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The human RADS2 protein, which forms an oligomeric ring structure, is
involved in DNA double-strand break repair. The N-terminal half of
RADS2 is primarily responsible for self-oligomerisation and DNA binding.
Crystallographic studies have revealed the detailed structure of the N-
terminal half. However, only low-resolution structures have been reported
for the full-length protein, and thus the structural role of the C-terminal
half in self-oligomerisation has remained elusive. In this study, we deter-
mined the solution structure of the human RADS52 protein by cryo-
electron microscopy (cryo-EM), at an average resolution of 3.5 A. The
structure revealed an undecameric ring that is nearly identical to the crystal
structures of the N-terminal half. The cryo-EM map for the C-terminal
half was poorly defined, indicating that the region is intrinsically disor-
dered. The present cryo-EM structure provides important insights into the
mechanistic roles played by the N-terminal and C-terminal halves of
RADS2 during DNA double-strand break repair.

Genomic DNA is constantly damaged by endogenous
factors, such as replication errors and reactive oxygen
species generated as by-products of normal oxygen

Abbreviations

metabolism [1,2]. These DNA damaging factors can
cause DNA double-strand breaks (DSBs), which are
the most lethal type of DNA damage. Accurate repair
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of DSBs is important for preserving genome integrity
and avoiding cancer. Cells utilise undamaged homolo-
gous sequences as templates for accurate repair [3].
There are several DSB repair pathways that rely on
the presence of homologous sequences, and they are
collectively termed homology-directed repair (HDR)
[4,5]. Homology-directed repair includes double-strand
break repair (DSBR), synthesis-dependent strand
annealing (SDSA), break-induced replication (BIR)
and single-strand annealing (SSA). Although the
RADS1 protein plays a central role in many of the
HDR pathways, increasing evidence suggests that
RADSI1-independent HDR pathways may also have
significant roles, in events such as alternative telomere
maintenance and mitotic DNA synthesis. The molecu-
lar mechanisms of these repair pathways, however, are
still largely unknown.

RADS52 is considered to function in multiple HDR
pathways. In yeast, Rad52 functions as a recombina-
tion mediator in DSBR, by facilitating the assembly of
the Rad51 recombinase on replication protein A
(RPA)-coated ssDNA [6,7]. Rad52 is also a key player
in SSA and promotes the annealing of complementary
DNA strands [8,9]. In humans, it is not clear whether
RADS2 functions as a mediator of RADS51 [10]. How-
ever, like its yeast counterpart, RADS52 stimulates
DNA annealing [11]. Human RADS2 is also capable
of catalysing the formation of D-loops in vitro [12],
which may be a relevant activity in certain RADS5I1-
independent HDR pathways. More recently, RADS52
was suggested to function in mitotic DNA synthesis
and alternative lengthening of telomeres, via RADS51-
independent mechanisms [13-16]. Given the multitude
of roles played by RADS2, uncovering its precise func-
tions in these repair pathways could lead to a more
comprehensive understanding of the mechanisms of
HDR.

From an evolutionary perspective, RADS52 belongs
to the single-strand annealing protein (SSAP) super-
family, whose members share a common function of
promoting the annealing of complementary DNA
strands during DNA repair. Several members of this
superfamily, including Erf, RecT, Sak, ICP8, DdrB
and Redp, reportedly oligomerise into rings and fila-
ments [17-22]. Mechanistic models have been proposed
in which the quaternary structures of these proteins
dynamically change during the annealing of comple-
mentary DNA strands [23]. Yeast and human RADS2
also form oligomeric rings [24,25]. Although the amino
acid sequence similarity is low between RADS2 and
the other SSAPs, it is plausible that the quaternary
structure of RADS52 may also play an important role
during DSB repair.

Cryo-EM structure of human RAD52

Crystallographic studies of the N-terminal fragment
of RADS2 have provided the structural framework for
understanding its detailed functions. The N-terminal
half of RADS52 is highly conserved among RADS52
homologs and is primarily responsible for self-
association, DNA binding and DNA annealing [26-
28]. Fragments of the N-terminal half of RADS52 oli-
gomerise into a ring structure containing 11 pro-
tomers. Structure-based mutagenesis studies have
successfully determined the amino acid residues that
are necessary for the DNA binding and annealing
activities of the full-length protein [26,28-30]. While
the crystal structures of the N-terminal fragment have
been useful for identifying the amino acid residues
important for the function of the full-length protein, it
is unknown whether the tertiary and quaternary struc-
tures formed by the N-terminal fragment are preserved
in the full-length protein.

The full-length RADS2 protein has been visualised
in several previous studies by negative staining electron
microscopy [25,31]. However, the resolution in these
studies was not sufficient to allow detailed compar-
isons with the crystal structures, and to provide clues
as to which amino acid residues play key roles in the
function of RADS52. To gain further insights into the
structure of the full-length RADS2 protein, we deter-
mined its solution structure by cryo-electron micro-
scopy (cryo-EM) at near-atomic resolution. The
structure revealed an undecameric assembly that is
nearly identical to that observed in the crystal struc-
tures of the N-terminal fragment.

