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Abstract

Replication fork reversal is a fundamental process required for resolution of encounters with DNA
damage. A key step in the stabilization and eventual resolution of reversed forks is formation of
RADS51 nucleoprotein filaments on exposed ssDNA. To avoid genome instability, RAD51
filaments are tightly controlled by a variety of positive and negative regulators. RADX is a recently
discovered negative regulator that binds tightly to ssDNA, directly interacts with RAD51, and
regulates replication fork reversal and stabilization in a context-dependent manner. Here we
present a structure-based investigation of RADX’s mechanism of action. Mass photometry
experiments showed that RADX forms multiple oligomeric states in a concentration dependent
manner, with a predominance of trimers in the presence of ssDNA. The structure of RADX, which
has no structurally characterized orthologs, was determined ab initio by cryo-electron microscopy
(EM) from maps in the 2-3 A range. The structure reveals the molecular basis for RADX
oligomerization and binding of ssDNA binding. The binding of RADX to RAD51 filaments was
imaged by negative stain EM, which showed a RADX oligomer at the end of filaments. Based on
these results, we propose a model in which RADX functions by capping and restricting the growing

end of RAD51 filaments.

Significance

Despite the central role of RAD51 in DNA replication and repair processes, the mechanisms of
action of its many modulators are poorly understood. Here we combine structural and
biophysical data to determine how the negative regulator RADX functions. We show that RADX
oligomerizes upon binding DNA, and caps RAD51 filaments at the ends to prevent extension.
This work advances knowledge of how RADS51 filaments can be modulated to regulate

replication fork reversal and maintain genomic stability.


https://doi.org/10.1101/2023.09.19.558089
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.19.558089; this version posted September 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Introduction

Replication fork reversal is a crucial aspect of genome maintenance, allowing for either replication
coupled repair or damage bypass upon encounter of a DNA lesion'. Fork reversal is tightly
controlled, with multiple proteins regulating both the formation and stabilization of reversed forks.
Unregulated fork reversal in humans is seen to slow down the process of replication, increase the
incidence of double-strand breaks (DSBs) and lead to nascent strand degradation, all of which
can result in genome instability?.

The single-strand DNA binding (SSB) recombinase RAD51 has a central role in this process,
promoting fork reversal® and preventing nascent strand degradation at persistently stalled forks*®.
It may also promote strand invasion to restart stalled forks®. Upon replication fork stalling, the
exposed single strand DNA (ssDNA) is protected by RPA, the “first-responder’ SSB. RAD51 must
then replace RPA, a process driven by mediators such as BRCA2 that load and stabilize RAD51
nucleoprotein filaments’. Inappropriate replication fork reversal can be deleterious to genome
stability, so RAD51 action is tightly regulated by multiple proteins. BRCA2 and RAD51 paralog
proteins are viewed as positive regulators of formation of RAD51 filaments on ssDNA, even
though the exact mechanism of action for the RAD51 paralogs remains unknown?®®. RADX (RPA-
related RAD51-antagonist on X-chromosome) was recently identified as a modulator of RAD51
at replication forks'?. Its functional relevance is underscored by the observation that RADX
expression levels are inversely correlated to the PARP-inhibitor resistance of BRCA2-deficient
cells, and that higher levels of RADX indicate better outcomes in breast and lung cancer
patients'. Interestingly, patients with high levels of RAD51 fare poorly when afflicted with the
same cancer types, suggesting that the modulation of RAD51 function by RADX can impact
responses to treatments directed towards DNA replication and repair. This also makes RADX a
potential target for the development of future therapeutics.

Previous investigations into RADX function show that RADX allows cells to maintain a high

capacity for homologous recombination, while buffering RAD51 between fork reversal and
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protection to ensure replication integrity°-'3. Additionally, pull-down and electrophoretic mobility
shift assays have identified that RADX binds to DNA and RAD51, and mutants have been
designed based on sequence homology, structural modeling and biochemical approaches to
parse the importance of these interactions for RADX function'®'2. Two models for the mechanism
of action of RADX have been proposed as a result of these studies. Single molecule fluorescence
experiments led to a model proposing sequestration of DNA by RADX as a mechanism of action'.
The second model is based on our biochemical analysis, which showed that the ATP hydrolysis
rate of RAD51 increases in the presence of RADX'2. Since hydrolysis of ATP by RAD51 leads to
release from DNA, this observation implies that RADX functions by promoting filament
disassembly.

In order to better understand how RADX participates in fork remodeling and in particular,
modulates formation and disassembly of RAD51 filaments, we set out to determine the structural
and molecular mechanisms of RADX function. It has been proposed that RADX oligomerization
may be crucial to its function'; we used mass photometry to test this hypothesis and
systematically characterize the concentration and ssDNA dependence of the population
distribution of oligomeric states of RADX. We went on to determine high resolution cryo-electron
microscopy (cryo-EM) structures of the predominant RADX trimer and of the secondary
population of RADX tetramer, both in the presence of ssDNA. We also used EM to investigate
the binding of RADX to RAD51 filaments. Together, these results, integrated with all previous
data, provided the basis for proposing that RADX function in fork remodeling involves RADX

oligomers binding to and capping the ends of RAD51 filaments.

Results
RADX oligomerization is stabilized and preferentially forms trimers upon binding ssDNA
RADX forms homo-oligomers and this property is required for full function'#'5. RADX mutants that

cannot properly oligomerize were seen to cause signs of replication stress in cells, despite
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retaining the ability to bind ssDNA and localize to replication forks at levels comparable to wild-
type RADX. The experiments performed previously demonstrated that RADX forms oligomers but
did not specifically characterize which oligomeric states are present.

