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A B S T R A C T

Human RAD52 protein binds DNA and is involved in genomic stability maintenance and several forms of DNA
repair, including homologous recombination and single-strand annealing. Despite its importance, there are very
few structural details about the variability of the RAD52 ring size and the RAD52 C-terminal protein–protein
interaction domains. Even recent attempts to employ cryogenic electron microscopy (cryoEM) methods on full-
length yeast and human RAD52 do not reveal interpretable structures for the C-terminal half that contains the
replication protein A (RPA) and RAD51 binding domains. In this study, we employed the monodisperse purifi-
cation of two RAD52 deletion constructs and small angle X-ray scattering (SAXS) to construct a structural model
that includes RAD52′s RPA binding domain. This model is of interest to DNA repair specialists as well as for drug
development against HR-deficient cancers.

1. Introduction

Human RAD52 is a nonessential DNA/RNA binding protein involved
in homologous recombination (HR) double-strand break repair (DSB) in
both the gene conversion and single-strand annealing pathways (Balboni
et al., 2023). RAD52 is an interesting drug target for breast, ovarian,
prostate, and pancreatic cancers because when inactivated, it is syn-
thetically lethal with HR deficiency (Feng et al., 2011; Hanamshet et al.,
2016; Lok et al., 2013; Pilarski, 2019). RAD52 is composed of 418 amino
acids (Fig. S1 (A)). The N-terminal half binds DNA/RNA and forms a ring
structure (Kagawa et al., 2002; Saotome et al., 2018; Singleton et al.,
2002), and the flexible C-terminal half contains regions that interact
with replication protein A (RPA) and RAD51 protein (Park et al., 1996).
Multiple crystal and cryogenic electron microscopy (cryoEM) structures
exist for the structured N terminal half (Fig. 1 and Supplementary Fig. S1
(B, C))(Deveryshetty et al., 2023; Kagawa et al., 2002; Kinoshita et al.,
2023; Saotome et al., 2018; Singleton et al., 2002). Unfortunately, the
flexible C-terminal half has no available structure. Even when the full-
length human or yeast protein is used in the purified sample, the C-
terminal half can not be visualized by cryoEM. Therefore, there is a need
for a structural model for the C-terminal half of RAD52 as the pro-
tein–protein interaction regions for RPA and RAD51 are of particular
interest as drug targets to exploit RAD52′s synthetic lethality (Al-
Mugotir et al., 2019; Al-Mugotir et al., 2021).

In this study, SAXS data for two RAD52 constructs were measured:
RAD52(1–212) (for which a crystal structure exists) and RAD52(1–303)
(which includes the RPA binding domain of RAD52). We did not use full-
length RAD52 protein samples for SAXS studies as they are polydisperse
and known to have multiple levels of aggregation and so are not useful
for SAXS analysis (Ranatunga et al., 2001a; Ranatunga et al., 2001b). We
were able to use the derived SAXS molecular envelope for RAD52
(1–212) to orient a model based on the crystal structure and locate the
positions of the C-terminal half in solution. Using the I-TASSER server
for protein structure prediction (Zhang, 2008), we were able to model
what a folded C-terminal “tail” of RAD52(1–303) would look like that is
in agreement with the SAXS data. The resulting model provides a higher-
resolution view of RAD52 than the low-resolution silver-stained images
that showed the C-terminal half of RAD52 hanging down from the N-
terminal ring like the tendrils of a jellyfish (Ranatunga et al., 2001b).

2. Materials and methods

2.1. Recombinant protein expression

The His-tagged RAD52(1–212) and RAD52(1–303) pET28a expres-
sion plasmids were transformed into Rosetta2 E. coli cells using the
manufacturer’s protocols (Novagen). RAD52(1–212) had a thrombin-
cleavable His tag. RAD52(1–303) had a noncleavable C-terminal His
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tag. Selection of transformed cells was performed on agarose plates
containing 30 µg/ml kanamycin and 34 µg/ml chloramphenicol. A col-
ony was selected and grown in lysogeny broth (LB) media incubated at
37 ◦C with 170 rpm shaking until it reached an optical density at 600 nm
(OD600) between 0.7 and 0.9. Cell cultures were induced with 1 mM
isopropyl β-D-1-thiogalactopyranoside (IPTG), cooled to 18 ◦C, and
allowed to shake overnight. Cells were harvested by centrifugation at
14,000 x g and stored at − 20 ◦C.