Materials and methods

Expression and purification of RAD52 for cryo-EM
studies

The expression and purification procedures for the human
RADS52 protein (UniProt-ID P43351) were adopted from
those described in previous biochemical studies [12,28], with
some modifications. Briefly, RADS52 was overexpressed in
the Escherichia coli strain JM109(DE3) as an N-terminally
hexahistidine-tagged protein. To enhance the expression of
RADS2, tRNAs that recognize rare arginine codons, CGG,
AGA and AGG, were co-expressed using the pArg3Arg4
vector [12]. Freshly grown colonies were directly transferred
to LB medium (800 mL) containing 100 pg-mL~! ampi-
cillin and 34 pgmL™" chloramphenicol, and cultured at
30 °C. RADS2 expression was induced with isopropyl 1-
thio-B-p-galactopyranoside (0.5 mm final concentration),
when the optical density (Agg) of the medium reached 0.6.
The culture was continued for 16 h. Cells were collected by
centrifugation, resuspended in buffer A (50 mm Tris—HCI,
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pH 7.8, 0.3 m KCI, 5 mm 2-mercaptoethanol, and 10%
glycerol) containing 10 mm imidazole, and lysed by sonica-
tion. The resulting cell lysate was centrifuged to remove
insoluble material.

The soluble fraction was mixed with Ni-NTA agarose
beads (2 mL) that were prewashed with buffer A contain-
ing 10 mM imidazole, and gently rotated for 15 min at
4 °C. The mixture was then poured into an Econo-column.
The packed Ni-NTA column was washed with 60 mL of
buffer A containing 50 mm imidazole. RADS52 was eluted
with a 60-mL linear gradient of 50-400 mm imidazole in
buffer A. Peak fractions were pooled, and 3 units of
thrombin protease per mg of protein were added to cleave
the hexahistidine tag. The pooled fractions were immedi-
ately dialysed against buffer B (20 mm HEPES-KOH, pH
7.5, 0.5 mm EDTA, 2 mMm 2-mercaptoethanol, and 5%
glycerol) containing 0.2 m KCI. After confirming the cleav-
age of the hexahistidine-tag by SDS/PAGE, the dialysed
sample was loaded onto a 2.1 mL SP Sepharose column
that was pre-equilibrated with buffer B containing 0.2 m
KCIl. The column was washed with 60 mL of buffer B con-
taining 0.2 M KCl, and RADS52 was eluted with a 60-mL
linear gradient of 0.2-0.8 M KCI in buffer B. Peak frac-
tions were pooled, and concentrated to approximately
5mgmL~" with a Vivaspin Turbo 15 centrifugal filter
(100 K MWCO). The concentrated fraction was loaded
onto an ENrich SEC 650 column (Bio-Rad, Hercules, CA,
USA) that was pre-equilibrated with buffer C (20 mm
HEPES-KOH, pH 7.5, 0.1mm EDTA, 2mMm 2-
mercaptoethanol, and 0.4 m KCl). Peak fractions were sep-
arately stored on ice, and used for cryo-EM specimen
preparation within 24 h. The concentration of RADS52 was
determined from the absorbance at 280 nm, using an
extinction coefficient of 39 880 m~! cm™! calculated with
the Protparam tool on the ExPASy website (https://web.
expasy.org/protparamy/).

Cryo-EM specimen preparation for RAD52

A 25uL portion of the purified RADS52 sample
(~04 mgmL™') was applied onto a freshly glow-
discharged holey carbon grid (Quantifoil R1.2/1.3, Cu, 200
mesh). Using a Vitrobot Mark IV (Thermo Fisher Scien-
tific, Waltham, MA, USA), the grid was blotted for 6 s at
4 °C in 100% humidity, and then plunge-frozen in liquid
ethane.

Cryo-EM data collection

The full-length RADS2 protein was imaged on a Krios G4
microscope (Thermo Fisher Scientific), operated at 300 kV
and equipped with an energy-filtered K3 direct electron
detector with a slit width of 20 eV, operating in the count-
ing mode at a calibrated pixel size of 1.06 A. Movies of the
full-length RADS2 were recorded at a frame rate of 150 ms
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for 4.5 s, for a total accumulated dose of 57.6 electrons per
A2 A nominal defocus range of 1-2.5 um was employed,
and the movies were automatically acquired using the Epu
software (Thermo Fisher Scientific).