Mass photometry is a powerful method to characterize the mass of particles present in a solution
and was applied to quantify RADX oligomerization under different conditions. RADX alone was
found to be primarily monomeric at a concentration of 50 nM, but a modest two-fold increase in
concentration to 100 nM resulted in a reduction of monomer in favor of the dimer and larger
oligomeric states (Fig. 1a). Importantly, the higher order oligomeric states are not discrete well-
defined states, but rather appear as an amorphous histogram (Fig. S1a). This is indicative of rapid
transient association/dissociation on the timescale of the mass photometry measurement, where
no specific oligomer is stable enough to be cleanly isolated. Thus, RADX alone exists in a
concentration-dependent equilibrium between a wide range of oligomeric states.

To elucidate the effect of DNA binding on RADX oligomerization, mass photometry data was
acquired for 50 nM RADX in the presence of a variety of ssDNA oligomers. Binding of dT25 had
a significant effect on the oligomerization of RADX, producing a prominent trimer along with
discrete dimers and tetramers (Fig. 1b). To ensure the results were not unique to this
polypyrimidine oligomer, additional experiments for mixed sequence 25-mer ssDNA were
acquired. The data obtained for all 25-mers were strikingly similar (Fig. S1.b), which shows that
RADX binds ssDNA with no sequence specificity. Thus, although RADX exists as a large and
heterogeneous equilibrium distribution of oligomerization states in the absence of ssDNA, the
addition of ssDNA significantly stabilizes specific oligomerization states.

In order to determine if this observation was dependent on the length of the substrate, additional
mass photometry data were acquired for 50 nM RADX bound to varying lengths of ssDNA (Fig.
1). The data show that the distribution of oligomeric states is dependent on the length of DNA
available for binding (Fig. 1). RADX primarily forms trimers when bound to dT25 and dT20, but

the trimers are apparently destabilized as the ssDNA is shortened as dimers become the
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dominant states in the presence of dT15 (Fig. 1c) and dT11 shifts the equilibrium further towards
the monomer. The presence of longer ssDNA lengths such as dT40 and dT60 lead to the
formation of larger RADX-DNA complexes with more (e.g., four, five, six) RADX’s bound to the
ssDNA (Fig. 1d). A striking observation in these experiments was that even in the presence of
these longer lengths of ssDNA the trimer remains the most abundant state. These results show
that the trimer is more stable than other oligomeric states and indicate the higher mass states are
not higher order oligomers but rather two or more lower order oligomers (e.g., 2X trimers) loaded
on the ssDNA.

To further ensure that any effects observed were not due to differences in the mode of binding
ssDNA, we measured the affinity of RADX using a fluorescence anisotropy assay with fluorescein
labeled dT20, dT60, and dT100 (Fig. 1e). The Kqvalues measured were all very similar (5.9 £0.9
— 7.4 0.6 nM) indicating a consistent ssDNA binding mode. Additionally, the value of the Hill
coefficient was seen to be above 1 even for dT20, indicating that energetic coupling leads to
cooperativity in RADX oligomerization and binding of ssDNA. This binding model is considerably
more complex than the one involving only monomeric RADX, and indicates that the Ky determined
here is an apparent K4 .We were also able to establish that the DNA footprint is 19-27 nucleotides
by monitoring the fluorescence quenching of tryptophan residues in RADX binding to poly-dT,
which is consistent with the mass photometry data showing that the trimer and tetramer are the
dominant states when bound to ssDNA.

Mass photometry, while powerful, is restricted to measurements in the nM range of
concentrations. To further explore RADX oligomerization at higher concentrations, we performed
small angle X-ray scattering (SAXS) experiments. It is not possible to concentrate RADX above
5 uM in the absence of ssDNA and as a result we were unable to collect high quality data to
perform SAXS experiments on the free protein. However, RADX is more readily concentrated in
the presence of ssDNA and has a much lower tendency to aggregate, so SAXS experiments

could be performed for the complex with dT25. Linearity in the Guinier region and the ability to
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include data points to very low values of q (nmin=2) indicated the data were of high quality. Rg
parameters extracted directly from the data using the Guinier fit (gminRg = 0.79, gmaxRg = 1.35)
also indicated the data are of high quality and that the protein is globular in nature. The calculation
of the mass of the complex of RADX with dT25 at this concentration from the SAXS data
corresponds to a tetrameric state (Fig. S1c). The 50-fold increase in concentration from 100 nm
to 5 uM appears to cause a shift from a preference for trimer to tetramer, which is consistent with
the trend of higher order oligomers with increasing protein concentration. We note that the
molecular envelope calculated from the SAXS data fits reasonably well to the high-resolution cryo-

EM structure of the tetramer that is described below (Fig. S1c).

High resolution structure shows RADX is comprised of four independent OB-fold domains

While significant data has been accumulated about RADX function, the lack of a 3D structure has
limited the ability to draw firm conclusions about its mechanism of action. A previous analysis of
the RADX sequence proposed that RADX contains three N-terminal OB-fold domains and a dual
motif C-terminal domain'®. However, the lack of RADX orthologs and its poor sequence homology
to other proteins with known structures precludes reliable prediction of its 3D structure, although
we note that AlphaFold does produce a structural model for monomeric RADX with relatively high
confidence for 75% of the protein. We therefore set out to determine the structure of RADX by
cryo-EM.

Initial screening was performed by selecting specific fractions of the complex of RADX with dT25
purified by size exclusion chromatography. Negative stain imaging of these fractions produced
2D class averages with different sizes and shapes of particles (Fig. 2a). Upon screening the same
sample in cryo-EM, the distribution of individual particles was more readily determined, but the
resulting 2D class averages remained poorly resolved despite extensive attempts to optimize the
data analysis parameters (Fig. 2b). From these results, we surmised that RADX has significant

inter-domain flexibility under these conditions.
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To overcome this barrier, samples of the RADX-dT25 complex were chemically cross-linked with
BS3, which resulted in significant improvement in the resolution of the 2D classes (Fig. 2c).
Particles in these grids were still heterogeneous, which was attributed to population of different
oligomeric states. After extensive 2D classification, it became clear that trimer and tetramer
particles were dominant and in sufficient quantity to warrant pursuing refinement of their
respective structures (Fig. S2, Table S1). Trimer and tetramer particles were then separated out
based on both 2D and 3D classification. The distribution of particles from this analysis was ~70%
trimer and ~30% tetramer, consistent with the ratio observed in the mass photometry data on the
non-crosslinked protein (Fig. 1a). This suggests that the trimer and tetramer particles are not
artefacts of cross-linking.