2.2. Protein purification

Cell pellets were suspended in an immobilized metal ion affinity
chromatography (IMAC) running buffer (50 mM Tris HCl, pH 7.8, 300
mM KCl, 10 mM imidazole, 10% glycerol, 2 mM 2-mercaptoethanol
(BME)) with protease inhibitor cocktail compatible with histidine-
tagged proteins (Sigma) added at 250 µl per gram of cells. Bacterial
lysis was achieved with 3 passes through an Emulsiflex-C3, and the
resulting lysate was centrifuged for 30 min at 40,000 x g. The super-
natant was filtered using a 0.45 µm HV DuraporeR membrane filter
(MilliporeSigma). The purification protocol used was a variant of the
method described in Kagawa et al., (2002) and Ranatunga et al., (2001)
with the following changes. Purification was performed on an ÄKTAPure
(Cytiva) using a 5 ml HisTrap FF column (Cytiva). The column was
equilibrated with 5 column volumes (CV) of IMAC running buffer,
loaded with the protein lysate, washed with 10 CV of IMAC loading
buffer, and then eluted with 5 CV steps at 50 mM, 150 mM, and 300 mM
imidazole. The protein eluted during the 300 mM step was then pooled
and dialyzed against 1 L of heparin running buffer (50 mM Tris-HCl, pH
7.5, 200 mM KCl, 10% Glycerol, 0.5 mM ethylenediaminetetraacetic
acid (EDTA)) overnight. Thrombin was added to the dialysis for RAD52
(1–212) samples to cleave the HIS tag. A 5 ml HiTrap Heparin HP
(Cytiva) column was equilibrated with 5 CV of heparin running buffer,
the dialyzed protein was loaded onto the column, and the column was

washed with 10 CV of heparin running buffer. The bound protein was
eluted using a 1 M NaCl gradient over 20 CV. The protein peak was
pooled and dialyzed overnight against a size exclusion chromatography
(SEC) buffer (20 mM Bis-Tris, pH 6.0, 10% glycerol, 400 mM NaCl, 100
mM KCl, 1 mM EDTA). The dialyzed sample was passed through a
HiLoad 16/600 Superdex 200 pg column (Cytiva) and collected in 1 ml
fractions. Protein concentrations were taken using A280 with an extinc-
tion coefficient (Ɛ) of 20400. Examination of samples by DLS showed
that the RH of the RAD52 samples did not change significantly with pH,
indicating that lowering the pH does not introduce significant artifacts.

2.3. Light scattering

Individual protein fractions were concentrated using a 10 kDa
MWCO concentrator (GE Lifesciences) and checked with dynamic light
scattering (DLS) for monodispersity using a DynaPro MS/X using Dy-
namics 6.7.7 software (Wyatt Technology Corporation). Monodisperse
samples were combined and examined by size exclusion chromatog-
raphy with multi-angle light scattering (SEC-MALS) using an Agilent
1260 chromatography system with attached miniDAWN TREOS, Optilab
T-rEX, and WTC-050S5 column (Wyatt Technology Corporation). Data
collection and processing were performed with ASTRA 6 software
(Wyatt Technology Corporation).

2.4. Small angle X-ray scattering (SAXS)

SAXS analysis was performed using a BioSAXS1000 (Rigaku) and FR-
E rotating anode X-ray generator (λ = 1.54 Å). Images were collected for
90 min, with subframes taken every 10 min. No protein damage was
observed. Raw images were processed into background subtracted
scattering curves with SAXSLab. Scattering curves were further pro-
cessed and analyzed with the automated analysis pipeline (AAP) in the
SAXSLab software running the ATSAS package (Petoukhov et al., 2012)

Fig. 1. Comparison of the SAXS ab initio model of RAD52(1–212) with the published RAD52(1–212) structure (1kn0) electrostatic surface. RAD52(1–212) viewed
from the (A) side and (B) top. The electrostatic surface model of 1kn0 (left) is shown next to the SAXS ab initio model of RAD52(1–212) (right, green). A blue
wireframe model has been superimposed over the bead model to highlight the central cavity. Interestingly, we expected the SAXS surface to look like a donut with a
hole, but instead, it resembled a raspberry.
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and BioXTAS RAW (Hopkins, 2024). Docking of models with SAXS en-
velopes was done with the Situs package using the Colores program
(Chacon and Wriggers, 2002; Wriggers, 2010). Figures were made using
PyMol (Schrödinger, LLC).