Image processing and 3D reconstruction of
RAD52

All frames of the 5044 movies were aligned using MOTION-
cor2 with dose weighting [32], and the contrast transfer
function (CTF) was estimated using CTFFIND4 [33]. RE-
LIoN3.1 was used for the following image processing of full-
length RADS2 [34]. A total of 2 860 807 particles were
picked from 3789 micrographs by Template-based auto-
picking, using the 2D class averages of auto-picked parti-
cles based on a Laplacian-of-Gaussian filter as templates,
followed by two rounds of 2D classification to remove junk
particles, resulting in the selection of 1 550 950 particles.
The crystal structure of RAD52'2'? (PDB ID: 1KNO0) was
low-pass filtered to 60 A and used as the initial model for
the 3D classification. The selected particles were subjected
to a few rounds of 3D classifications. Subsequently, the
best class from the 3D classification, containing 39 100 par-
ticles, was subjected to 3D refinement with C11 symmetry,
Bayesian polishing and CTF refinement. The final postpro-
cessing yielded a cryo-EM map with a global resolution of
3.48 A, which was estimated from the gold standard Four-
ier Shell Correlation (FSC = 0.143) criteria [35]. The local
resolution of the full length RADS52 was estimated by
RELION-3.1. The cryo-EM map of the full-length RADS52
was normalised with MAPMAN [36].

Model building and refinement

Model building was performed with coot [37], using the
crystal structure of the N-terminal half as the initial model
(PDB ID: 1KNO) [26]. The model was refined by multiple
rounds of real-space refinement in pHENIX [38,39]. Structural
validation of the resulting model was performed with mMoL-
PROBITY [40]. The statistics associated with the 3D recon-
struction and model refinement are shown in Table 1.
Molecular graphics generation and solvent-accessible sur-
face area calculations were performed with UCSF CHIMERAX
[41].

Results

Cryo-EM structure of RAD52

To determine the full-length structure of the human
RADS2 protein, the freshly prepared protein was frac-
tionated by size-exclusion chromatography (Fig. 1A),
and peak fractions were directly imaged by cryo-EM.
RADS52 has an intrinsic tendency to self-aggregate at
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Table 1. Data collection and refinement statistics.

Data acquisition

Microscope Krios G4
Voltage (kV) 300
Magnification 81 000
Detector K3
Pixel size (A) 1.06
Electron exposure (e /A?) 57.6
Defocus range (um) —-1to —2.5um
Image processing
EMDB accession ID EMD-34430
Initial number of particles 2 860 807
Final number of particles 39 100
Symmetry C1
Map resolution (A) 3.48
Map resolution range (A) 3.46 t0 6.07 A
Refinement
Initial model (PDB D) 1KNO
Model resolution (A) 3.5
FSCrmodel vs. map = 0.5 (A) 35
Model-map correlation coefficient
Mask 0.79
Box 0.71
Peaks 0.69
Volume 0.77
Model
PDB accession ID 8H1P
Number of nonhydrogen atoms 15 950
Number of protein residues 2 024
B factor (A?) 69.07
Root-mean-square deviation
Bond length (A) 0.003
Bond angle (°) 0.559
Validation
MOLPROBITY Score 1.52
MOLPROBITY clash score 10.09
Rotamer outliers (%) 0
Cg outliers (%) 0
Ramachandran plot (%)
Favored 99.45
Allowed 0.55
Outliers 0

increased concentrations, and thus protein concentra-
tion prior to imaging was avoided. We also note that
KCI concentrations higher than 0.2 m were effective in
preventing RADS2 aggregation, and thus the final buf-
fer included 0.4 m KCIl. For the grid preparation, we
tested several RADS52 concentrations, and found that
approximately 0.4 mgmL~' of RADS52 resulted in
well-dispersed images of ring structures (Fig. 1B). A
total of 2 860 807 particles were extracted from 3789
micrographs, from which 2D class averages were gen-
erated. In many of the 2D class averages, 11 pro-
tomers were clearly distinguishable in the apparent
oligomeric ring structure (Fig. 1C). The final 3D cryo-
EM map of RADS2 was refined to a resolution of

Cryo-EM structure of human RAD52

348 A (Fig. 1D), and no strongly preferred orienta-
tion was observed (Fig. 1E). The map revealed a
mushroom-like structure (Fig. 2A), much like the crys-
tal structure of the N-terminal half determined previ-
ously [26,27].

An atomic model of RADS52 was constructed by fit-
ting the crystal structure of the N-terminal half (PDB
ID: 1KNO) into the cryo-EM map, followed by itera-
tive rounds of model adjustment and refinement
(Fig. 2B, left). The final model fit well into the cryo-
EM map (cHIMERA correlation coefficient of 0.69;
Fig. 2B, right) with acceptable geometry (MOLPROBITY
score 1.52, Ramachandran favored 99.45% and no
outliers; Table 1). Many of the bulky side chains
located at or near the central channel of the ring struc-
ture were clearly visible in the cryo-EM map (Fig. 2C).
The successful fitting of the crystal structure of the N-
terminal half into the cryo-EM map indicates that the
undecameric ring structure observed for the N-
terminal RADS52 fragment is conserved in the full-
length protein. The narrow DNA binding groove
detected in previous crystallographic studies is also
conserved in the present cryo-EM structure, along with
the electron potential maps of key DNA binding resi-
dues (Fig. 3) [26,28,30]. These observations suggest
that the mechanisms for DNA binding and DNA
annealing proposed from the studies of the N-terminal
RADS52 fragment are applicable for the full-length
protein.

