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Abstract

Human RADS52 is a prime target for synthetical lethality approaches to treat cancers with deficiency in
homologous recombination. Among multiple cellular roles of RADS52, its functions in homologous
recombination repair and protection of stalled replication forks appear to substitute those of the tumor
suppressor protein BRCA2. However, the mechanistic details of how RAD52 can substitute BRCA2
functions are only beginning to emerge. RAD52 forms an undecameric ring that is enveloped by eleven
~200 residue-long disordered regions, making it a highly multivalent and branched protein complex that
potentiates supramolecular assembly. Here, we show that RAD52 exhibits homotypic phase separation
capacity, and its condensates recruit key players in homologous recombination such as single-stranded
(ss)DNA, RPA, and the RAD51 recombinase. Moreover, we show that RAD52 phase separation is regulated
by its interaction partners such as ssDNA and RPA. Using fluorescence microscopy, we show that RAD52
can induce the formation of RAD51-ssDNA fibrillar structures. To probe the fine structure of these fibrils, we
utilized single-molecule super-resolution imaging via DNA-PAINT and atomic force microscopy and showed
that RAD51 fibrils are bundles of individual RAD51 nucleoprotein filaments. We further show that RAD52
induces end-to-end tethering of RADS51 nucleoprotein filaments. Overall, we demonstrate unique
macromolecular organizational features of RAD52 that may underlie its various functions in the cell.
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Introduction

Genomic instability underlies many devastating diseases including different types of cancers and other DNA
damage-related conditions'-3. Genomic instability usually arises from errors in repairing the genome after
being exposed to damage'. Double-strand breaks (DSBs) are the most lethal type of DNA damage that can
occur during DNA metabolism or as a result of reactive oxygen species (ROS) or exposure to irradiation?.
DSBs are repaired in many ways in the cell, the most general of which are non-homologous end joining
(NHEJ) and homologous recombination (HR)3. HR preserves genetic information by restoring the original
DNA sequence using a homologous DNA sequence elsewhere in the nucleus®. HR occurs mostly in the
G2/S phase where the presence of sister chromatid ensures the availability of DNA templates to be used
for repair’. For HR-mediated repair of a DSB, the DNA ends are resected by a tri-protein complex known
as the MRN complex8. Subsequently, long-range resection is achieved via Exo1 or DNA2, which leaves
approximately 5kb-long single-stranded (ss)DNA overhangs at the two DSB ends®'0. These long ssDNA
stretches are coated by RPA to protect them from nucleases 12, Subsequently, RPA is replaced by RAD51
to form a RAD51-ssDNA nucleoprotein filament (NPF) called the presynaptic complex'3. The RAD51 NPF
conducts a homology search in the genome to capture a homologous dsDNA donor to be used as a
template for the repair process'®'4. Once the DNA template is found, the RAD51 NPF facilitates strand-
invasion of the dsDNA donor, forming a D-loop that triggers the action of polymerases to synthesize DNA
sequences based on the template3. Finally, the D-loop structure is resolved and the DNA is ligated, which
completes the repair process™s. In addition to its role in HR, the RAD51 NPF plays important roles in DNA
replication, especially in protecting stalled and damaged replication forks from degredation?®.

Many details and steps of HR are still under extensive investigation. The central step in HR is the assembly
of the RAD51 NPF'4, which requires the replacement of RPA at the ssDNA ends with RAD51, a process
that depends on the action of mediator proteins'®. The main mediators of RPA-to-RAD51 switching are
BRCAZ2 in humans and Rad52 in yeast!-°. Interestingly, humans also have RAD52 which shares many
biochemical features with its yeast counterpart, however, its mediator activity remains under debate. Some
studies showed that human RAD52 does not have a clear mediator activity for the RAD51 NPF formation
according to in vitro tests'”20. This is consistent with reports suggesting that RAD52 cannot fully
compensate for BRCA2 deficiency in human cells?!. In contrast, other studies showed stimulatory effects
of RAD52 in D-loop formation?222 and homology search?*. This suggests that the role of RAD52 in HR may
be context-dependent. It was long assumed that the human RADS52 is dispensable for the survival of human
cells?02526_ However, recent evidence highlighted a synthetic lethality relation between RAD52 and BRCA2,
which indicated that RAD52 becomes critical for cell survival in conditions where BRCA2 is not
functional?%27-30, Importantly, mutations in the BRCA2 gene are associated with cancers and genetic
disorders such as Fanconi Anemia33'-34. In sum, inhibition of RAD52 is lethal to cancer cells lacking BRCA2
but is not lethal to healthy cells with functioning BRCA2, which makes RADS52 a prime target for drug
development in BRCA-related cancers. Consequently, understanding the function and behavior of RAD52
opens the door to developing cancer therapeutic strategies.

