, humidified atmosphere).

Cell-based GFP-reporter assays

U2OS cell lines with a stable integrated reporter constructs
for monitoring either DR, SSA (Supplementary Table S4)
were obtained as a kind gift from Dr.Jeremy Stark and
were described elsewhere (51). GFP-reporter U2OS cell line
monitoring BIR repair (Supplementary Table S4) was re-
ceived from Dr Thanos Halazonetis and its construction de-
scribed previously (52). Cells were seeded to a density of 3
× 105 per well in six-well plates and reverse transfected with
siRNAs (Supplementary Table S3). Next day, cells were split
to 12-well plates in triplicates and following day transfected
with 0.3 �g of I-SceI plasmid DNA (Supplementary Ta-
ble S1) using PEI in 6:1 ratio. Expression of GFP reporter
was monitored by flow cytometry 48 h post transfection.
Reported values are averages of three independent experi-
ments.

Nuclei staining, cell fixation and fluorescence microscopy

For ionizing radiation (IR) induced U2OS-YFP-RAD52
foci, cells were grown on IBIDI 35 mm �-dishes and in-
cubated overnight. Next day, cells were irradiated (10 Gy)
and 2 h post irradiation fixed with 4% formaldehyde at
room temperature for 10 min, washed three times with PBS
and nuclei were stained using DAPI (Panreac AppliChem).
For hydroxyurea (HU) induced U2OS-YFP-RAD52 foci,
cells were grown on IBIDI eight-well �-slides and incu-
bated overnight. Next day, cells were treated with 2 mM
HU (sigma-Aldrich) for 4 h and fixed as described above.
The slides were viewed at 600× magnification on Nikon flu-
orescence microscope (EclipseTi-E) using high-throughput
mode with 100 images captured for one sample. Nd files
from Nikon Eclipse Ti-E was used in automated analysis
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using CellProfiler 2.3 (53). DAPI channel was used for cell
segmentation. Automatic identification of the RAD52 foci
was done based on the intensity and size. At least 1000 cells
were quantified in each condition. Statistical analysis was
performed in GraphPad Prism 7.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 7.0 software. For the biochemical assays, Welch’s t-
test was used with P < 0.05 = *, P < 0.01 = **, P < 0.001 =
***, P < 0.0001 = ****. GFP-reporter assays were analyzed
using two-way ANOVA test with P < 0.05 = *, P < 0.01 =
**, P < 0.001 = ***, P < 0.0001 = ****.

RESULTS

DSS1 plays roles in both BRCA2- and RAD52-dependent
DSB repair pathways

To better understand the role of the human RAD52 pro-
tein in DSB repair and genome stability, we performed a
series of I-SceI inducible GFP-reporter assays to test the ef-
ficiency of HR, SSA and break-induced replication (BIR) in
BRCA2- or RAD52-depleted U2OS cell lines (Figure 1A–
C). DSS1 plays an important role in BRCA2 stabilization
(54) and cellular localization (40). Therefore, we also tested
the effect of DSS1 depletion by siRNA on the HR, SSA and
BIR in the presence and absence of BRCA2 and RAD52
(Supplementary Figure S1A). In the DR-GFP reporter as-
say we observe that BRCA2 is epistatic to DSS1 as expected
supporting their shared function in BRCA2-repair events.
Down-regulation of BRCA2 or DSS1 alone showed almost
complete elimination of HR (app. 4% or 1% residual activ-
ity respectively) without further effect of their co-depletion.
We also observe that RAD52 is epistatic to DSS1. Down-
regulation of RAD52 exhibited a mild effect with 50% re-
duction of HR and its co-depletion with BRCA2 or DSS1
led to the decrease in HR efficiency comparable to single
depletions of BRCA2 or DSS1 protein alone (Figure 1A).
We have not observed any effect of individual siRNA on
cell cycle phase distribution (Supplementary Figure S1B).
Together, these data show that BRCA2-DSS1 are the pri-
mary recombination mediator while RAD52 plays a role to
a lesser extent in the repair of DSBs.

Since the dysregulation of HR factors channels DSB re-
pair to SSA (55), an alternative mechanism of DSBs repair
in which RAD52 has an acknowledged role, we tested the
effect of the same depletions (Supplementary Figure S1A)
on SSA. We observe that BRCA2 is epistatic to DSS1 in
the SSA-GFP reporter assay. While BRCA2-depleted cells
showed a 6-fold stimulation of SSA, down-regulation of
RAD52 resulted in more than a 3-fold decrease of SSA ef-
ficiency (Figure 1B). Interestingly, DSS1 depletion led to a
small increase (<2-fold) of SSA efficiency and no additional
effect was observed in BRCA2 co-depletion, indicating that
DSS1 negates the effect of the BRCA2 absence and suggests
a role of DSS1 in SSA pathway. These data suggest that in
the absence of BRCA2, DSS1 helps RAD52 to deal with the
resulting DSB burden channelled from non-functional HR
pathway.