Location of the C-terminal half

A fragmented map was observed at the top of the
mushroom-like structure (Fig. 2A,B). The fitted model
did not occupy those regions, suggesting that they are
attributable to the N-terminal 24 amino acid residues
and the C-terminal half of RADS52 (RADS522%41%),
which were both absent in the initial model (Fig. 4).
The N-terminus (Cys25) and the C-terminus (Cys208)
of the fitted model are located nearby (Fig. 4). We
attempted to build a model for these regions, based on
the cryo-EM map. However, the local resolution of the
unoccupied map was relatively low (~ 5 A; Fig. 2A),
and model building was unsuccessful due to the lack of
detailed structural information. Thus, the N-terminal
24-amino acid region and the C-terminal half of
RAD?S2 likely have flexible structures, and are probably
located at the top of the mushroom-like structure.

Comparison with the crystal structure of RAD52

The cryo-EM structure is highly similar to the crystal
structure of the N-terminal half, as shown in the
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Fig. 1. Cryo-EM analysis of the full-length RAD52 protein. (A) Purification of RAD52. Size exclusion chromatography of RAD52 (top). RAD52
eluted from the gel filtration column as a single peak, with an elution volume of approximately 10 mL. The peak fraction (~ 0.4 mg-mL™")
used for cryo-EM analysis, was fractionated by a 10-20% gradient polyacrylamide gel electrophoresis (bottom). A 1 ug portion of the puri-
fied RAD52 was visualized by Coomassie Brilliant Blue staining (lane 2). Molecular weight markers indicate 250, 150, 100, 75, 50, 37, 25,
20, 15, and 10 kDa from top to bottom (lane 1). (B) A representative cryo-EM micrograph showing RAD52 particles. The scale bar repre-
sents 50 nm. (C) Representative 2D class averages of RAD52 were calculated from the cryo-EM dataset. The box width corresponds to
21.2 nm. (D) FSC curve for the 3D reconstruction of RAD52. The FSC of 0.143 indicates a resolution of 3.48 A. (E) Euler angle distribution
of all particles used in the final map reconstruction. Each particle orientation is represented by a cylinder. The height and color (blue to red)
of the cylinder are proportional to the number of particles.
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©

Fig. 2. Refined cryo-EM map and atomic model of RAD52. (A) Top (left) and side (right) views of the reconstructed 3D map of RAD52, col-
ored by local resolution (ranges from 3.0 to 5.4 A). (B) (Left) Ribbon representation of the refined model, viewed down the central channel.
Each protomer is colored differently. (Right) The refined model (light red) superimposed with the cryo-EM map (light blue). (C) A close-up
view of the inner wall of the central channel (boxed region in B).

structural alignment (Fig. 5A). The root mean square The solvent-accessoible surface area of the cryo-EM
deviation between the two structures is 0.981 A. A clo- structure (87 647 A?) is significantly larger than that
ser inspection, however, revealed notable differences. of the crystal structure (79 584 A?), indicating that the
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(A)
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(B

Fig. 3. DNA binding site of RAD52. (A) Solvent-accessible surface of RAD52, colored according to the electrostatic potential from —10
ksTe, " (red) to 10 kgTe. " (blue). The electrostatic potential of the atomic model was calculated using the Adaptive Poisson-Boltzmann Sol-
ver (APBS) web server (https://server.poissonboltzmann.org) [44]. (B) Close-up view of the DNA binding site (magenta box shown in (A))
composed of Argbb, Tyr65, Lys152, Arg153, and Arg156. The cryo-EM map (light blue) is superimposed with the atomic model.

Cys25 Cys208

1y L 418
N|:! | lc

modeled region

Fig. 4. Locations of the N- and C-terminus of the refined RAD52
structure with respect to the cryo-EM map. (Top) The modeled
region (RAD52252%8 pale cyan) is from the N-terminal half of
RADB2. (Bottom) The N-terminus (Cys25, blue) and the C-terminus
(Cys208, red) are clustered near the top of the ‘domed cap’ region
of the oligomeric ring structure.

cryo-EM  structure exhibits a more loosely folded
structure. This is apparent when the superimposed
structures are viewed down the rotational symmetry
axis running through the central channel of the ring
(Fig. 5A). The cryo-EM structure is slightly expanded

outward, as compared to the crystal structure. The
diameter of the cryo-EM structure (122.6 A) is mar-
ginally larger than that of the crystal structure
(118.5 A; Fig. 5B).