3. Results and discussion

3.1. Sample preparation

The quality of this study was reliant on the purification of mono-
disperse RAD52 samples. Both RAD52(1–212) and RAD52(1–303)
showed elution peaks at 150 mM and 300 mM imidazole, but we found
that the 300 mM imidazole elution displayed lower polydispersity in
downstream tests, so only the 300 mM imidazole fractions were used for
these experiments. DLS showed both RAD52(1–212) and RAD52(1–303)
samples to be monodisperse, with a polydispersity of 12.2 % and 14 %,
respectively (Supplementary Fig. S2). SEC-MALS of the same fractions
showed RAD52(1–212) as monodisperse with a molecular weight (MW)
of 229 kDa, and given that the calculated monomer MW is 23.7 kDa this
shows that the RAD52(1–212) ring was composed of 9.7 subunits
(Supplementary Fig. S3). SEC-MALS of RAD52(1–303) showed that the
protein sample was also monodisperse but with a slight increase in MW
as the peak eluted (Supplementary Fig. S3). The MW begins at 320 kDa
and rises to 349 kDa across the peak, giving an overall MW 328.7 kDa.
Given that the calculated monomer MW is 34.6 kDa, this indicated that
the RAD52(1–303) ring is composed of 9.5 subunits on average.

3.2. SAXS of RAD52(1–212)

The first step in our analysis was the acquisition of a SAXS envelope
of a RAD52 sample with a known crystal structure, RAD52(1–212).
RAD52(1–212) at a concentration of 7.48 mg/ml was found to provide
the best scattering data and envelope. The Guinier plot showed no evi-
dence of aggregation, the Kratky plot showed a well-folded, globular
multidomain protein, and the P(r) plot showed a maximum dimension of
117.7 Å (Supplementary Fig. S4). Ab initio bead modeling shows the
SAXS envelope for Rad52(1–212) looks like a partially hollow, raspberry
shaped, half-sphere with a diameter of 120 Å (Fig. 1). A decameric
model of RAD52(1–212) was created using CNS SOLVE from an avail-
able crystal structure (PDB ID 1kn0; Fig. 2A). and docked with the SAXS
envelope using the Colores program, where the best orientation was
found to be with the DNA binding region of RAD52(1–212) residing in
the curved portion of the half-sphere (Fig. 2B)(Kagawa et al., 2002;
Saotome et al., 2018).

3.3. SAXS of RAD52(1–303)

SAXS data for the RAD52(1–303) sample was then collected. The
concentration tested was 7.11 mg/ml. No signs of aggregation were seen
with the Guinier plot; the Kratky plot shows a globular multidomain
protein with flexible linker regions, and the P(r) plot showed a
maximum dimension of 181.0 Å (Supplementary Fig. S5). Ab initio bead
modeling shows the SAXS envelope as pear-shaped with an end-to-end
length of 174 Å and the wider region having a diameter of approxi-
mately 120 Å (Fig. 3(A)). The curved top of the wider region is almost

Fig. 2. Creation of the RAD52(1–212) decameric model and subsequent docking with the SAXS envelope. (A) The decameric model of RAD52 was created by first
removing a subunit from the undecameric crystal structure. Then, the C-terminal peptide (residues 177–209) that wraps around the adjacent subunit was temporarily
deleted. CNS SOLVE was then used to perform molecular dynamics with six interface contacts acting as restraints, resulting in a model for a decameric ring. The C-
terminal peptide was then returned to the model by superposition. (B) The decameric model was docked with the SAXS envelope using Colores, and the DNA binding
region of RAD52 was found to align with the rounded dome.
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identical to the curve for the Rad52(1–212) half sphere. This provided a
common orientation for both structures and indicates that the likely
placement of the RAD52(1–303) ring is with the DNA binding region
facing the rounded end of the wider region. As SEC-MALS showed that