RAD52 was also reported to participate in BIR (24), thus
we monitored the effect of RAD52, BRCA2 and DSS1 in
the BIR-GFP reporter assays. We found that while BRCA2
was epistatic to DSS1, RAD52 was not epistatic to DSS1
in this assay. We observed that RAD52 depletion decreased
the BIR efficiency by half, similarly to the depletion of
BRCA2 (Figure 1C, S1A). Their co-depletion resulted in
almost 10-fold decrease in BIR, indicating that they play
partially overlapping roles in BIR. Intriguingly, depletion of
DSS1 abrogated BIR to the same effect as RAD52/BRCA2
co-depletion, further supporting its role in both DSB repair
pathways. Almost no BIR was detectable upon co-depletion
of RAD52 and DSS1, indicating an unknown and overlap-
ping role of the RAD52 and DSS1 proteins in BIR. In con-
clusion, these GFP-reporter experiments allowed us to de-
termine that RAD52 and DSS1 function in the same path-
way in HR and SSA.

As the depletion of DSS1 significantly influenced the effi-
ciency of RAD52-dependent repair (SSA and BIR), we next
monitored YFP-RAD52 foci formation by fluorescence mi-
croscopy following treatment with ionizing radiation (10
Gy). While no foci were formed in non-irradiated cells (Fig-
ure 1D, S1C), depletion of DSS1 led to a significant decrease
in YFP-RAD52 foci formation, in contrast to BRCA2 de-
pletion (Figures 1D, S1C). Next, we monitored RAD52
foci formation after replication stress in U2OS cells treated
with (2 mM HU) for 4 h. Under these conditions, we ob-
served YFP-RAD52 foci were formed less frequently when
compared to IR induced YFP-RAD52 foci (Supplementary
Figure S1C and D). However, the number of YFP-RAD52
foci was significantly reduced in DSS1-depleted U2OS cells
(Figure 1E, S1D). Altogether, our cell-based data present
for the first time evidence that DSS1 plays an important role
not only in HR, but also in RAD52-dependent DNA repair
pathways such as SSA and BIR.

DSS1 directly binds to RAD52

Next, we tested if recombinant GST-DSS1 protein could
bind directly to the RAD52 protein in vitro by pull-down
analysis. Indeed, GST-DSS1 was able to retain RAD52 on
GTH-beads, compared to the control experiments (Figure
2A), confirming the novel interaction between these two
proteins. As both proteins are evolutionary conserved in eu-
karyotes (31,56), we next tested for interaction of their yeast
homologs (Rad52 and Sem1). Surprisingly, GST-tagged
Sem1 did not show any interaction with yeast Rad52 (Sup-
plementary Figure S2F), indicating that this interaction is
not evolutionarily conserved. In contrast, GST-DSS1 was
able to pull-down yeast Rad52 protein. Microscale ther-
mophoresis (MST) also confirmed the interaction and al-
lowed us to determine the binding affinity by mixing con-
stant amount of Cy3-labelled DSS1 protein with an increas-
ing concentration of RAD52 protein. Evaluation of the data
revealed very strong interaction with a Kd value of ∼14 nM
(Figure 2B). Next, we analysed the stoichiometry of the
RAD52–DSS1 interaction by a quantitative recombinant
GST pull-down analysis where GST-DSS1 (4 �M) was in-
cubated with increasing concentrations of RAD52 (Supple-
mentary Figure S2E), indicating the 1:1 stoichiometry of
GST-DSS1 to RAD52 (Figure 2C).
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Figure 1. DSS1 affects various DSBs repair pathways and RAD52 foci formation. (A) Schematic representation and evaluation of U2OS-DR-GFP reporter
assay normalized to the control sample that corresponds to 1.7% GFP+ cells. (B) Schematic representation and evaluation of U2OS-SA-GFP reporter
assay normalized to the control sample that corresponds to 2.4% GFP+ cells. (C) Schematic representation and evaluation of U2OS-BIR-GFP reporter
assay normalized to the control sample that corresponds to 1.7% GFP+ cells. The mean values (±SD) of data from three independent experiments were
plotted and analysed using 2way ANOVA test (P < 0.001 = ***; P < 0.0001 = ****; ns not significant). (D) Quantification of YFP-RAD52 foci at 2 h after
exposure to 10 Gy X-rays. The mean values of three independent experiments are shown, P < 0.0001 = **** (E) Quantification of YFP-RAD52 foci at 4 h
after treatment with 2 mM HU. The mean values of three independent experiments are shown, P < 0.0001 = ****.