To identify the loosely folded regions in the cryo-
EM structure, the distances between the Ca atoms of
each pairwise residue in the aligned structures were
determined (Fig. 5C). The amino acid residues near
the N-terminal and C-terminal ends have relatively
longer Ca—Ca distances. These residues are located at
the ‘domed cap’ region of the mushroom-like struc-
ture. By contrast, the amino acid residues of the cen-
tral region have relatively shorter Co—Ca distances.
They constitute the ‘stem’ region that contains exten-
sive protomer—protomer interactions. Hence, the
‘domed cap’ region appears to be more loosely folded
in the full-length protein, as compared to the RADS2
fragment lacking the C-terminal half.

Discussion

In the present study, the solution structure of the
human RADS2 protein was successfully determined by
cryo-EM analysis at near-atomic resolution. The struc-
ture adopts an undecameric ring assembly. The well-
resolved part of the cryo-EM map corresponds to the
N-terminal half of RADS2, and reveals a structure
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Federation of European Biochemical Societies.


https://server.poissonboltzmann.org

C. Kinoshita et al.

Cryo-EM structure of human RAD52

AA

1 R s MA /f/

Ca-Ca distance (A)
- N
B

Wwwwﬂw MRV R AVE N

125 145 165 185 205

Fig. 5. Comparison between the cryo-EM and crystal structures of RAD52. (A) Superimposition of the cryo-EM structure (light pink) with
the crystal structure of the N-terminal half (light gray; PDB ID: 1KNO). The align command in pymoL (Schrodinger, LLC., New York, NY,
USA) was used for the superimposition and the calculation of the overall root mean square deviation. (B) Orthoscopic side views of the
cryo-EM structure (top), and the crystal structure (bottom; PDB ID: 1KNO). The diameters and heights of the ring structures are indicated.
The values were calculated with pymoL, using the Draw_Protein_Dimensions.py script. (C) Graphical representation of the Ca-Ca distances
between the superimposed structures (top). The N-terminal (amino acid residues 25-71) and C-terminal (amino acid residues 164-208)
regions with relatively longer Ca~Ca distances correspond to the ‘domed cap’ region (pale cyan; bottom). The central region (amino acid resi-

dues 72-163) corresponds to the ‘stem’ region (blue).

that is essentially identical to the previously reported
crystal structures of the N-terminal half. Thus, the
structure of the N-terminal half is the same, regardless
of the presence or absence of the C-terminal half. This
is consistent with the previous DNA footprinting stud-
ies of ssDNA bound to the full-length RADS2 protein
or the N-terminal fragment, which showed similar
sSDNA cleavage patterns [27,42]. The footprinting
studies suggested that the structure of the ssDNA
binding site is the same for the N-terminal fragment
and the full-length protein. The present structure
underscores the importance of the N-terminal half in

FEBS Open Bio 13 (2023) 408-418 © 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

the oligomerisation and formation of the DNA bind-
ing site.

By contrast, the C-terminal half of RAD52 was not
visible in the cryo-EM map, indicating that the struc-
ture is heterogeneous within the ring assembly. The C-
terminal half is more prone to proteolysis than the N-
terminal half [12], and aLpHAFOLD [43] predicted that
most of the C-terminal half is intrinsically disordered.
Interaction sites for RPA and RADS51, which coordi-
nate the initial steps of homologous recombinational
repair, are mapped to the C-terminal half of RADS2.
These observations suggest that the N-terminal half
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plays a key structural role in oligomeric ring forma-
tion, while the C-terminal half has a flexible structure,
which may be important to enable dynamic interac-
tions with RPA and RADS51 in DNA repair. Struc-
tural determinations of RADS52 bound to other DNA
repair factors, such as RPA and RADS5I, through its
C-terminal half are important to clarify the function
of the C-terminal half, and to gain a better under-
standing of the full-length structure.

Previously, a heptameric ring assembly was deter-
mined by a negative staining EM analysis for the full-
length RADS2 [25]. Heptamer formation was also sug-
gested from analytical ultracentrifugation studies [26].
Although a higher resolution structure for the hep-
tameric assembly is required to gain detailed insight
into its mechanistic role, the possibility remains that
RADS52 can adopt multiple oligomerisation forms.
RedB, a functional and structural homolog of
RADS52, forms multimeric rings and filaments depend-
ing on the type of DNA substrate [23]. Crystallo-
graphic studies of the N-terminal fragment of RADS2
bound to single-stranded DNA (ssDNA) have demon-
strated that the undecameric ring form stably binds
to ssDNA, and the DNA binding groove present on
the surface of the ring structure appears suited
for promoting the annealing reaction with the comple-
mentary DNA strand [30]. Whether the annealing
reaction promoted on the surface of RADS2 involves
multiple oligomerisation states awaits further struc-
tural studies.