While the role of human RAD52 in HR remains unclear, studies have highlighted other functions of the
protein. RAD52 possesses a single-stranded DNA annealing activity that is used by the cell to repair DSBs
committed to homology-directed repair, but that cannot be repaired by HR353¢, In S-phase, RAD52 plays
two important roles at stalled DNA replication forks, first protecting the fork from reversal by motor proteins®’,
and later cooperating with MUS81 nuclease to cleave the stalled forks38. RAD52 is also necessary to initiate
mitotic DNA synthesis and is involved in telomeric DNA repair processes3%41. In telomerase-negative cancer
cells, RAD52 is involved in the alternative lengthening of telomeres pathway*!. Further research has shown
that RAD52 has a high affinity towards G-quadruplex ssDNA structures and R-loops and can drive a reverse
strand exchange reaction with both DNA and RNA“244, In the oncological context, RAD52 forms foci upon
DNA damage that are thought to be DNA repair centers as they colocalize with other DSB repair proteins
such as RAD5129.3045-47  RAD52 foci formation is also shown to be regulated by the cell cycle, with
increased foci formation being associated with the G2/S phase, which is the same cell cycle phase where
HR occurs®. Therefore, it is likely that when BRCA2 is dysfunctional, RAD52 plays a role in HR through
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mechanisms of self-assembly that result in foci formation. Despite renewed research interest in the biology
and biochemistry of RAD52, the mesoscale self-assembly properties of the human RAD52 complex are still
not well understood.

Crystal structure and cryo-EM studies have shown that the human RAD52 forms an undecameric ring or a
decameric washer-like structure made of eleven or ten identical subunits*®-54, The N-terminal half of the
protein contains the oligomerization domain and two DNA-binding sites and can be wrapped by ssDNAS%,
The C-terminal domain of the protein is disordered and contains RPA and RAD51 binding sites%5%7. This
leads to a branched structure where the ring is surrounded by eleven 200 AA-long disordered regions,
making it an example of a branched multivalent protein complex. We argue that such multivalency may
lead to interesting consequences in the context of protein macromolecular assembly as it allows the RAD52
complex to bridge multiple molecules through its disordered C-terminal arm. Branched multivalency has
been shown to confer unique condensation properties in other systems such as DNA nanostars®8. This
makes the self-assembly and heterotypic interactions of RAD52 relevant from a polymer physics
perspective.

In this work, we characterize the supra-molecular self-assembly properties of RAD52 and its interactions
with the RAD51 NPF and RPA. We first show that RAD52 undergoes phase separation at micromolar and
nanomolar concentrations in aqueous and crowded environments, respectively. We further show that
RAD52 condensates can recruit multiple key players in DSB repair such as RPA, ssDNA, and RAD51. Due
to its protein and DNA binding sites, RAD52 phase separation can be regulated strongly by the presence
of its interaction partners. We show that ssDNA facilitates RAD52 phase separation at low mixing ratios but
suppresses the same at high mixing ratios, pointing toward a reentrant phase transition phenomenon®°. In
contrast, RPA enhances RAD52 phase separation in a monotonic fashion within our observation window.
Moreover, we observe that RAD51-ssDNA complexes form fibrillar structures spanning tens of microns in
length upon the addition of RAD52. This is true even in the presence of RPA, which is known to block
RAD51-ssDNA interactions®. We hypothesized that these fibrillar structures are bundles of RAD51
nucleoprotein filaments. Indeed, single-molecule imaging reveals that RAD52 can induce clustering of
individual RAD51 NPFs, thus creating the fibrils. Strikingly, we find that RAD52 can tether RAD51 NPFs,
leading to the formation of exceptionally long filaments. These results are further validated with atomic force
microscopy data. Collectively, our results show that the human RAD52 complex undergoes phase
separation and induces clustering and end-to-end tethering of RAD51 nucleoprotein filaments.