To understand mechanistically how DSS1 binds to
RAD52, we performed binding assays in solution using
NMR spectroscopy and mapped out the RAD52 interac-
tion region on the DSS1 protein. To determine which amino
acids in DSS1 bind to RAD52, we first made backbone
and sidechain assignments of DSS1 by using a 220 �M
uniformly [15N,13C]-labelled DSS1 protein (Figures 2D and
S2A). These DSS1 assignments were deposited into the
BMRB database with an accession number 27475. From
these assignments, we found that while most of DSS1 lacks
secondary structure, a region involving DSS1 residues F52-
K62 form an �-helix in solution (Figures 2E and S2B).
Then, we determined the regions of DSS1 which bind to
RAD52 by performing binding assays through collecting
a series of 15N/1H HSQC spectra of 10 �M 15N-labelled
DSS1 in the absence and then in the presence of 2.5, 5 and
10 �M RAD52. The acquired data were then analysed by
comparing peak heights that were normalized to the peak
intensity in the absence of RAD52 and plotted as an over-
laid bar graph as a function of DSS1 protein sequence (Fig-

ure 2E). At a 1:1 RAD52:DSS1 ratio (dark bar), RAD52
binding caused nearly complete peak broadening of the
DSS1 backbone amides from E15 to M67, indicating that
RAD52 binds to E15-M67 of DSS1 tightly, consistent with
the MST binding data. At 0.25:1 RAD52:DSS1 ratio (light
grey bar), E20 to W43 of DSS1 are more selectively broad-
ened by the binding of RAD52, indicating that these DSS1
residues are the preferred binding site for RAD52. Inter-
estingly, the �-helix (F52-K62) present in DSS1 in solu-
tion (Figure 2E and S2B) forms a part of the RAD52-
binding site on DSS1, while the N-terminal residues (M1-
E14) and the last three C-terminal residues of DSS1 are not
involved in RAD52 binding. Moreover, the �-helical struc-
ture is consistent with a much larger 15N{1H} heteronu-
clear NOE (Supplementary Figure S2C) and a reduced 15N
T2 relaxation time (Supplementary Figure S2D) for these
DSS1 helical residues, likely due to the restricted motion
or ordered structure of this �-helix compared to the rest of
the DSS1 residues. Furthermore, the DSS1 residue G29, lo-
cated in the RAD52-preferred binding site (E20-W43), ex-
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Figure 2. DSS1 interacts with RAD52 with high affinity and 1:1 stoichiometry. (A) GST pull-down assay with GST-DSS1 and RAD52 (5 �M each). The
input (INP), the flow through (FT) and the bound (B) fractions were analysed. (B) Microscale Thermophoresis (MST) analysis of RAD52 interaction
with DSS1. The data represent the average ± SD for two sets of three independent experiments. In each experiment the data were normalized to the
average value of the last three data points set as 100% bound. Quadratic binding equation was used to calculate the Kd. (C) Quantification of the pull-
down experiments with GST-DSS1 immobilized on the beads and increasing concentration of RAD52. The data are shown as the average and standard
deviation of three independent experiments. (D) Assigned 15N/1H HSQC spectrum of DSS1 with peaks labelled using DSS1 protein sequence numbering.
The extra N-terminal tag (17 residues of GSPGISGGGGGILDSMG) in the protein construct are numbered as −16 to 0. The G29 amide peak circled
in red exhibits unique chemical shift. (E) NMR-based analysis of the RAD52-DSS1 interaction. Overlaid histograms of the relative peak intensity of the
assigned backbone amides of DSS1 (10 �M) in the 15N/1H HSQC spectra with bars coloured in light grey, medium grey, and dark for each residue of
DSS1 for the samples containing 0.25:1, 0.5:1, and 1:1 RAD52:DSS1 ratios, respectively. For each assigned residue (including the tag-derived G0), the
relative peak intensity was obtained by measuring the peak intensity of 15N-labelled DSS1 in the 15N/1H HSQC spectrum in the presence of RAD52
(at indicated ratios) divided by the peak intensity in the absence of RAD52. Relative peak intensity is not shown for the two prolines and thirteen other
residues whose cross-peaks were severely overlapped in the 15N/1H HSQC spectra. The light blue, medium blue, and dark blue circles indicate the relative
peak intensity of the tryptophan indole NεH cross-peaks of W27, W39, and W43 of DSS1 for the samples containing 0.25:1, 0.5:1 and 1:1 RAD52:DSS1
ratios, respectively. The region of DSS1 involved in the RAD52 interaction (E15-M67) is shaded in green, the initial/preferred binding site (E20-W43) is
shaded in yellow. Existence of an �-helix (F52-K62) as predicted from the assigned backbone chemical shifts of DSS1 in the absence of RAD52 using
TALOS+ program is shown below the panel.
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hibits a unique chemical shift (Figure 2D), suggesting the
existence of a distinct protein conformation around residue
G29. As the RAD52-binding region on DSS1 (E15-M67)
is highly acidic and contains seven aromatic residues (F19,
F22, W27, W39, W43, F52, Y65), it is highly likely that
DSS1 binding to RAD52 involves ionic interactions be-
tween the negatively charged residues of DSS1 and posi-
tively charged residues of RAD52 as well as hydrophobic
interactions between them.