The structures of the trimer and tetramer were each determined using a combination of non-
uniform refinement and local refinement with masking (Fig. S2). Local refinement was used to
circumvent the loss of resolution due to motion between each RADX protomer relative to the
others in the oligomer. Thus, separate local refinements were performed on the A-B and B-C
RADX pairs within the trimer (Fig. 3a). The maps were then merged to generate the final
composite map, which has an average resolution of 2.9 A (Fig. 3a). The data for the tetramer
were processed in the same manner with separate local refinements performed on the A-B, B-C
and C-D pairs. The density for the fourth RADX protomer (D) was relatively poor compared to A,
B, and C and when combined with the smaller number of particles, resulted in the average
resolution of the final map for the tetramer being 3.7 A (Fig. 3b). Importantly, density for the ssDNA
is well resolved in both maps. Since the resolution of the final map was higher, subsequent
analyses are based on the structure of the trimer.

RADX is found to consist of four OB-fold domains (OB1-OB4) (Fig. 3c), with a 110-residue
disordered insertion within the fourth domain spanning S566-1676, for which no density was
observed. All four domains are canonical OB-folds with a core B-sheet organized into two three-

stranded anti-parallel sub-sheets that are each composed of a central curved B-strand with anti-
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parallel strands on either side. Each domain also includes 2 or 3 a-helices, with the first helix
packed at the bottom of the B-sheet, completing the canonical OB-fold domain structure*?. There
is clear density for the ssDNA in the RADX trimer, which contacts 16 of the 25 nucleotides.
Notably, the density of the fourth protomer (RADX-D) in the tetramer is insufficient to visualize all
the ssDNA. A key feature of both the trimer and tetramer structures is the lack of symmetry with
respect to the three or four protomers within in each structure.

A comparison of RADX to known structures using the programs DALI*® and FoldSeek*! show that
RADX has a unique protein fold, with no alignment matches for all four domains. Many matches
are seen for the single domains, such as the alignment of RADX OB1 with RPA 70N (Fig. S3) or
OB3 with POT1. However, OB4 stands out as it does not have any well-matched homologs. All
potential alignments to OB4 show very large RMSDs (over 10 A) and very low Z-scores (below
3). The unique combination of domains as reflected in the lack of well-matched homologs make

our RADX structure a valuable addition to the evolving understanding of protein structure.

RADX oligomerization is stabilized by multiple inter-domain interfaces

Oligomerization is a fundamental biochemical property of RADX, so elucidating the driving force
for RADX oligomerization is important for understanding its function. To this end, we analyzed the
interfaces between RADX protomers in the high-resolution structure of the trimer using the
PDBePISA server®. The primary interface mediating oligomerization is between OB1 and OB4,
with OB4 of RADX-A interacting with OB1 of RADX-B, OB4 of RADX-B interacting with OB1 of
RADX-C, and so on. Although the interfaces are the same, differences in the relative orientation
of the protomers are required so that each can align successively for oligomerization (Fig. 4a).
The three OB1-OB4 interfaces in the trimer have on average a buried surface area of ~600 A2
and 6 hydrogen bonds or salt bridges (Fig. 4a). Key hydrogen-bonding residues include E526,

L529, Q553, N759 and E761 from OB4, and R58, Y138, E140, K141 and R142 from OB1.
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A secondary oligomerization interface is provided by successive OB2 domains. These OB2-OB2
interactions are smaller, averaging only ~100 A2 in buried surface area and with only 1 or 2
hydrogen bonds involving residues R232 and Y307. Remarkably, this secondary interface
appears to be sufficient to mediate some degree of oligomerization of RADX as mass photometry
data obtained for an N-terminal construct spanning R43-K560 (RADX-N) that lacks the OB4
domain show this truncated protein still forms primarily dimers at a concentration of 50 nM (Fig.
S4a). Notably, this RADX-N construct is unable to form any higher order oligomers even in the
presence of ssDNA (Fig. S4b), indicating that OB4 is required for their formation.

A previous investigation of RADX function also surmised that the fourth predicted domain in the
C-terminus was important for oligomerization, and three single site mutations (E842K, K847E,
Y848A) were selected for investigation'®. These variants inhibited oligomerization, retained DNA
and RADS51 binding, and localized to replication forks. Remarkably, the structure now shows that
these three residues are not located at the OB1-OB4 oligomerization interface. Rather, all three
form part of a B-strand that is critical to the central B-sheet of OB4 (Fig. 4b), which suggests the
mutations may disrupt the structural stability of OB4. Future analysis of structure-based variants
that specifically disrupt oligomerization will provide confirmation of our earlier studies and more

in-depth analysis of the functional role(s) of RADX oligomerization.