Results
RAD52 undergoes homotypic phase separation

The human RADS52 protein forms an undecamer with a structured ring at the core that is enveloped by
eleven disordered C-terminal regions (Fig. 1 a&b). Analysis of the linear net charge per residue shows that
the entire RAD52 chain contains positively and negatively charged regions (Fig. 1¢). Accordingly, we
argued that phase separation may ensue at low salt concentrations via coulomb interactions due to
attractive forces between oppositely charged segments. Thus, we prepared solutions of RAD52 at 30 mM
NaCl concentration and varied the protein concentration from 0.1 uM to 5 uM. At no crowding conditions,
the protein underwent phase separation at 5 yM concentration (Fig. 1d&f and Fig. S1). We then used a
pseudo-inert polymer (PEG8000) as a molecular crowder to mimic the more crowded conditions in the
cellular context. Adding 1 % wt/vol crowder reduced the condensation threshold to 1 uM (Fig. 1d). Further
addition of PEG led to phase separation at concentrations as low as 250 nM (Fig 1d). This relatively low
threshold for phase separation is attributed to the large size of the undecamer complex (~10 nm ring
diameter+?) and the unusually high multivalency resulting from the eleven IDRs. Notably, the concentration
of proteins and nucleic acids within the nucleus is predicted to be in the range of 100-200 mg/ml, which is
equivalent to 10-20% crowding conditions®'. To quantify the degree of phase separation, we used an image
analysis approach that detects the droplet-dilute phase interfaces in the image using a Farid filter®? that
computes the image derivative (Fig. 1e, see methods). The quantitative state diagram of PEG and RAD52
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shows that RAD52 undergoes phase separation that is promoted by molecular crowding in a crowder
concentration-dependent manner (Fig. 1f). We next probed the stability of RAD52 condensates against
monovalent salts. The addition of monovalent salt (NaCl) suppressed phase separation, with the droplet
dissolution occurring at ~200 mM NaCl concentration (Fig. 1g and Fig. S2a). This indicates that the primary
driving force of RAD52 phase separation is Columb interactions between the oppositely charged domains
within the protein. Since in vitro recombination reactions usually require divalent salts and ATP hydrolysis,
we tested whether RAD52 phase separation is affected by the presence of divalent salts as well as ATP.
Our results show that at no-crowder conditions, neither calcium nor ATP significantly alters the RAD52
condensation capacity in the range of co-solute concentrations usually employed for in vitro recombination
assays (1-20 mM) (Fig. 1 h&i and Fig. S2 b&c).
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Figure 1. RAD52 undergoes homotypic phase separation. (a) A scheme showing the structure of the
RAD52 undecameric ring visualized using Protein Imager®® based on a previously reported Cryo-EM
structure®* (PDB ID 8BJM). The IDRs are manually drawn to illustrate their presence and are not to scale.
(b) PONDR (predictor of natural disordered regions) score of the RAD52 protein showing that its C-terminal
half is highly disordered®. RAD51 and RPA binding regions are also annotated%5%7. (c) Net charge per
residue as a function of residue index for RAD52 as calculated by the CIDER software from R. Pappu’s
lab®. (d) Bright-field images of RAD52 mixtures under different protein and crowding conditions. (e) An
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example of Farid filter application to detect droplet edges in a bright field image, which is used to quantify
the degree of droplet formation in images (see methods). (f) Quantitative phase separation state diagram
of RAD52-PEG mixtures (see Fig. S$1). (g) RAD52 droplet formation as a function of sodium chloride. (h)
RADS2 droplet formation as a function of Calcium Chloride. (i) RAD52 droplet formation as a function of
ATP. In (g-i), the dashed line represents a non-phase separating sample. Bright-field images are shown in
Figure S2.

Previous studies have shown that the structured ring of RAD52 N-terminal region constitutes two binding
sites for ssDNA®’. In addition, the C-terminal region of RAD52 binds RAD51 and RPA5768 which are two
key players in homologous recombination and other DNA repair pathways. Therefore, we tested whether
RADS52 condensates can recruit these biomolecules and concentrate them. We measured the partition
coefficient (droplet intensity/dilute phase intensity) of fluorescently labeled 40 nt poly(T) ssDNA (referred to
as dT40 thereafter), Telomeric repeat-containing RNA (TERRA)®, RPA, and RAD51 within RAD52
condensates. We found that RAD52 condensates recruited ssDNA, RNA, RAD51, and RPA(Fig. 2a-d) with
the partition coefficients all significantly larger than 1 (Fig. 2e). This indicates that RAD52 condensates
have the potential to constitute a DNA repair hub that forms at ssDNA overhangs and recruits RPA, RAD51,
and RNA. Condensation of RAD52 may underlie the formation of RAD52 repair centers, which were
previously observed in cancer cells upon DNA damage?'2.