We have also used EM to analyse the effect of DSS1 on
RAD52 structure, however under buffer conditions identi-
cal to biochemical assays we observed very heterogenous
and dynamic behaviour with no clear symmetry that pre-
vented us from 3D model reconstruction. Nevertheless, 2D
class averages of RAD52 and its complex with DSS1 and/or
DNA suggest conformation changes upon DSS1 binding
(Supplementary Figure S3). Taken together, we show that
the human DSS1 protein contains an ordered �-helix (F52-
K62) in solution and that this helix is involved in binding
to the RAD52. We also show that the DSS1 protein is a
new high affinity RAD52 interacting partner with 1:1 bind-
ing stoichiometry, inducing conformational change within
RAD52, and requires E20 to W43 of the DSS1 for the bind-
ing.

RAD52 biochemical activities are modulated by DSS1

Next, we tested the effect of DSS1 on RAD52-mediated ac-
tivities monitoring ssDNA binding by an electrophoretic
mobility shift assay (EMSA). The pre-formed RAD52-
DSS1 complex was able to bind ssDNA (15 nM) with higher
affinity compared to the RAD52 alone (Figure 3A). Specif-
ically, while RAD52 alone at 240 nM shows less than 20%
binding of ssDNA, over 80% of ssDNA is bound by 240 nM
in the RAD52–DSS1 complex (Figure 3B). Moreover, the
ssDNA–RAD52–DSS1 complexes were observed as dis-
crete bands with faster mobility in contrast to the ssDNA–
RAD52 complexes indicating that the DSS1 interaction in-
creases the mobility of the ssDNA–RAD52 complex lead-
ing to more defined engagement with ssDNA. To further
confirm this effect, we utilized previously described FRET-
based assays that monitor the ability of RAD52 to bind and
wrap ssDNA around the narrow groove spanning the cir-
cumference of the protein ring (50). FRET donor (Cy3) and
acceptor (Cy5) fluorophores were positioned at the ends of
a 30-mer ssDNA (Cy3-dT30-Cy5). The binding and wrap-
ping of Cy3-dT30-Cy5 around the RAD52 ring bring the
two fluorophores in close proximity resulting in an increase
in FRET (Figure 3C). The maximum intensity was ob-
served at ratio corresponding to 1 oligonucleotide per 7–8
RAD52 monomers. Further, addition of RAD52 resulted in
a decrease in the FRET signal likely due to binding of the
ssDNA within multiple RAD52 rings. The biphasic shape
of the binding curve reflects two different geometries of the
ssDNA, fully wrapped around one ring (high FRET) and
shared between multiple RAD52 rings (low FRET at high
RAD52 concentrations) with two distinct binding affini-
ties (Kd1 and Kd2, respectively) (50). In the reaction with
increasing concentration of pre-formed RAD52 and DSS1
complex at saturating concentration of DSS1 (1:20), we ob-
served three significant changes in the binding curve (Figure

3C). First, the maximum FRET signal was reduced from
about 0.8 to 0.7. Second, the concentration of RAD52 at the
maximum FRET value was two times lower when bound by
DSS1. Finally, we observe decreased FRET values at higher
RAD52 concentrations. All three changes in the binding
isotherm may stem from the change in the binding stoi-
chiometry (n(RAD52) = 5.5 ± 0.5 and n(RAD52-DSS1) = 2.5 ±
0.3 monomers per 30-mer oligo ssDNA) combined with the
increased affinity of the second binding mode (the Kd2 is
about 14 nM for RAD52 alone and is about 4 nM for the
RAD52-DSS1). Interestingly, this phenomenon is ssDNA
specific since we only observed very small changes in the
binding of dsDNA by RAD52 compared to RAD52-DSS1
complex using EMSA and FRET-based dsDNA binding
methods (Supplementary Figure S4A–C).