RADX binding of ssDNA is coupled to oligomerization

The discovery and initial analyses of RADX revealed homology to the large subunit of replication
protein A (RPA70) and tight binding of ssDNA'". RPA binds ssDNA using multiple OB-fold
domains*, including three in RPA70 (RPA70ABC). The initial prediction of 3 OB-fold domains in
RADX suggested that RADX uses the same multi-valent mode of binding as RPA. Subsequent
mutational analysis revealed the central role of OB2', but exactly how RADX binds ssDNA

remained poorly understood.
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The high-resolution structure of RADX shows that it does bind ssDNA in a multi-valent mode, but
not in same manner as RPA. Instead, RADX binds ssDNA almost exclusively through OB2 and
uses coupling to oligomerization to generate multi-valency and attain high affinity (Fig. 5a). In the
RADX trimer, all three protomers are aligned in a manner that allows for tight binding of the ssSDNA
via their respective OB2 domains, with direct contacts to 16 nucleotides. This observation is
consistent with the 19-27 DNA footprint obtained for poly-dT, given that excluded site size
determined by footprinting is usually larger than the number of residues in direct contact and that
the RADX tetramer bound to the DNA is also significantly populated. The high affinity for ssDNA
is reflected in the total of ~2100 A? of buried surface across the entire interface. Consistent with
the lack of symmetry within the trimer, the ssDNA binding interfaces are not identical for each
protomer. The ability of the protomers to adapt to bind the substrate, and the fact that on average
only ~5 nucleotides are bound by each, provides a potential explanation for why a substantial
population of RADX tetramers bound to dT25 is also observed in addition to the dominant trimers.
The interaction with ssDNA is driven to a large extent by a large positively charged surface in
OB2 that complements the ssDNA polyanion (Fig. 5b). Importantly, there are additional contacts
with the ssDNA that are made by residues in one loop of the OB3 domain. Consistent with the
asymmetry in the structure, the engagement with OB3 varies across the three protomers of the
trimer with the OB3 loop from protomers A and B interacting with the ssDNA, but not the OB3
loop in protomer C. Correspondingly, the ssDNA binding interfaces of the protomers are not
identical: protomers A and B each contact 6 nucleotides and bury ~750 A2 of exposed surface
whereas protomer C contacts 5 nucleotides and buries only ~600 A2due to the absence of the
contribution from the OB3 loop (Table 1).

The RADX-DNA interaction is mediated by both hydrogen bonds and pi-stacking interactions with
aromatic residues in the DNA binding site. While the aromatic residues at the interaction interface
such as W279, Y307 and F309 consistently participate in pi-stacking interactions, the identity and

number of the hydrogen-bonding residues varies from protomer to protomer. For example, Q262,
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R333 and R396 in protomer A form hydrogen bonds with the ssDNA, whereas the residues
involved in hydrogen bonding in protomer B are R248 and K304 (Table 1 and Fig. S5). To obtain
additional insights, the free energy of RADX binding ssDNA was estimated using PDBePISA. The
predictions ranged between -8 and -12 kcal/mol for the three different RADX protomers, much
higher than the values of -1 to -2 kcal/mol determined for contributions to oligomerization. The
higher values are fully consistent with the proposal that binding of DNA is coupled to RADX
oligomerization and with the observation in the mass photometry data that binding to ssDNA
drives formation of discrete oligomer populations (i.e. trimers and tetramers) (Fig. 1).

RADX variants to probe the DNA binding site(s) were designed previously based on sequence
homology to RPA70, structural predictions and biochemical experiments. Two DNA-binding
deficient variants containing multiple mutations in the predicted DNA binding surface of the OB2
domain were generated: one with nine single site mutations (R240E, R248E, K252E, K255E,
K256E, W279A, K304E, R310E, E327A)'%'2| and the other with only the K304A and E327A".
Both variants attenuated but did not abrogate DNA binding, which was interpreted as indicating
other RADX domains must be involved in binding DNA. With the availability of the structure, we
can now see that only two of the eight mutated residues (W279 and K304) directly contact the
DNA (Fig. 5b). This explains the observation that ssDNA binding by these variants was reduced

but not eliminated.

RADX is unique but well conserved

RADX does not share significant sequence identity with proteins apart from other RADX
orthologs. The closest match is to the large subunit of RPA (RPA70), although there is only 20%
sequence identity between them. In contrast, the protein sequence is well conserved among
RADX orthologs. Multiple sequence alignment shows that human RADX has a sequence identity
of 75-100% with mammalian RADX orthologs and at least ~50% sequence identity with RADX

orthologs outside the Mammalia family (Fig. S6a S6b). The secondary structure elements present
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in the four domains of human RADX are seen to be well conserved across all the families where
RADX is present. The highest variability is in the unstructured loop of human RADX (Fig. S7). The
availability of an experimental structure provides a window to view sequence conservation in a
structural and functional context and enables a search for structural homologs with similar folds.
We were particularly interested in investigating if sequence conservation analysis would reveal
residues in RADX whose structural and/or functional importance had yet to be investigated.
Sequence conservation was assessed using the ConSurf®® server, which revealed as expected
the structured regions of OB1, OB2 and OB3 are highly conserved (Fig. 6a). The key hydrogen-
bonding residues involved in the oligomerization of RADX are also shown to be highly conserved,
as are a majority of the residues of the DNA binding interface. There are two exceptions, F309
and R232, that are not conserved, the origin of which is not clear. In contrast to OB1, OB2 and
OB3, OB4 has significant regions of variability, particularly in the large unstructured loop (S566-
1676) inserted within the globular OB-fold domain (Fig. 6b). Multiple serine and threonine residues
(e.g., T576, S584, T585 and S586) in this large loop are particularly intriguing as they are potential

phosphorylation sites that could presumably modulate RADX activity.

RADX modulation of RAD51 filaments correlates with end-binding

We have shown previously that binding of ssDNA and interaction with RAD51 are required for
RADX to inhibit RAD51 nucleoprotein filament formation on ssDNA in vitro'>. We also
demonstrated that RADX reduces the length of RAD51 filaments. Potential models for how RADX
alters RAD51 filament formation include acceleration of the ATP hydrolysis rate of RAD51,
sequestration of the ssDNA by RADX to prevent RAD51 binding or a combination of the two. To
further explore the inhibition mechanism, define the RAD51 interaction interface, and address
how RADX modulates RAD51 filaments, we turned again to electron microscopy.