Partition Coefficient (D
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Figure 2. RAD52 condensates recruit DSB repair components. (a-d) Fluorescent images of RAD52
condensates (prepared at 5 uM RAD52) in the presence of dT40-Cy3, TERRA RNA-Cy3, RPA-MB543, and
RADS1-Cy5, respectively. (e) Measured average partition coefficient of the client molecules (a-d) obtained
from image analysis of multiple droplets per sample (ncondensates>100). Error bars represent one standard
deviation. The dashed line represents a partition coefficient of 1, indicating no preferential interactions
between the client molecule and the droplet.

ssDNA and RPA regulate RAD52 condensation

In a cellular context, changes in expression levels and accompanying changes in protein stoichiometries
allow for concentration-based regulation of protein self-assembly#”70. Previous studies showed that
heterotypic phase separation is generally governed by the stoichiometry of the interacting
components® 7172 Since RAD52 has binding domains for ssDNA and other repair proteins, we
hypothesized that RAD52 phase separation may be modulated by the presence of ssDNA and DSB repair
components in a concentration-dependent manner. To test this idea, we prepared RAD52 at 2.5 uM
concentration in the absence of polymer crowders and varied the concentration of ssDNA dT40 (Fig. 3a&b
and Fig. S3). Of note, dT40 length matches the circumference of the RAD52 ring5%. We observed that DNA
enhanced condensate formation of RAD52 at low molar fraction ([dT40)/[RAD52]~0.1) (Fig. 3a&b and Fig.
$3). This ratio corresponds to one ssDNA molecule per RAD52 undecameric ring%%. However, at higher
ssDNA-to-RADS52 ratios (>0.5) phase separation is completely abrogated (Fig. 3a&b and Fig. S3). This
non-monotonic behavior, referred to as reentrant phase transition because the molecule re-enters the
homogenous solution phase®73, has been observed previously in mixtures of cationic proteins with nucleic
acids and is thought to be a general feature of heterotypic phase separation mixtures®71.7475 We next
tested the effect of RPA on RAD52 phase separation, since RPA is an interaction partner with RAD52. We
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found that RPA increased the tendency of phase separation in RAD52 mixtures at low RPA-to-RAD52
mixing ratios (Fig. 3c&d). Unlike ssDNA, we did not observe a subsequent decrease in phase separation
at high RPA-to-RAD52 mixing ratios. This suggests that the decondensation threshold (the mixing ratio at
which condensates re-enter the mixed phase) may exist beyond our concentration range.
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Figure 3. Regulation of RAD52 phase separation by ssDNA and RPA. (a) Bright-field and fluorescence
images of RAD52-ssDNA mixtures at 2.5 yM RAD52 and variable dT40-to-RAD52 concentration ratio as
indicated. dT40 in these experiments is labeled with Cy3 for fluorescence visualization. (b) Quantification
of droplet formation via image analysis of the data in (a) and in Fig. $3. Dashed line indicates the no-droplet
condition at 1. (c) Bright-field images of RAD52-RPA mixtures prepared at 2.5 yM RAD52 and variable RPA
concentration. (d) Quantification of the images in (c) via measuring the interface fractional area normalized
to a non-phase separating sample. The dashed line indicates the no-droplet condition at 1.

We next asked whether RAD52-ssDNA condensates and RAD52-RPA condensate form compatible phases
with each other. Previous studies showed that multicomponent mixtures where multiple phases can form
simultaneously may exist as one large mixed condensed phase or several distinct phases that are demixed
from each other’. The formation of co-existing phases with distinct compositions is generally dictated by
the hierarchy of interaction networks””. To test the compatibility of RAD52-ssDNA condensates and RAD52-
RPA condensates, we formed each type separately (stained with 18-mer Cy5 conjugated ssDNA and RPA-
MB543, see methods) and mixed them prior to imaging. Two-color imaging revealed that most of the
condensates showed a mixture of RPA and RAD52 (Fig. S4). Accordingly, we conclude that a tri-component
condensate comprised of RAD52, RPA, and ssDNA can be formed. Taken together, our experiment reveals
that RAD52 phase separation is strongly modulated by RPA and ssDNA in a concentration-dependent
manner. Importantly, RAD52 condensation is non-monotonically regulated by ssDNA through a reentrant
phase transition. Such non-monotonic regulation may be an important physical property for the control of
RAD52 condensation in the cell’®. Conditions that alter intracellular concentrations such as RAD52
overexpression, increasing amounts of ssDNA (via end-resection), or elevated levels of RPA (upon
significant DNA damage) may trigger RAD52 phase separation in the cell. Indeed, the formation of RAD52
foci has been observed in cells lacking BRCA2/BRCA1 proteins upon DNA damage*®. We speculate that
altered intracellular stoichiometry may modulate RAD52 condensation in the cell'®.
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RAD52 induces RAD51-ssDNA fibril formation