To further compare the differences in RAD52 and
RAD52–DSS1 ssDNA binding, we used a stopped flow
approach previously used to monitor RAD51 binding
to ssDNA (57). Cy3 labelled dT33-mer ssDNA was
quickly mixed with increasing concentrations of RAD52
or RAD52-DSS1 pre-formed complex and the time depen-
dence of binding was measured by following the change
in Cy3 fluorescence (Figures S4D, E). Evaluation of the
stopped flow data shows significant differences between
RAD52 and RAD52–DSS1 binding to ssDNA. First,
RAD52 binding to ssDNA leads to smaller fluorescence
amplitude compared to RAD52-DSS1, correlating to lower
affinity to ssDNA (Figures S4F). Second, tested proteins
also show a change of values from negative to positive
and differ in the breakpoint between the values of fluo-
rescence change. These changes could be accounted for
possible structural rearrangement or represent the con-
centration where one ssDNA molecule is bound between
more than one ring. Specifically, while RAD52 binding to
DNA results in decrease of the fluorescence signal, bind-
ing of RAD52-DSS1 complex to DNA show increased sig-
nal. Furthermore, this change of fluorescence increases for
RAD52–DSS1 to positive values between the concentra-
tions of 0.1–0.25 �M. In case of RAD52, this point is
shifted to higher concentration range (∼0.5 �M, Supple-
mentary Figure S4F), further supporting the DNA binding-
induced changes on RAD52 in the presence of DSS1.

DSS1 alters engagement of RAD52 with ssDNA

To monitor the DNA accessibility by nuclease protection
assay using S1 nuclease, a single-strand-specific endonu-
clease we pre-incubated RAD52 or RAD52–DSS1 com-
plex with ssDNA and treated with S1 nuclease (0.2 U) in
time course. The analysis indicates that ssDNA bound by
RAD52 ring becomes completely degraded at 1 hour, while
the RAD52–DSS1 complex shows almost full protection
of the ssDNA from the nuclease degradation (Figure 3E,
F). This suggests that a conformation change occurs in
the RAD52–DSS1 complex leading to ssDNA protection.
To assess if RAD52 dsDNA binding is also modulated in
the presence of DSS1 we performed FRET-based compe-
tition assays (58) where RAD52 (8 nM) or RAD52–DSS1
(8 nM) bound to Cy3-dT30-Cy5 (1 nM) was challenged
with linearized dsDNA (�X174 RF I DNA digested with
ApaLI). Titration of RAD52 (8 nM) bound to Cy3-dT30-
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Figure 3. DSS1 affects the mode of the ssDNA wrapping around the RAD52 oligomeric ring. (A) EMSA with fluorescently labelled 33-mer ssDNA
incubated with increasing concentration of RAD52 or preformed RAD52-DSS1 complex. Protein–ssDNA complexes and free ssDNA are indicated. (B)
Quantification of three independent EMSA assays. Mean values ± SD were plotted (Welch’s t-test, P < 0.01 = **; P < 0.001 = ***). (C) FRET-based
binding ssDNA binding assay for RAD52 or RAD52-DSS1 (1:20) respectively. The ssDNA–RAD52 interaction changes the FRET between Cy3 and Cy5
dyes. Each data point represents average and standard deviation from three independent experiments. Continues line represent fitting of the data to two-step
binding isotherm. (D) FRET-based dsDNA competition assay using linearized plasmid DNA. FRET signal decreases as ssDNA is released from RAD52
or RAD52-DSS1 due to binding of the dsDNA. The mean values ± SD from three independent experiments are plotted. (E) S1 nuclease protection assay
in the presence of RAD52 or RAD52-DSS1 complex. (F) Evaluation of the percentage of uncleaved ssDNA substrate from three independent experiments
using Welch’s t-test, P < 0.01 = **; P < 0.001 = ***.

Cy5 (1 nM) with linearized dsDNA resulted in ssDNA re-
lease as monitored by a decrease in FRET signal (Figure
3D), with nearly all ssDNA released at 200 nM base pairs of
dsDNA. Similar experiment with the RAD52-DSS1 com-
plex displayed almost complete ssDNA release already at 50
nM base pairs of linearized dsDNA, suggesting that DSS1
enhances four-fold the release of ssDNA when challenged
with dsDNA. These data were confirmed by measurements

of the dsDNA competition using stopped flow, which allows
us to observe the ssDNA displacement in time (Supplemen-
tary Figure S4G). RAD52 or RAD52–DSS1 complex was
mixed with ssDNA and then the reaction was quickly mixed
with an excess of dsDNA while monitoring the changes in
fluorescence. The presence of dsDNA led to the decrease in
fluorescence signal in both RAD52–ssDNA and RAD52–
DSS1–ssDNA samples. Again, this change was more evi-
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dent in the case of RAD52–DSS1–ssDNA complex (Sup-
plementary Figure S4G, H).