Acknowledgements

We thank Mitsuo Ogasawara for technical assistance
with cryo-EM specimen preparation and data collec-
tion. This work was supported in part by the Japan
Society for the Promotion of Science, KAKENHI
(JPI8HO05534 to HK, 19K 12328 to WK, 20H00449 to
HK and WK, 22H03743 to WK, 22K06098 to YT),
and by grants from the Japan Science and Technology
Agency (JST) Exploratory Research for Advanced
Technology (ERATO) (JPMJER1901 to HK) and the
Research Support Project for Life Science and Drug
Discovery (BINDS) from the Japan Agency for Medi-
cal Research and Development (AMED) (JP22a-
mal21009 to HK). WK was also supported by the
Takeda Science Foundation and Priority Research
Funding from Meisei University.

Conflict of interest

The authors declare no conflict of interest.

C. Kinoshita et al.

Author contributions

WK, YT and HK designed the experiments. CK, MS
and SO expressed and purified RADS2, and optimized
grid preparation for cryo-EM studies. YT collected
and processed the cryo-EM data. WK built and
refined the atomic model. WK and HK guided the
overall project. WK prepared the manuscript with
input from all authors. All authors have given
approval to the final version of the manuscript.

Data accessibility

The data that support this study are available from
the corresponding authors upon request. The cryo-EM
map generated in this study has been deposited in the
Electron Microscopy Data Bank (EMDB) under acces-
sion number EMD-34430. The resulting atomic coordi-
nates have been deposited in the Protein Data Bank
(PDB) with accession number 8HIP. The atomic coor-
dinates used in the study are available in the PDB with
accession number 1KNO.

References

1 Bouwman BAM and Crosetto N (2018) Endogenous
DNA double-strand breaks during DNA transactions:
emerging insights and methods for genome-wide
profiling. Genes (Basel) 9, 632.

2 Ciccia A and Elledge SJ (2010) The DNA damage
response: making it safe to play with knives. Mol Cell
40, 179-204.

3 Liang F, Han M, Romanienko PJ and Jasin M (1998)
Homology-directed repair is a major double-strand
break repair pathway in mammalian cells. Proc Natl
Acad Sci USA 95, 5172-5177.

4 Mehta A and Haber JE (2014) Sources of DNA double-
Strand breaks and models of Recombinational DNA
repair. Cold Spring Harb Perspect Biol 6, a016428.

5 Verma P and Greenberg RA (2016) Noncanonical views of
homology-directed DNA repair. Genes Dev 30, 1138-1154.

6 Song BW and Sung P (2000) Functional interactions
among yeast Rad51 recombinase, Rad52 mediator, and
replication protein a in DNA strand exchange. J Biol
Chem 275, 15895-15904.

7 Sugiyama T and Kowalczykowski SC (2002) Rad52
protein associates with replication protein a (RPA)-
single-stranded DNA to accelerate Rad51-mediated
displacement of RPA and presynaptic complex
formation. J Biol Chem 277, 31663-31672.

8 Mortensen UH, Bendixen C, Sunjevaric I and Rothstein
R (1996) DNA strand annealing is promoted by the
yeast Rad52 protein. Proc Natl Acad Sci USA 93,
10729-10734.

416 FEBS Open Bio 13 (2023) 408-418 © 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.


https://doi.org/10.2210/pdb8H1P/pdb
https://doi.org/10.2210/pdb1KN0/pdb

C. Kinoshita et al.

9

10

11

12

13

14

15

16

17

19

20

21

22

FEBS Open Bio 13 (2023) 408-418 © 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Sugiyama T, New JH and Kowalczykowski SC (1998)
DNA annealing by RADS2 protein is stimulated by
specific interaction with the complex of replication
protein a and single-stranded DNA. Proc Natl Acad Sci
USA 95, 6049-6054.

San Filippo J, Sung P and Klein H (2008) Mechanism
of eukaryotic homologous recombination. Annu Rev
Biochem 77, 229-257.

Reddy G, Golub EI and Radding CM (1997) Human
Rad52 protein promotes single-strand DNA annealing
followed by branch migration. Mutat Res 377, 53-59.
Kagawa W, Kurumizaka H, Ikawa S, Yokoyama S and
Shibata T (2001) Homologous pairing promoted by the
human Rad52 protein. J Biol Chem 276, 35201-35208.
Sotiriou SK, Kamileri I, Lugli N, Evangelou K, Da-Ré
C, Huber F, Padayachy L, Tardy S, Nicati NL, Barriot
S et al. (2016) Mammalian RADS2 functions in break-
induced replication repair of collapsed DNA replication
forks. Mol Cell 64, 1127-1134.

Bhowmick R, Minocherhomji S and Hickson ID (2016)
RADS?2 facilitates mitotic DNA synthesis following
replication stress. Mol Cell 64, 1117-1126.