Homologous recombination depends on the assembly of the RAD51 nucleoprotein complex on resected
ssDNA overhangs to initiate the search for homology. The assembly of the RAD51 NPF depends on BRCA2
as it facilitates the replacement of RPA with RAD51 on ssDNA'79, In BRCA2 mutated cells, the assembly
of the NPF is thought to occur in a different pathway. To test if RAD52 phase separation affects the
interactions between RAD51 and ssDNA, we prepared mixtures containing 5 yM RAD51 (with 10% RAD51-
AF488) and 2.5 yM ssDNA (dT30) in a buffer devoid of ATP and divalent ions and did not find detectable
structures (Fig. 4a). Adding RAD52 (5 uM) to the same mixture led to the formation of large fiber-like RAD51
structures that were more than 10 um in length (Fig. 4b). Adding a crowding agent (5% PEG8K) resulted
in additional formation of condensates that recruit RAD51 and form on RAD51 fibers (Fig. 4b). RAD51 fiber
formation was observed even when RPA was present at a concentration equal to dT30 (2.5 uM, Fig. 4c),
which is known to block RAD51-ssDNA interactions®°. We then conducted three-color imaging experiments
using fluorescently labeled RAD51, RAD52, and ssDNA. We observed that the fibrillar structures mainly
contain RAD51 and ssDNA with a lower portion of RAD52, which is predominantly concentrated in spherical
condensate-like structures from which RAD51 fibers appear to emanate (Fig. 4d&e). When the order of
addition in the mixture is altered such that RAD52 is added before RAD51, we did not observe these fibrils
(Fig. S5), suggesting that the fibrils form through interactions between RAD52 and the RAD51-ssDNA
complex. Additionally, we confirmed that fibrillar structures can form even in the presence of ATP and
calcium, which are necessary for the active form of the RAD51 recombinase (Fig. $6). Therefore, we
hypothesized that RAD51 fibrils are formed via RAD52-induced clustering or bundling of RAD51
nucleoprotein filaments.
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Figure 4. RAD52 induces RAD51-ssDNA fibril formation. (a) Fluorescent image of RAD51-ssDNA
solution prepared at 5 yM RAD51 and 2.5 yM ssDNA dT30. Also added to the sample is ~ 200 nM of AF488-
conjugated RAD51. (b) Fluorescent images of the same sample in (a) but with an additional 5 yM of RAD52
in the presence and absence of a polymer crowder (PEG8k). (c) Fluorescent images of the same sample
in (b) but with the addition of 2.5 yM RPA. (d) Three color fluorescent images of RAD51-RAD52-dT40
sample (5 uM, 5 uM, 2.5 uM, respectively) at no crowder condition. The sample contained ~200 nM of Cy5-
conjugated RAD52 and AF488-conjugated RAD51. (e) Intensity profile for the fluorescence signal across
the yellow line in (d) for RAD51 (blue), dT40 (green), and RAD52 (red).
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Visualization of individual RAD51 nucleoprotein filaments using DNA-PAINT

Visualization of single RAD51 NPFs and their interactions with other proteins may provide significant
insights into the mechanisms of RAD51 fiber formation observed herein. Imaging approaches to visualize
the RAD51 NPF with nanometer resolution have only been achieved using Atomic Force Microscopy (AFM)
and electron microscopy (EM)8381. Both methods reveal limited information as they are label-free and
cannot easily distinguish between different protein components. Single-molecule FRET experiments have
been used to show that RAD51 filament formation extends the length of the DNA substrate®5. Further,
confocal microscopy has been used to visualize RAD51 filaments on dsDNA, albeit with diffraction-limited
resolution®. The structure of RAD51 NPF has been previously visualized using cryo-electron microscopy?®:.
However, aggregated or clustered filaments present insurmountable difficulties in cryo-EM imaging due to
population heterogeneity and the large size of the supramolecular complexes. Furthermore, functional
testing of the RAD51 NPF ability to invade homologous dsDNA templates has only been probed using gel-
based assays and/or EM imaging”-'”. In this section, we sought to develop an imaging approach that allows
structural investigation of the RAD51 NPF in conjunctions with other proteins such as RAD52 and RPA as
well as visualization of the D-loop formation with protein fluorescence staining.