DSS1 stimulates RAD52-mediated annealing

Since RAD52 and DSS1 were both observed to play a
role in SSA pathway, we next assessed how DSS1 modu-
lated RAD52 annealing activity. In a standard gel-based
annealing reaction, increasing concentration of RAD52
or RAD52–DSS1 was pre-equilibrated with saturating
amounts of overhang DNA substrates with 32 nts com-
plementary regions (Figure 4A). The analysis of the prod-
ucts revealed optimum of the reaction at 120 nM RAD52–
DSS1 complex in contrast to 480 nM of RAD52, suggesting
that DSS1 promotes the efficiency of the reaction four-fold.
Moreover, the maximum yield was also different, showing
50% and 65% for RAD52 and RAD52–DSS1, respectively
(Figure 4B).

To confirm our conclusions from gel-based SSA assay
and to study the observed SSA stimulation by DSS1 in time,
we performed FRET-based annealing assays with RAD52
or RAD52–DSS1 (8 nM RAD52, 40 nM DSS1 and 0.5 nM
28 nucleotide substrates) in the absence (Figure 4C) and
presence of 2 nM RPA (Figure 4D). Under these concentra-
tions RPA saturates the substrate. The kinetic parameters
of the reactions (Supplementary Table S5) and the calcu-
lated initial rates for the RAD52 and RAD52–DSS1 com-
plex (Supplementary Table S6) show that DSS1 stimulates
the annealing activity of RAD52 in the absence (from 5.2
bp/s to 17.5 bp/s) as well as presence of RPA (5.7–12 bp/s).
Taken together, our results show that DSS1 stimulates the
initial rate of RAD52 ssDNA annealing both in the absence
or presence of RPA.

RAD52 is able to form a D-loop and DSS1 enhances this ac-
tivity

To test whether RAD52 can promote D-loop formation,
a function that would be required in the BIR pathway,
we checked its ability to form D-loops using a 90-mer ss-
DNA oligonucleotide that is complementary to a nega-
tively supercoiled plasmid. RAD52 or RAD52–DSS1 were
first pre-incubated with ssDNA and then the plasmid DNA
was added to the reaction. Formation of the D-loop struc-
ture was observed as an appearance of slowly migrating
band in agarose gel that was comparable to the product
of the RAD51 mediated D-loop formation (Supplemen-
tary Figure S5). RAD52 shows D-loop formation in a
concentration-dependent manner reaching more than 10%
yield (Figure 4E, F). The RAD52–DSS1 complex was able
to form the D-loop even more efficiently with almost 20%
yield observed at a concentration of 800 nM of RAD52–
DSS1, compared to 10% for RAD52 alone (Figure 4E, F).
Similar to annealing, the presence of DSS1 in the reaction
decreased the amount of RAD52 required to achieve the
same extent of D-loop formation. Specifically, to reach 15%
D-loop efficiency four times more RAD52 protein is re-
quired compared to the complex with DSS1 (Figure 4F).
These results demonstrate the ability of RAD52 to form D-
loops providing key activity for RAD51-independent BIR
pathway. Furthermore, this activity is stimulated by the

DSS1 protein correspondingly to the phenotypes observed
in our GFP-reporter BIR assays.

DISCUSSION

Exploitation of the synthetic lethal relationship between
defects in BRCA1 and BRCA2 tumour suppressors and
with RAD52 depletion or inhibition (15–18,20,59,60) has
opened many new questions into the role of the RAD52
protein in genome maintenance. As the depletion of
RAD52 in mammalian cells did not show any severe phe-
notypes initially (21), for decades it was believed that the
role of RAD52 was only minor with BRCA2 serving as the
main recombination mediator for HR. During a protein-
protein interaction screen among varying HR proteins, we
observed that the small and highly acidic protein DSS1 in-
teracts with the RAD52 protein. This was an interesting
discovery, since DSS1 was previously identified as an inter-
acting partner of BRCA2 that is necessary for the proper
activity of this main mammalian recombination mediator
protein (39,40,61). Therefore, we aimed to explore the role
of the DSS1 interaction with RAD52 protein. We found
that RAD52 foci are perturbed when DSS1 is depleted in
cells treated with IR and HU. To determine how complex
formation between RAD52 and DSS1 affects repair out-
comes in mammalian cells, we utilized the I-SceI inducible
GFP-reporter assays (51,52). Not surprisingly, BRCA2 de-
pletion increased SSA indicating that the DSB load is be-
ing redirected towards SSA pathway. On the other hand,
DSS1 depletion, despite similar HR inactivation as the ab-
sence of BRCA2, shows only a small SSA increase indicat-
ing that it likely helps RAD52 to deal with the DSB burden
corroborating direct role of DSS1 in this pathway. This is
further supported by the suppression of SSA levels in co-
depletion of DSS1 with BRCA2 and the epistatic relation-
ship with RAD52 co-depletion. Surprisingly, we observed
the strongest defects from DSS1 depletion in the BIR re-
porter assay. Co-depletion of RAD52 and DSS1 show an
even further decrease of BIR efficiency compared to the ab-
sence of DSS1 alone or BRCA2/RAD52 co-depletion. This
could be due to the versatility of the DSS1 interactome,
including the recently described interaction of DSS1 with
RPA and mediation of the ssDNA handoff with other pro-
teins within its interactome (41,62). We thus conclude that
DSS1 is involved in both BRCA2/RAD51-dependent and
-independent branches of DSB repair.