In our previous study of RADX modifications of RAD51 filaments monitored by negative stain

EM'2, we were unable to locate RADX molecules due to their small size and the limited amount
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of RADX in the specimen. To overcome this limitation, an anti-RADX antibody attached to a 20
nm gold nanoparticle was used as a fiducial marker to locate RADX molecules, an approach used
previously to locate BRCA2 bound to RAD51 filaments*. The negative stain EM micrographs
obtained with nanogold labeling revealed RADX is binding to one end of RAD51 filaments (Fig.
7a left). Armed with this knowledge, negative stain EM data were collected on RADX bound to
filaments without the gold nanoparticles. These data could then be analyzed by leveraging the
availability of the high-resolution structure of RADX, allowing us to build low-resolution templates
and find RADX more effectively in micrographs. The resulting particles from template-picked
micrographs were assigned into 2D classes, which included free RAD51 filaments, free RADX
molecules and RADX bound to the ends of RAD51 filaments (Fig. 7a right). The RADX bound
filaments were distinguished on the basis of volumes and comparisons to previous structures of
RADS51 filaments*®. All 2D classes containing RAD51 filaments were isolated and grouped for ab-
initio reconstruction and 3D classification with ~4000 particles. This led to the generation of two
low-resolution reconstructions at ~20 A, one containing only a RAD51 filament and the second in
which the RAD51 filament is clearly visible with the additional unique volume at the end assigned
to RADX (Fig. 7b). These results imply that RADX functions by binding to the ends of growing
RAD51 filaments and capping further growth.

RADX variants to probe RAD51 binding have been designed based on homology modeling and
biochemical analysis. The RAD51 binding-deficient variant of RADX contained alanine
substitutions for four consecutive residues in the OB3 domain (Q451-K454). In the high-resolution
structure of the trimer, these residues are in a loop region and surface exposed (Fig. 7c),
consistent with participation in a protein-protein interaction. This RADX QVPK variant led to
elevated levels of the DNA-damage marker protein yH2AX in U20S cells, and was unable to
rescue slow rates of replication fork elongation in RADXA cells'?. These observations show that

the RAD51-RADX interaction is essential to maintain replication fork stability in cells.
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To gain further insight into the RAD51-RADX interaction, we generated a model of a RAD51
filament with a RADX trimer bound to one end by docking the structures manually or with
HADDOCK?* (Fig. 7d). The active residues specified for docking were the previously identified
Q451-K454 for RADX, while CPORT was used to predict RAD51 active residues since no
experimental information is available. Multiple HADDOCK-generated models and the manually
docked model both fit remarkably well into our 3D reconstruction of the RAD51-RADX complex
as reflected in the value of ~0.9 for the goodness of fit assessed using the correlation coefficient
from Chimera. The docked model shows the OB3 domain of RADX-B interacting with the RAD51
molecule on the 3’ end of the filament. The DNA binding site of RADX-A OB2 is remarkably well
set up in a position to bind free ssSDNA exposed at the end of the RAD51 filament. The model of
RADX binding to RAD51 filaments on the 3’ end was chosen over the alternative model of 5’-end
binding as we know that in-vitro RAD51 filaments on ssDNA extend preferentially in the 5°-3’
direction*’, and so capping on the 3’ end would inhibit filament extension. More detailed analysis
of the RAD51-RADX interface would be of great interest, but was not pursued from this model
due to the low resolution of the negative stain EM reconstructions and the scarcity of information

about the RADX interaction surface on RAD51.

Discussion

RADX is required to maintain replication fork stability and is a direct regulator of RAD51 that
counters the effect of positive regulators such as BRCA2. Knowledge of its structure and
mechanism of action is of significance because tight regulation of RAD51 is needed to maintain
genome stability. Thus, the high resolution cryo-EM structure of RADX opens up new horizons
for exploring its function(s) as a modulator of RAD51 nucleofilament formation. RADX is
structurally unique, with no matching protein folds in structural databases. Knowledge of the

interfaces mediating oligomerization and DNA binding, energetically coupled and crucial to its
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function, facilitates precise design of separation of function mutants, which will enable more
accurate definition of the roles of RADX in fork stalling, reversal and stabilization.

The absence of density for the large 111 residue loop (S566-1676) inserted within the OB4 domain
strongly suggests it is disordered, consistent with predictions based on sequence. Hence, the
functional role(s) of this loop remains a mystery. It is possible that the loop mediates interactions
with as-yet-unknown binding partners. Alternatively, it may function in regulation of RADX activity.
For example, there are number of highly conserved residues in the loop, including multiple serine
and threonine residues that are potential sites of phosphorylation. Poly-phosphorylation has been
shown to serve as a DNA mimic that can block DNA binding sites*,°, and could play such a role
in RADX. Further biochemical and functional analysis of corresponding RADX loop mutants are
required to test this hypothesis.

We have determined that RADX oligomerizes in a concentration and ssDNA-dependent manner,
and that DNA binding drives the equilibrium to the trimeric and tetrameric states. Basal cell
expression levels of RADX are in the nanomolar concentration range, where mass photometry
shows RADX preferential formation of trimers, supporting the idea that this is a functionally
relevant state. Mass photometry also shows that the preference for trimers remains independent
of the length of ssDNA and that trimer particles form the majority population in cryo-EM
micrographs. The highest masses observed for RADX on dT25, dT40 and dT60 correspond to a
tetramer, pentamer and septamer, respectively. Thus, RADX oligomerization does not scale
linearly with the increase in substrate length. Since mass photometry only reports on the total
mass of a complex, if RADX formed single filaments, the oligomer would grow by one protomer
for each 5-6 nucleotides in additional length and one would expect a predominance of septamers
and undecamers for dT40 and dT60, respectively, but this is not observed. Rather, the results for
dT40 and dT60 are consistent only with combinations of discrete lower order dimers, trimers and

tetramers spaced apart on the substrate, not a single large oligomer. The results also align with
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the DNA footprint for polydT of 19-27 residues, a range that corresponds to trimers and tetramers
and not higher order RADX-DNA oligomers.