To visualize RAD51 NPFs, D-loops, and NPF clustering, we applied a DNA-PAINT®4 imaging approach with
~10 nm resolution to a large DNA substrate, ¢ X174 virion DNA. The ¢ X174 bacteriophage genome is a
5.8 kb long ssDNA that is predominantly in circular form (~80%) and is commercially available along with
its dsDNA form. To assemble RAD51 NPFs, we mixed RAD51 with the ssDNA substrate at appropriate
monovalent salt, divalent salt, and ATP concentrations (see methods) and kept the mixture at 37 °C for 1
hr (Fig. 5a). The assembled NPFs were then deposited on a poly(lysine)-coated microscope coverslip such
that the complexes adhere to the coverslip surface. Protein visualization was done via immunostaining
using primary antibodies against RAD51 and fragment secondary antibodies conjugated to probe
oligonucleotides with the appropriate sequences for PAINT imaging (see methods). After immunostaining,
a solution of fluorescently conjugated imager strands that are complementary to the probe strands on the
secondary antibodies is used for imaging with appropriate concentrations to ensure rapid fluorescence
blinking for subsequent image reconstruction. Placing the sample on an objective-TIRF microscope, we
carried out DNA-PAINT imaging. Our approach yields imaging of single NPF complexes that are resolvable
with a resolution of ~15 nm (Fig. 5b and Fig S7). We could observe multiple circular RAD51 filaments in
one field of view as well as several instances of linear RAD51 filaments (Fig. 5b). We then asked whether
our super-resolution approach could detect D-loop formation. We mixed NPFs pre-assembled on ¢pX174
ssDNA with a homologous dsDNA target (¢ X174 RF |) and used RPA to stain the ssDNA portion of the D-
loop (Fig. 5c¢). If D-loop occurs, we expect to see significant colocalization between RPA and RAD51,
however, due to the increased flexibility of RPA-ssDNA, we do not expect to resolve the chain contour using
our approach. When preparing the NPFs without the dsDNA target, we observed that most NPFs were
devoid of any RPA (Fig. 5d). However, when the NPFs were incubated with dsDNA, we observed significant
co-localization between the RAD51 NPFs and RPA (Fig. 5e), indicating the formation of D-loops (Fig. 5¢).
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Figure 5. Super-resolution imaging to visualize RAD51 nucleoprotein filaments. (a) A scheme
showing the assembly reaction of RAD51 NPF. (b) A representative large view of RAD51 NPFs on a
coverslip surface reconstructed from DNA-PAINT imaging. Also shown are zoomed-in views of individual
RAD51 NPFs. (c) A scheme showing the D-loop formation reaction in the presence of a homologous dsDNA
template. (d) Two-color DNA-PAINT image of RAD51 NPFs (red) and RPA (cyan) in the absence of dsDNA
template. Also shown are zoomed-in views of individual RAD51 NPFs. (e) Two-color DNA-PAINT image of
RADS1 (red) and RPA (cyan) in the presence of a dsDNA template. The colocalization of the two proteins
indicates the formation of D-loops. Also shown are zoomed-in views of individual D-loop structures.

RADS52 induces clustering and end-to-end tethering of RAD51 nucleoprotein filaments