Verma P, Dilley RL, Zhang T, Gyparaki MT, Li Y and
Greenberg RA (2019) RADS2 and SLX4 act
nonepistatically to ensure telomere stability during
alternative telomere lengthening. Genes Dev 33, 221-235.
Zhang J-M, Yadav T, Ouyang J, Lan L and Zhou L
(2019) Alternative lengthening of telomeres through two
distinct break-induced replication pathways. Cell Rep
26, 955-968.

Poteete AR, Sauer RT and Hendrix RW (1983)
Domain structure and quaternary organization of the
bacteriophage P22 erf protein. J Mol Biol 171, 401-418.
Thresher RJ, Makhov AM, Hall SD, Kolodner R and
Griffith JD (1995) Electron microscopic visualization of
RecT protein and its complexes with DNA. J Mol Biol
254, 364-371.

Ploquin M, Bransi A, Paquet ER, Stasiak AJ, Stasiak
A, Yu X, Cieslinska AM, Egelman EH, Moineau S and
Masson J-Y (2008) Functional and structural basis for
a bacteriophage homolog of human RADS2. Curr Biol
18, 1142-1146.

Tolun G, Makhov AM, Ludtke SJ and Griffith JD
(2013) Details of ssDNA annealing revealed by an
HSV-1 ICP8-ssDNA binary complex. Nucleic Acids Res
41, 5927-5937.

Sugiman-Marangos SN, Weiss YM and Junop MS
(2016) Mechanism for accurate, protein-assisted DNA
annealing by Deinococcus radiodurans DdrB. Proc Natl
Acad Sci USA 113, 4308-4313.

Newing TP, Brewster JL, Fitschen LJ, Bouwer JC,
Johnston NP, Yu H and Tolun G (2022) Redf;77
annealase structure reveals details of oligomerization
and A red-mediated homologous DNA recombination.
Nat Commun 13, 5649.

Federation of European Biochemical Societies.

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Cryo-EM structure of human RAD52

Passy SI, Yu X, Li Z, Radding CM and Egelman EH
(1999) Rings and filaments of B protein from
bacteriophage A suggest a superfamily of recombination
proteins. Proc Natl Acad Sci USA 96, 4279-4284.
Shinohara A, Shinohara M, Ohta T, Matsuda S and
Ogawa T (1998) Rad52 forms ring structures and co-
operates with RPA in single-strand DNA annealing.
Genes Cells 3, 145-156.

Stasiak AZ, Larquet E, Stasiak A, Miiller S, Engel A,
Van Dyck E, West SC and Egelman EH (2000) The
human Rad52 protein exists as a heptameric ring. Curr
Biol 10, 337-340.

Kagawa W, Kurumizaka H, Ishitani R, Fukai S,
Nureki O, Shibata T and Yokoyama S (2002) Crystal
structure of the homologous-pairing domain from the
human Rad52 recombinase in the undecameric form.
Mol Cell 10, 359-371.

Singleton MR, Wentzell LM, Liu Y, West SC and
Wigley DB (2002) Structure of the single-strand
annealing domain of human RADS2 protein. Proc Natl
Acad Sci USA 99, 13492-13497.

Kagawa W, Kagawa A, Saito K, Ikawa S, Shibata T,
Kurumizaka H and Yokoyama S (2008) Identification
of a second DNA binding site in the human Rad52
protein. J Biol Chem 283, 24264-24273.

Lloyd JA, McGrew DA and Knight KL (2005)
Identification of residues important for DNA binding in
the full-length human Rad52 protein. J Mol Biol 345,
239-249.

Saotome M, Saito K, Yasuda T, Ohtomo H, Sugiyama
S, Nishimura Y, Kurumizaka H and Kagawa W (2018)
Structural basis of homology-directed DNA repair
mediated by RADS2. iScience 3, 50-62.

Van Dyck E, Hajibagheri NMA, Stasiak A and West
SC (1998) Visualisation of human Rad52 protein and
its complexes with hRad51 and DNA. J Mol Biol 284,
1027-1038.

Zheng SQ, Palovcak E, Armache J-P, Verba KA,
Cheng Y and Agard DA (2017) MotionCor2:
anisotropic correction of beam-induced motion for
improved cryo-electron microscopy. Nat Methods 14,
331-332.

Rohou A and Grigorieff N (2015) CTFFIND4: fast
and accurate defocus estimation from electron
micrographs. J Struct Biol 192, 216-221.

Zivanov J, Nakane T, Forsberg BO, Kimanius D,
Hagen WIJ, Lindahl E and Scheres SH (2018) New
tools for automated high-resolution cryo-EM structure
determination in RELION-3. Elife 7, ¢42166.
Rosenthal PB and Henderson R (2003) Optimal
determination of particle orientation, absolute hand,
and contrast loss in single-particle electron
cryomicroscopy. J Mol Biol 333, 721-745.