Figure 8 shows a diagrammatic representation of our model of how RADX functions. Upon
exposure of ssDNA at stalled replication forks, RPA binds and protects the DNA from degradation,
and recruits a range of damage repair factors. RPA is replaced by RAD51 via the action of a
mediator such as BRCA2. RADX is localized to the vicinity of RAD51 through its protein interaction
surface and can bind exposed ssDNA at the termini of the expanding RAD51 filament. RADX
binding to ssDNA is energetically coupled to oligomerization and forms stable caps at the end of
the filament, effectively blocking further extension. We have previously shown that the rate of ATP
hydrolysis by RAD51 increases in the presence of RADX, and that binding of BRCA2 to RAD51
slows the ATP hydrolysis rate. Therefore, the mechanism by which RADX disassembles RAD51
filaments is likely to consist of two parts: end capping of the RAD51 filament by RADX oligomers
to block extension, and a conformational change in RAD51 upon interacting with the terminal
RADX that accelerates ATP hydrolysis and therefore release of RAD51 from DNA.

The model places RADX at the 3’ end of the filament based on RADX interacting with RAD51
filaments in isolation. At a stalled replication fork in the cell, other modulators such as BRCA2 and
the RAD51 paralog proteins will also be present>°. While BRCA2 is seen as primarily a RAD51
filament nucleation factor, the RAD51 paralog proteins bind the 5’ end of the filament and stabilize
it, promoting 3’-5’ filament extension®. It is therefore possible that RADX caps either or both the
3’ and the 5’ ends of the RAD51 nucleoprotein filament depending on the other proteins acting at
the replication fork at that time.

Filament formation by RAD51 is a co-operative process®!, with the rate of growth of filaments on
ssDNA measured as 3 orders of magnitude higher than the nucleation rate. Regulators like
BRCAZ2 play a crucial role during nucleation, first by making DNA available by removing RPA and
then stabilizing an oligomer of RAD51 on ssDNA. Once filament formation has begun, the high

cooperativity results in rapid elongation of the filament, which would limit the efficacy of an
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inhibition mechanism that relies solely on out-competing RAD51 for ssDNA. A mechanism that
physically blocks RAD51 and shifts the equilibrium of DNA binding to disassembly is both
plausible and supported by in-vitro experimental evidence, including the disassembly of RAD51
filament by RADX and corresponding increase in the hydrolysis rate of RAD51 bound ATP'2, as
well as the localization of RADX at the termini of filaments shown in this study. Additional
functional studies using separation of function mutants designed using the now-available RADX
structure as well as determination of a high-resolution structure of RADX bound to RAD51 wiill

test and refine this proposed mechanism of RADX function.

Materials and methods

Expression and purification of RADX

RADX and a C-terminal truncation construct (RADX 43-560, RADX-N) were expressed and
purified from three different expression systems, E.coli, High-five insect cells (Expression
Systems) and Expi293F mammalian cells (Thermo Fisher). RADX and RADX-N were expressed
in E.coli BL21(DE3) Star cells using a pIF332 plasmid construct with MBP-tagged RADX'4. Cells
were transformed with plasmid and then allowed to grow to 37 °C until the OD600 was 1. They
were then induced with 1 mM IPTG and grown for 12-16 h at 18 °C, then cells were harvested by
centrifugation. RADX was expressed in Sf9 insect cells using baculovirus generated from a 438-
C plasmid construct with RADX fused to a HRV-3C protease-cleavable N-terminal 6xHis-MBP
tag. Cells were infected with baculovirus at MOI of 1 at 140 rpm for 70 h at 27 °C. Similarly, RADX-
N was expressed in High-five insect cells infected with baculovirus at MOI of 1 for 45 h at 27 °C.
Cells were harvested by centrifugation at 500xg for 10 min. RADX was expressed in human
Expi293F cells using BacMam'® baculovirus generated from a pEZT-BM'7 plasmid construct with
RADX fused with a HRV-3C protease-cleavable N-terminal 6xHis-MBP and a C-terminal Flag tag.
Cells were infected with BacMam baculovirus at MOI of 5 in the presence of 3 mM butyrate at

125 rpm, 37 °C, 8% CO2 for 48 h and harvested by centrifugation at 500xg for 10 min.
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Cell pellets were homogenized in 5 ml/g lysis buffer (20 mM Tris-HCI at pH 7.5, 150 mM NaCl,
1% Triton X-100, 10% glycerol, 10 mM NaH2PO4, 10 mM NaP20O7, 100 uM ZnCl, 10 mM NaF, 1
Roche protease inhibitor tablet), lysed by sonication and the supernatant isolated by
centrifugation. The protein was then affinity purified over amylose resin in a buffer containing 50
mM Tris-HCI at pH 7.5, 500 mM NaCl, 5% glycerol, 0.05% Tween-20, 0.3 mM PMSF
(pheynimethylsulphonylfluoride) and 2.5 mM BME (B-mercaptoethanol). The protein was eluted
using 20 mM maltose and then further purified by size exclusion chromatography (SEC) using a
24 mL Superose 6 column (Cytiva). The purification protocol was very similar for protein
expressed from High-five cells as well as mammalian cells. Depending on the downstream
experiment, the following modifications were performed: for cryo-EM, an excess of dT25 ssDNA
was added to the protein prior to SEC. For experiments requiring the protein to be DNA-free,
DNase was added to the lysis buffer and the SEC step was replaced by another affinity
chromatography using heparin resin. For mass photometry experiments the protein was purified

without Tween-20.