To understand mechanistically how DSS1 binds to
RAD52 and affects RAD52 function we performed a bio-
chemical analysis. We found that DSS1 binds RAD52 with
1:1 stoichiometry with very high affinity (Kd ∼ 14 nM).
Our NMR studies also revealed a tight interaction between
DSS1 and RAD52 involving almost the entire DSS1 length
from E15 to M67, with the initial preferred binding site in
the region E20-W43 of DSS1 and confirmed the presence of
an �-helix from F52-K62 near DSS1 C-terminus (63). Inter-
estingly, despite the relatively high degree of identity (47%)
and similarity (69%) between human DSS1 and its yeast ho-
molog Sem1 (56), the RAD52–DSS1 interaction is not con-
served in yeast. RAD52 was very recently identified in the
DSS1 interactome in S. pombe (62), which together with our
data opens a question whether the DSS1 protein evolved
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Figure 4. RAD52 annealing and homology search are stimulated by DSS1. (A) Gel-based SSA assay using complementary fluorescent 3′-OH substrates in
the presence of indicated concentration of RAD52 or RAD52–DSS1 complex. The position of substrate and product of annealing reaction are indicated.
(B) Quantification of the annealing reactions from three independent experiments. The mean values ± SD were plotted. (C) FRET based ssDNA annealing
experiments of complementary 28-mer oligonucleotides labelled with Cy3 and Cy5 dyes, respectively in the presence of RAD52 (8 nM, blue) and RAD52-
DSS1 complex (8 nM-40 nM, orange). (D) FRET based ssDNA annealing experiment of complementary 28-mer oligonucleotides labelled with Cy3 and
Cy5 dyes in the presence of RPA (2 nM), respectively in the presence of stoichiometric amounts of RAD52-RPA (8–2 nM, blue) and RAD52-RPA-DSS1
(8–2–40 nM, orange) complex. These data are fit to a double exponential (solid lines). (E) Scheme of in vitro D-loop reaction and representative agarose gel
showing the formation of D-loop using indicated amounts of RAD52 or RAD52–DSS1. (F) Quantification of the D-loop reaction from three independent
experiments. The mean values ± SD from were plotted.

to serve as a new tool for regulation of conserved, yet not
essential RAD52 protein to help promote and coordinate
DSB repair in humans. We also performed structural anal-
ysis using EM that suggest conformational changes of the
RAD52 ring upon binding DSS1 and short single-stranded
DNA. However, observed structural heterogeneity, likely
due to the dynamic nature of this complex, prevented us
from successful 3D classification and auto-refinement, but
indicate lack of clear symmetry under the same conditions
used for the biochemical studies.

To assess if DSS1 modulates the ssDNA and dsDNA
binding activities of RAD52 several assays were performed.
FRET-based biophysical ssDNA binding assays compar-
ing RAD52 and RAD52-DSS1 complexes show DSS1 en-

hances the binding affinity of the RAD52 ring for ssDNA.
This may be due to the ssDNA binding region occupying
a larger physical space allowing accommodation of multi-
ple DNA molecules or stacking within the ssDNA and ds-
DNA grooves simultaneously. FRET-based dsDNA com-
petition assays also suggest the shape of the RAD52–DSS1
ring is structurally different than RAD52 alone. Stopped
flow experiments and S1 nuclease protection assays sup-
port a more complex behaviour in the presence of DSS1.
DSS1 also stimulated the annealing rate of RAD52 in gel-
based and FRET-based assays. Importantly, this was also
observed on RPA-coated ssDNA representing more phys-
iological substrate. These data are in agreement with the
proposed trans mechanism for RAD52-mediated anneal-
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Figure 5. Model describing possible mechanism of RAD52-DSS1 activity in the DSB repair. DSBs or stalled replication forks are resected to produce
ssDNA required for homology-directed repairs, alternatively blocked resection allows repair by c-NHEJ. While initial small resection makes DNA ends
available for a-NHEJ, extensive resection generates long ssDNA stretches occupied by RPA. BRCA2 in the complex with DSS1 helps to alleviate RPA
inhibitory effect and load RAD51 presynaptic filament to promote HR. RAD52-mediated SSA/BIR represents an alternative repair pathway, where DSS1
may facilitate this process via stimulation of RAD52 binding and strand invasion activities. Therefore, in the absence of BRCA2, RAD52/DSS1 becomes
essential to process breaks/forks via SSA/BIR pathways.