To probe the interactions between RAD52 and RAD51 NPFs, we next carried out the RAD51 NPF assembly
reaction in the presence and absence of RAD52 and conducted super-resolution imaging with DNA-PAINT.
All samples contained 1 uM RPA to ensure structure-free DNA templates. In the absence of RAD52, RAD51
NPFs were spread evenly on the coverslip surface and consistently existed as a single filament without
clustering (Fig. 6a, left). In contrast, when RAD52 was added to the reaction mixture, we observed clusters
of RADS1 NPFs (Fig. 6a, right). This clustering of NPFs is likely due to the RAD52 complexes acting as a
hub to attract individual NPFs via their multiple IDRs. We also observed long NPFs that emanate from the
clusters (Fig. 6a, right). These long filaments constituted ~40% of all detected filaments (Fig 6b). The
overall length of RAD51 NPFs is much larger in the presence of RAD52 (9 + 6 um) than in its absence (2.1
1+ 0.4 uym, Fig. 6¢). Importantly, these filaments were observed at multiple RPA concentrations (Fig. S8).
The presence of long RAD51 NPF was also observed when the NPFs were assembled on the dsDNA
substrate, although with overall shorter filaments (Fig. S9). We suspected that these exceptionally long
filaments are individual linear filaments tethered to each other via RAD52. To test this, we performed two-
color DNA PAINT imaging to inspect whether RADS52 exists in these clusters. Indeed, our two-color imaging
reveals that RAD52 was present in RAD51 NPF clusters, especially at the junction points (Fig. 6d). We
also observed instances where multiple curved filaments are attached with points of attachments containing
localizations of RADS52 (Fig. 6e). Importantly, we observed RADS52 localizations that are evenly spaced on
the linear elongated RAD51 NPFs (Fig. 6d&f and Fig. S10). The distance between successive RAD52
spots agrees with the measured length of individual RAD51 filaments formed on the ssDNA substrate (Fig.
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6f & Fig. S10). These results indicate that RAD52 has two modes of interaction with RAD51 NPFs that
facilitate fiber formation. The first is RAD52 bridging multiple filaments together side by side (Fig. 6d&e).
The second mode is RAD52 facilitating end-to-end tethering of RAD51 NPFs (Fig. 6d&f and Fig. $S10). A
combination of these two modes of interactions can explain the RAD51-ssDNA fibril formation observed in
this work. Note that we do not see large DNA bundles in these experiments because of the need to use
extremely low concentrations of components that allow us to resolve DNA structures as well as the use of
larger DNA substrates that are slower in diffusion. Taken together, our super-resolution imaging
experiments reveal that RAD52 can induce clustering and end-to-end tethering of RAD51 NPFs.
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Figure 6. RAD52 induces RAD51 nucleoprotein filament clustering and end-to-end tethering. (a)
DNA-PAINT super-resolution image of RAD51- nucleoprotein filaments formed on ¢x174 ssDNA virion in
the absence of RAD52 (left) and the presence of 0.5 yM RAD52. (b) Quantification of the single-filaments
and the tethered filaments in panel (a) obtained from analyzing multiple images. (c) DNA-PAINT image of
RADS2-induced clustering of RAD51 NPF assembled on dsDNA. (d) Two representative DNA-PAINT
images of RAD52 (cyan) and RAD51 NPF (red) clusters showing elongated RAD51 NPFs that are likely to
be tethered (also see Fig. S10). (e) Two-color images of clustered circular RAD51 NPFs (red) in the
presence of RADS2 (cyan). (f) Example of an excessively long RAD51 NPF with equally spaced
localizations of RAD52 (cyan, yellow arrows). The box plot on the right shows the measured distance
between RAD52 spots in the left image, (d), and Fig. $S10. The RAD52 inter-spot distance is compared with
the measured length of single RAD51 NPFs from the data in (a).
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Figure 7. Atomic Force microscopy confirms RAD52-induced clustering and tethering of RAD51
NPFs. (a) AFM images of naked ¢X174 ssDNA in its circular (top) and linear (bottom) forms. (b) AFM
images of RAD51 NPF. (c¢) AFM image of RAD51 NPFs in the presence of 0.5 yM of RAD52. All scale bars
are 200 nm. Arrows indicate a molecule that is likely to be RADS52 crosslinking filaments. (d) Quantification
of filament length from AFM images showing extended lengths for RAD51 NPFs in the presence of RAD52.
Larger filament lengths were not obtainable due to the small field of view in AFM (4x4 ym). (e) Scheme
showing the two bridging modes of RADS52 that can either cluster or tether RADS51 filaments.

To further test our findings from super-resolution imaging, we utilized atomic force microscopy (AFM) to
image RAD51 NPFs and RAD52-RAD51 complexes without the use of fluorophore labeling or antibody
staining. First, we imaged the single-stranded DNA template, confirming the presence of both circular and
linear chains (Fig. 7a). Next, we examined pre-assembled RAD51 filaments and confirmed that these
filaments existed separately without inter-filament clustering (Fig 7b). When RAD51 NPFs were assembled
in the presence of RAD52, we observed large-scale filaments (~3-5 ym) in addition to single filaments that
were longer than those observed in the absence of RAD52 (~2 um, Fig. 7c&d). This is evidenced by a
wider distribution of filament lengths (Fig. 7d). These long filaments were interspersed with large blobs that
we identify as RAD52, since RAD52 rings are ~10 nm in diameter and are much larger than RAD51.
Notably, in some cases, we observed filaments that were too long to be captured within one field of view
(4x4 pm for our AFM setup). We also found networks of multiple long RAD51 filaments that are apparently
crosslinked by RAD52 blobs (Fig. 7c, bottom). In sum, our AFM imaging results corroborate our DNA-
PAINT findings and point to a unique ability of RAD52 to induce clustering and end-to-end tethering of
RAD51 NPFs (Fig. 7e).