Expression and purification of RAD51

RAD51 was expressed in BLR(DES3)pLysS E.colicells, a RecA deficient cell line. Competent cells
were transformed with a pMBP-His-Tev-RAD51 plasmid and grown at 37 °C until the OD600
reached 0.6-0.8. The cells were then induced with 500 mM IPTG and grown overnight at 18 °C
for expression. Cells were harvested by centrifugation, lysed by sonication after homogenization
in lysis buffer (50 mM Tris-HClI at pH 7.5, 5 mM EDTA, 200 mM KCI, 1 mM DTT, 10% Sucrose,
0.01% NP-40 and 1 mM PMSF). The protein was purified by affinity chromatography using first
amylose resin and then heparin resin. Protein was bound to amylose resin equilibrated with 20
mM Tris-HCl at pH 7.5, 0.5 mM ETDA, 100 mM KCI, 2.5 mM BME, 10% glycerol and 0.01% NP40,

and eluted using 5 column volumes (CV) of 20 mM Maltose in the same buffer. The protein was
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then cleaved using TEV protease, loaded onto a heparin column equilibrated with the buffer above

and eluted with a gradient over 12 CV to 1 M KCI.

Mass photometry

Mass photometry studies were performed using a TwoMP system from Refeyn'®. All samples
were run in 1X PBS (Gibco, Thermo 10010023). The mass calibrations were performed using
standard curves generated using gamma-globulin, thyroglobulin and beta-amylase (20-50 nM
concentrations for each). RADX was diluted using 50 mM Tris-HCI at pH 7.5, 100 mM NaCl, 2%
Glycerol, 2.5 mM BME to a concentration of 425 nM for the 50 nM readings and 850 nM for the
100 nM readings. The samples with DNA had 1:1 ratios of the specified DNA oligomer added 15-
30 min before data collection. All samples were run by setting focus with 15 uL of PBS and then
adding 2 uL of the sample for data collection. Data was collected using AcquireMP 2.3 and

analyzed using DiscoverMP 2.3. Plots were exported to and formatted in Inkscape.

Steady state rotational anisotropy and fluorescence quenching measurements

Steady state fluorescence depolarization (rotational anisotropy) was used to measure the affinity
of RADX for various lengths of fluorescein-labelled ssDNA. Samples were prepared as 25 pl
solutions containing 5 nM fluorescein-labelled ssDNA in binding buffer: 20 mM Tris at pH 7.5, 150
mM NaCl, 1 mM DTT, 5% glycerol. RADX was titrated over the range 0-160 nM until saturation
was reached. A filter-based Synergy Neo2 plate reader (Biotek) was used to collect data and
calculate anisotropy. Samples were excited with vertically polarized light at 485/20 nm and vertical
and horizontal emissions were measured at 530/25 nm with a 510 nm dichroic mirror. Apparent
dissociation constants (Kj) were obtained by fitting to a sigmoidal curve using Prism.

RADX binding of a polydT substrate (Midland Certified Reagent Co) was monitored in binding

buffer (20 mM Tris at pH 7.5, 100 or 200 mM NaCl, 1 mM DTT, 5% glycerol) under stoichiometric
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conditions. A constant concentration of RADX (100 nM) was titrated with increasing amounts of
poly-dT. Binding was tracked with a Horiba Jobin Yvon Fluoromax-3 fluorometer. Data were
collected at an excitation wavelength at 290 nm and emission wavelength at 340 nm at 25 °C.
The occluded site size was determined by the intersection of the linear parts of the titration curve,
plotted using Prism software. Measurements were corrected for dilution, photo-bleaching, and

inner filter effects.

SEC-SAXS data collection and analysis for RADX-dT25

Samples of RADX from mammalian as well as High-five cells were prepared for SEC-SAXS. The
protein was purified as detailed above, bound to dT25 and then concentrated to 20-30 uM. The
SAXS profiles for the RADX-dT25 complex were collected in SEC-SAXS mode at the ALS
beamline 12.3.1 at the Lawrence Berkely National Laboratory in Berkeley, California’®. The X-ray
wavelength A was 1.03 A and the sample-to-detector distance was set to 1.5 m resulting in
scattering vectors, g, ranging from 0.01 to 0.5 A~'. All experiments were performed at 20 °C and
data were processed as described elsewhere?’?!, Briefly, the flow-through SAXS cell was directly
coupled with an online Agilent 1260 Infinity HPLC system using a Shodex KW803 column
(Shodex™). The column was equilibrated with running buffer (20 mM Tris at pH 7.5, 150 mM
NaCl, 2% glycerol, 0.05% Tween-20) with a flow rate of 0.5 ml/min. A 50 yL sample was run
through the SEC and 3.0 s X-ray exposures were collected continuously during a ~35 min elution.
The SAXS frames recorded prior to the protein elution peak were used as buffer blanks to subtract
from all other frames. The programs SCATTER 3.1 and RAW?22% were used to analyse the data
and determine the Rg, Dmax and P(r) distribution. Protein purified from High-five cells was seen
to produce better quality SEC-SAXS data, and only the results for these data are described and

discussed below.

Cryo-EM sample preparation and data collection
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Samples for cryo-EM were prepared as follows: RADX was incubated with a molar excess of
dT25 and then purified by SEC using a 24 mL Superose 6 column. The final grids used to generate
the high-resolution structures were prepared by taking a 20 uL aliquot adjusted to 1 uM RADX
then incubating with 10 uM BS3 for 2 hours on ice. Glow-discharged holey-carbon R 1.2/1.3 300
mesh copper grids were prepared, and 2.5 pL of sample was applied and blotted away using filter
paper (Ted Pella) twice. The grid was immediately loaded onto a Vitrobot Mark IV at 4 °C and
100% humidity, sample was added again, grid was blotted and plunge-frozen in liquid ethane.
Grids were screened using a Glacios 200 kV TEM (ThermoFisher) equipped with a Falcon4 direct
electron detector. Large-scale datasets were collected using a Titan Krios G4 300 kV TEM
(ThermoFisher) equipped with a Gatan K3 BioQuantum direct electron detector functioning in
counting mode. Each dataset was collected in a single session from a single grid at a
magnification of 105 kx (0.82 A /pixel) and a dose rate of 16.061 e/pix/second over vacuum. The
total exposure time per micrograph was 2.3 seconds and contained 50 frames, making the
exposure time per frame 50 milliseconds. A total of 15072 images were collected using EPU

(ThermoFisher) in fast acquisition mode with a defocus range of -2.0 to -0.8 um.