RAD52(1–303) is likely a nonamer, a nonameric model was created in
the same fashion as the decameric model (Fig. 2A) and docked with the
RAD52(1–303) SAXS envelope in the location and orientation indicated
by the placement of the RAD52(1–212) envelope and docked decameric

Fig. 3. The SAXS ab initio model of RAD52(1–303) and docking of RAD52(1–212) SAX envelope. (A) A view of the RAD52(1–303) SAXS envelope from the largest
diameter region down (Top View), from two different angles at the side (Side View), and from the narrowest portion looking upward (Bottom View). The molecule is
174 Å top to bottom (Side View) and 120 Å in diameter at the largest diameter region (Top View). (B) Docking of the SAXS envelopes for RAD52(1–212) and RAD52
(1–303). The curved face of the RAD52(1–212) SAXS envelope (red) to the larger domed region of RAD52(1–303) (green), showing the alignment of the RAD52
(1–303) molecule. With this, it can be extrapolated that the DNA binding domain of RAD52(1–212) orients toward the top of this dome, with the C-terminal region
oriented into the narrow lower portion of the envelope.

Fig. 4. I-TASSER folded (213–303) attached to RAD52(1–212) nonamer. Nonameric RAD52(1–212) with attached I-TASSER folded 213–303 amino acids (blue)
docked inside the RAD52(1–303) SAXS envelope (green). Shown is the model seen from the top and bottom (A), the side with a 180◦ turn (B), the electrostatic surface
map of the RAD52(1–212) nonamer with a single (213–303) C-terminus modeled (C) and rotated 90◦, and the RAD52(1–212) nonamer with all (213–303) C-termini
modeled (D). The ribbon model of the RAD52(1–212) nonamer with all C-terminal (213–303) amino acids on each subunit fits well inside the RAD52(1–303) SAXS
envelope. In the electrostatic surface model, blue represents positively charged regions and red represents negatively charged regions. The region of RAD52 which
interacts with RPA is indicated with a small arrow, and is known to be positively charged to interact with RPA’s negatively charged interaction domain. This atomic
model (E, black) was fit against the experimental scattering curve (E, grey), analysis with Crysol yields a χ2 value of 15.98 between the data sets.
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model (Fig. 3(B)). The missing amino acids (213–303), when fully
extended, reach far outside of the RAD2(1–303) SAXS envelope,
implying that the C-terminal region must be folded (Supplementary
Fig. S6). These amino acids that were missing from the RAD52(1–212)
structure were modeled using I-TASSER (Roy et al., 2010; Yang and
Zhang, 2015; Zhang, 2008). The model of the now-folded 91 amino
acids was manually docked to a RAD52(1–303) subunit (Fig. 4). This
modeled C-terminal tail matches the contours of the RAD52(1–303)
SAXS envelope quite well (Fig. 4AB). The quality of the model for resi-
dues 213–303 is shown in the ramachandran plot (Fig. S7). The N-ter-
minal 213 to 245 residues are folded into a globular domain with an
alpha helix starting at Gln237. Then a coil of right (green) and left
handed (blue) helical turns comprise the remaining structure.
Throughout, secondary structural elements are broken up by proline
residues. The electrostatic surface of the model (Fig. 4CD) shows how
the charged surface is on the exterior and the more neutral surface is on
the inside of the nonamer. These complementary surface interactions
help hold the monomer together for the C-terminal tails to hang down
from the N-terminal ring.

This fully assembled nonamer atomic model was fit against the
experimental scattering curve using Crysol (Curtis et al., 2012; Svergun
et al., 1995) and had a decent fit with a χ2 (Svergun et al., 1995)value of
15.98. The SECMALS data had some disagreement about the number of
subunits in the ring for the 1–303 construct so a decamer model was also
constructed and studied as well as variation with the arms swung out-
ward (Figure S8). All iterations had worse χ2 than the nonamer model.
Additionally, a mixture of nonamer and decamers was analyzed in excel
using the evolutionary solver to minimize the χ2. By adjusting the ratio
of the nonamer to decamer model. The result was always 100% nonamer
model for the lowest χ2. The scattering curves for the decamer model
showed variation in the q region from 0.08 to 0.2 (Figure S8) which
corresponds to the region where the nonamer differs from the scattering
data the most but it seems to capture the overall trends observed in the
region.