Kleywegt GJ, Harris MR, Zou J-Y, Taylor TC,
Wihlby A and Jones TA (2004) The Uppsala electron-

417



Cryo-EM structure of human RAD52

37

38

39

40

418

density server. Acta Crystallogr D Biol Crystallogr 60,
2240-2249.

Emsley P, Lohkamp B, Scott WG and Cowtan K
(2010) Features and development of Coot. Acta
Crystallogr D Biol Crystallogr 66, 486-501.

Adams PD, Afonine PV, Bunkdczi G, Chen VB, Davis
IW, Echols N, Headd JJ, Hung L-W, Kapral GJ,
Grosse-Kunstleve RW et al. (2010) PHENIX: a
comprehensive python-based system for
macromolecular structure solution. Acta Crystallogr D
Biol Crystallogr 66, 213-221.

Afonine PV, Poon BK, Read RJ, Sobolev OV, Terwilliger
TC, Urzhumtsev A and Adams PD (2018) Real-space
refinement in PHENIX for cryo-EM and crystallography.
Acta Crystallogr D Biol Crystallogr 74, 531-544.

Chen VB, Arendall WB, Headd JJ, Keedy DA,
Immormino RM, Kapral GJ, Murray LW, Richardson JS
and Richardson DC (2010) MolProbity: all-atom structure

41

42

43

44

C. Kinoshita et al.

validation for macromolecular crystallography. Acta
Crystallogr D Biol Crystallogr 66, 12-21.

Pettersen EF, Goddard TD, Huang CC, Couch GS,
Greenblatt DM, Meng EC and Ferrin TE (2004) UCSF
chimera—a visualization system for exploratory research
and analysis. J Comput Chem 25, 1605-1612.

Parsons CA, Baumann P, Van Dyck E and West SC
(2000) Precise binding of single-stranded DNA termini
by human RADS52 protein. EMBO J 19, 4175-4181.
Senior AW, Evans R, Jumper J, Kirkpatrick J, Sifre L,
Green T, Qin C, Zidek A, Nelson AWR, Bridgland A
et al. (2020) Improved protein structure prediction
using potentials from deep learning. Nature 577, 706—
710.

Jurrus E, Engel D, Star K, Monson K, Brandi J,
Felberg LE, Brookes DH, Wilson L, Chen J, Liles K
et al. (2018) Improvements to the APBS biomolecular
solvation software suite. Protein Sci 27, 112-128.

FEBS Open Bio 13 (2023) 408-418 © 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



	Outline placeholder
	feb413565-aff-0001
	feb413565-aff-0002

	 Mate�ri�als and meth�ods
	 Expres�sion and purifi�ca�tion of RAD52 for cryo-EM stud�ies
	 Cryo-EM spec�i�men prepa�ra�tion for RAD52
	 Cryo-EM data col�lec�tion
	 Image pro�cess�ing and 3D recon�struc�tion of RAD52
	 Model build�ing and refine�ment

	 Results
	 Cryo-EM struc�ture of RAD52
	 Loca�tion of the C-ter�mi�nal half
	 Com�par�ison with the crys�tal struc�ture of RAD52
	feb413565-tbl-0001
	feb413565-fig-0001
	feb413565-fig-0002

	 Dis�cus�sion
	feb413565-fig-0003
	feb413565-fig-0004
	feb413565-fig-0005

	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Author con�tri�bu�tions
	 Data acces�si�bil�ity
	feb413565-bib-0001
	feb413565-bib-0002
	feb413565-bib-0003
	feb413565-bib-0004
	feb413565-bib-0005
	feb413565-bib-0006
	feb413565-bib-0007
	feb413565-bib-0008
	feb413565-bib-0009
	feb413565-bib-0010
	feb413565-bib-0011
	feb413565-bib-0012
	feb413565-bib-0013
	feb413565-bib-0014
	feb413565-bib-0015
	feb413565-bib-0016
	feb413565-bib-0017
	feb413565-bib-0018
	feb413565-bib-0019
	feb413565-bib-0020
	feb413565-bib-0021
	feb413565-bib-0022
	feb413565-bib-0023
	feb413565-bib-0024
	feb413565-bib-0025
	feb413565-bib-0026
	feb413565-bib-0027
	feb413565-bib-0028
	feb413565-bib-0029
	feb413565-bib-0030
	feb413565-bib-0031
	feb413565-bib-0032
	feb413565-bib-0033
	feb413565-bib-0034
	feb413565-bib-0035
	feb413565-bib-0036
	feb413565-bib-0037
	feb413565-bib-0038
	feb413565-bib-0039
	feb413565-bib-0040
	feb413565-bib-0041
	feb413565-bib-0042
	feb413565-bib-0043
	feb413565-bib-0044