ing, where the most efficient search for homology and con-
sequent annealing requires two RAD52 complexes and re-
lease of ssDNA from RAD52 followed by dsDNA zipper-
ing occurs via successive rearrangement of these complexes
(38,43). Alternatively, faster or more specific ssDNA bind-
ing within the inner RAD52 binding site could promote
base pairing by faster movement of the paired DNA to the
outer binding site of the RAD52 rings. Another possible ex-
planation for these phenomena could be that DSS1 binding
on RAD52 ring could lead to the switch from a trans to
cis SSA mechanism in which the complementary ssDNA
strands bind and anneal on a single RAD52 ring (37).

Combining our results with previous findings, we propose
a model (Figure 5), where DSBs or stalled replication forks
are resected by the MRE11 nuclease to produce ssDNA re-
quired for homology-directed repair. Resection generates
long ssDNA stretches occupied by RPA (64), blocking the
ssDNA accessible for a-NHEJ (65) and promoting recom-
bination repair. In HR, BRCA2 ensures the repair through
loading of the RAD51 presynaptic filament and helps alle-
viate the RPA inhibitory effect. DSS1 bound to BRCA2 and
RPA facilitates handoff of ssDNA from RPA to RAD51.
RAD52-mediated SSA/BIR represents an alternative DSB
repair pathway, where DSS1 seems to facilitate this process
via stimulation of the RAD52 binding and D-loop forma-
tion activities. However, RAD52 might promote strand ex-
change reaction by different mechanism then RAD51 or
RecA based on its ability to change dsDNA structure, inter-
calating into the helix to allow base pairing (66). Therefore,
in the absence of BRCA2, RAD52-DSS1 becomes essential
to repair processed breaks or forks via SSA/BIR pathways.

The precise mechanism of how RAD52 and DSS1 act in
SSA and BIR pathways will require further studies. Sev-
eral pieces of evidence point out to their important role
in these processes, especially in the absence of functional

BRCA2 protein. Cancer inactivating BRCA2 mutations
are characterized by large tandem duplications and dele-
tions (67) which are typical for RAD52-mediated BIR and
SSA repair mechanisms, contributing to rearrangements,
fuelling genomic instability and oncogenic transformation
(24,68). Similar results were obtained for ATM- and POLQ-
deficient mice (69), suggesting that POLQ or RAD52 is pre-
dominantly used for DNA repair upon a HR deficiency.
This is likely the case as RAD52 and POLQ have been
shown to play a role in replication fork restart and at
DSB sites >50 nucleotides (28). Cells rely on RAD52 also
when DNA damage overloads the capacity of BRCA1 and
53BP1 (55) which could explain why the RAD52 gene is
amplified in human cancers, and why its inactivation cur-
tails cancer development (16,70,71). The absence of both
BRCA2 and RAD52 likely results in utilization of re-
sected DSB by a-NHEJ, further fuelling genomic instabil-
ity. This has been reported in RAD52-dependent progres-
sion of pre-malignancy to squamous cell carcinoma where
RAD52 depletion appeared to increase genomic instabil-
ity beyond a manageable threshold acceding the cells to
death rather than tumorigenesis (72). In addition, breast
cancer samples with low RAD52 expression had more
insertions/deletions and fusions (26), supporting the abil-
ity of RAD52 to suppress a-NHEJ pathway. Furthermore,
DSS1 depletion also rendered breast and myeloma cells sen-
sitive to DNA damage and reduction of copy number alter-
ations (73), where BIR is implicated among the key path-
ways in their generation (74). Finally, analysis of DNA re-
pair in p53-independent p21WAF1/Cip1 cells showed that up-
regulated RAD52 mediated mutagenic DSB repair via SSA
and BIR (75). It would be interesting to know if increased
levels of DSS1 would phenocopy this behavior.

Taken together we identified a new DSS1-mediated in-
teraction with another DSB repair factor, RAD52. DSS1
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modulates RAD52 activities and adds another mechanistic
level of regulation when normal error free repair proteins
are not present. The main conclusion from our model is that
DSS1-RAD52 interaction could allow rescue for BRCA2-
deficiency in cancer cells by promoting RAD52-mediated
activities via SSA and BIR pathways. Utilization of various
repair pathways corresponds to different genome instability
signatures, a hallmark of most cancers, therefore reliance on
RAD52–DSS1 could represent a promising therapeutic tar-
get for killing defined cancers.
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