3.4. Variability of the RAD52 ring size

Previously published methods for purifying RAD52(1–212) pro-
duced pure and monodisperse protein, and the crystal structure for
RAD52(1–212) shows the protein forming an undecameric ring. For our
experiments, we transitioned these earlier methods to one more
appropriate for SAXS analysis. We lowered the pH of the previously
published RAD52 SEC buffer to be further from the protein’s isoelectric
point to promote solubility and increased salt concentrations to protect
against aggregation caused by X-ray exposure. DLS control experiments
showed that lowering the pH did not significantly change the ring size.
Once purified to a quality compatible with SAXS, our RAD52(1–212)
showed a shift from the crystal structures undecameric ring to a mixture
of a majority of decameric rings with a few nonameric rings as shown by
our SEC-MALS data, indicating 229 kDa average MW, equaling 9.7
subunits (Supplementary Fig. S3). In reflection of this, we used the
undecameric crystal structure as a template to create a decameric model.
The undecameric crystal structure and decameric model were both
docked with the SAXS envelope for RAD52(1–212), and we found that
the undecameric model would not fit inside the SAXS envelope without a
significant portion of the structure extending outside. The decameric
model fits much better, and the best orientation was with the DNA
binding region of the RAD52(1–212) ring facing the curved region of the
SAX envelope. RAD52(1–303) was purified in the same manner as
RAD52(1–212). We found that not all fractions from SEC were mono-
disperse. We believe this is because SEC was separating the RAD52 rings
into nonamers and decamers. The most monodisperse fractions were
used for SEC-MALS, where we determined an average MW of 328.7 kDa,
indicating an average of 9.5 RAD52(1–303) subunits (Supplementary
Fig. S3). During elution from SECMALS, the MW line increases over time
indicating that the sample was made of a mixture of nonamers and

decamers. The exact number of subunits in the RAD52 ring may not be
physiologically relevant, as experimentally it varies. We were unable to
perform these experiments with wild-type RAD52 due to its poly-
dispersity and so we don’t know how many subunits are in the ring using
DLS or SAXS methods.

3.5. Putative structure of RAD52 C-terminal RPA interaction domain

Both SAXS envelopes have an almost identical curved dome section.
We aligned these portions and used this positioning to determine the
orientation of the RAD52(1–303) nonameric model. To represent the
RAD52(1–303) amino acids not present in the RAD52(1–212) model, the
sequence for RAD52(213–303) was modeled by I-TASSER and added to
the RAD52(1–303) nonameric model. The most likely conformation had
a Z score of 1.14 and a C score of − 2.77. These modeled amino acids fit
quite well into the RAD52(1–303) SAXS envelope. Alphafold was unable
to fold the RAD52(213–303) peptide. Although it is a powerful tool for
exploring protein folding, Alphafold is reliant on searching for existing
structures with sequence homology when generating models (Jumper
et al., 2021). I-TASSER also uses protein sequences to look for structural
homology, but it also puts those models through a protein function
database that checks into relevant ligand–protein binding interactions.
This additional step from I-TASSER takes the extended random coil
shown in other folding programs and shows a folded model for the
RAD52 C-terminal amino acids. In this model, amino acids (213–250)
fold into a positively charged domain nested near the main RAD52
(1–212) molecule on the side opposite the DNA binding domain (Fig. 4).
We find this significant as a well-known RAD52 binding partner, RPA,
binds in this region. RPA interacts with RAD52 through a negatively
charged domain (Jackson et al., 2002). Interestingly, the I-TASSER
model has a positively charged surface in the RAD52(221–280) RPA
binding region (Supplementary Fig. S1). In conclusion, the SAXS anal-
ysis combined with crystal structures and molecular modeling provides
a glimpse into what, up until now, has been a hidden world of pro-
tein–protein interactions contained within the flexible C-terminal half of
RAD52. This structural information can be used in the development of
RAD52 targeting therapeutics.
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