Discussion and Conclusion

The human RAD52 complex holds great promise for cancer therapy as its disruption is exclusively toxic to
cells that lack functional BRCA2 gene’, which underlies many types of cancer as well as development
disorders that are collectively called homologous recombination deficiency syndrome®. A significant
amount of research has been devoted to showing how this protein complex interacts with ssDNA and
cataloging its biochemical activities such as single-stranded DNA annealing and reverse strand exchange
reactions3®44. However, the self-assembly properties of the human RAD52 and its interaction with RAD51
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NPFs have not been fully documented. Here, we filled this gap by studying the self-assembly properties of
RAD52 and its interactions with the RAD51 nucleoprotein filament, which is the central macromolecular
machine in the HR pathway. We show that RAD52 undergoes phase separation at sub-micromolar
concentrations in crowded environments. These RAD52 condensates recruit nucleic acids and DSB repair
proteins, potentiating them to serve as a model for the RAD52 repair centers that have been reported in
the literature. We further show that RAD52 induces the formation of RAD51-ssDNA fibril like structures that
span tens of microns in length. Simultaneously, single molecule imaging shows that RAD52 induces
clustering of RAD51 nucleoprotein filaments as well as end-to-end tethering of linear RAD51 nucleoprotein
filaments. Taken together, our findings show unique organizational features of the RAD52 complex that are
likely encoded by its branched multivalent structure.

The phase separation properties of RAD52 may underlie RAD52 foci formation in cells that act as DSB
repair centers by recruiting RAD51 and ssDNAS®. This adds to the emerging paradigm of linking phase
separation to DNA damage processes in the cell®”. A recent report showed that yeast Rad52 can phase
separate in the nucleus and induce the formation of nuclear microtubules®®. It was also reported recently
that RAD51 itself can form amyloid fibrils at high concentrations®®. Importantly, two studies in the literature
have found ~ 1 um thick RAD51 fibril-like structures in human cells upon RAD51 overexpression8®%. These
structures®® show a stark similarity with the RAD52-induced fibrils shown in Figure 4. Another study showed
that RAD51 binding domain TR2 of BRCA2 induces bundling of RAD51-ssDNANPFs in vitro™. This specific
domain is required for the BRCA2 function in protecting stalled replication forks®'. Our study shows a similar
effect of RAD52-induced bundling of RAD51-ssDNA complexes. Interestingly, RAD52 is also known to be
important in protecting stalled replication forks3”. Another important work showed that RecA protein, which
is the RAD51 equivalent in E.coli, forms RecA bundles/fibers upon DNA damage®. Remarkably, the
bundling of RecA filaments includes ssDNA-recA filaments as well as DNA-free recA filaments. It was
therefore proposed that RecA bundles provide a mechanism to channel the movement of ssDNA along the
RecA fiber through filament sliding, which allows pairing between the ssDNA overhang and the homology
locus. The human RAD51 fibers we observed appear similar to those observed for the RecA protein®2 and
upon RAD51 overexpression in human cells®. Further effort must be dispensed into understanding the
physiological relevance of RAD51 fibrils and whether they contribute to later stages of HR such as
homology search.

Our single molecule imaging showed a unique ability of RAD52 to tether pre-formed RAD51 NPFs from
their ends, leading to the formation of exceptionally long presynaptic filaments. This observation is
consistent with a previous report showing that the human RADS52 complex has an intrinsic preference for
binding DNA ends®3, similar to the Ku heterodimer in the NHEJ pathway®. We speculate this feature of the
RAD52 complex contributes to its ability to promote second-end capture®%. When a DSB occurs, two
RADS51 filaments form on the two ends of the DSB. After strand invasion, the ssDNA portion of the D-loop
can capture the other RAD51 filament to form a joint protein-DNA complex where the two RAD51 filaments
bind to both complementary strands of the same dsDNA donor. This phenomenon is known as second-end
capture and is promoted by RAD52%:%, We argue that the ability of RAD52 to tether RAD51 NPF ends
might contribute to its capacity to promote second-end capture by ensuring both DSB-induced RAD51 NPF
remain together physically during homology search.

In conclusion, we have investigated the self-assembly properties of the human RAD52 complex and its
interactions with DSB repair proteins and nucleic acids. We show that RAD52 can undergo phase
separation, induce RAD51-ssDNA fibril formation, and facilitate RAD51 NPF clustering and end-to-end
tethering. These properties may provide a mechanistic basis for the protein function in the cell, which may
ultimately lead to advancing our current strategies of inhibiting RADS52 that are harnessed in drug-based
cancer therapy.
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