Cryo-EM data processing and analysis

Data processing and analysis was performed using cryoSPARC?*. Movies were imported, patch
motion correction and patch CTF estimation were run as pre-processing. The micrographs were
first blob-picked, particles were extracted with down-sampling from 512 to 128 pixels (px). After
several rounds of 2D classification to eliminate junk particles, a varied selection of classes were
chosen as templates. A small subset of 200 micrographs were template picked and the extracted
21,129 particles were input into Topaz?® to train a model. This model was then used to pick the
entire dataset. The resulting particles were extracted at 512 px and subjected to several rounds

of 2D classification, during which trimer and tetramer particles were separated. The trimer and
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tetramer particle sets contained 800,000 and 300,000 particles, respectively. Each particle set
was then put through ab-initio reconstruction and several rounds of 3D classification followed by
non-uniform refinement for each class. The particle sets with highest resolution after refinement
were used for further processing. In the case of the trimer, the final particle set of 158,000 particles
was cleaned with particle subtraction and then local refinement was used focusing on each dimer
pair in the trimer to generate a composite map of resolution 3 A. For the tetramer, local refinement
focusing on the fourth RADX was used to generate the final map.

An initial model based on the map was generated by ModelAngelo?®, as the lack homology model
meant a de novo structure needed to be generated from the map. This initial model was then
further refined using both the real space refine package and secondary structure/stereochemical
restraints in Phenix?’ and visualized using Coot?®. The model was validated using MolProbity2°.
Figures were generated using Chimera®’, ChimeraX3' and Pymol®2. All programs were run within

the SBGrid platform.

RADX localization and negative-stain EM studies

To determine localization of RADX on RAD51 nucleoprotein filaments, 20 nm gold nanoparticles
from an antibody conjugation kit (Abcam Ab188215) were conjugated using the kit protocol to an
anti-RADX mouse monoclonal Ab (CXorf57, Santa Cruz Biotechnology, sc-514563). The
conjugated antibody was then incubated with an excess of RADX for 30 min on ice. RAD51
filaments were formed by adding RAD51 (8 uM), ATP (5 mM) and dT72 (6 uM) in a buffer
containing 25 mM HEPES at pH 7.5, 25 mM KCIl and 4 mM MgCl.. The filament mix was incubated
at 37 °C for 15 min, then RADX-Ab-AuNP was added to a final concentration of 80 nM (1:100
RADX:RAD51). The mix was immediately fixed on carbon coated 400 mesh copper grids (CF-
400-Cu, EMS), stained with uranyl formate and imaged using a Morgagni 100 kV electron

microscope equipped with a 1kX1k CCD camera.
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To collect negative stain data on RADX bound to RAD51 nucleofilaments in the absence of gold
nanoparticles, the same protocol as above was followed to generate the RAD51 filaments, and
RADX was also added as above. BS3 cross-linker was also added to the mix to a final
concentration of 1 mM immediately after the addition of RADX, and the reaction was then kept at
room temperature for 30 min. The reaction was quenched with Tris-HCI at pH 8.0 to a final
concentration of 50 mM, and the sample was fixed to a CF-400-Cu as above. Data were collected
on an FEI TF20 200 kV TEM with a 4kX4K CCD camera. These data were processed using

cryoSPARC.

Computational analyses to determine sequence conservation, structural homology and docking
of RADX and RAD51

The PDBePISA server was used to analyze the residues involved at the interaction interfaces
between RADX protomers, as well as interaction interfaces between RADX and ssDNA. The
estimates of the energetics of these interactions were obtained from the same server. For
HADDOCK?3* docking, the structure of RAD51 in filament form was obtained from the PDB (8BQ2).
Both RADX trimer and tetramer structures were used as docking partners, with the residues
Q451-Y457 used as active residues on RADX. As the binding site of RADX on RAD51 is unknown,
the interaction site was predicted using CPORT?%. The active residues in RAD51 used for docking
were: Y54, A79, K80, P83- S97, 199, 1100, E118, G120, F129, R130, D257, E258, L303, R304
and P318. Docking was performed using default parameters and the top 10 models were
compared to the molecular envelope to find the best fit. For manual docking the RADX trimer and
the RADS1 filament were docked using the ‘Fit to map’ function of Chimera, and then realigned
based on the known interaction surfaces.

Sequence-based homology and alignment were analyzed using BLAST®¢ and ALIGN®’ on the
UniProt3® website. The UniProt sequence Q6SNI4-1 was used as the query sequence in each

case. A BLAST search of the top 250 sequences showed 166 of the 250 sequences belonged to
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the taxonomic class Mammalia, and 84 belonging to the Euteleostomi clade but not to Mammalia.
ALIGN was run on sequence subsets of all mammalian sequences aligned to the query sequence
and all non-mammalian sequences aligned to the query sequence. Sequence conservation was
assessed using ConSurf*®. Due to the absence of the large S566-1676 loop in the experimental
structure, data were generated with just the structure as input and with a combination of the
structure and multiple sequence alignment (MSA) inputs to cover the entire protein. Both sets of
data showed identical conservation levels for the residues present in the structure. Analysis of
similarity to known structures was performed on the DALI*° and FoldSeek*' servers using the
PDB25 search for DALI and PDB100 search for FoldSeek. Both programs gave very similar

results, and results from DALI were used for further analysis.
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Figure legends:

Figure 1. RADX oligomerization is stabilized and preferentially forms trimers upon binding
ssDNA. (a) RADX is primarily monomeric at 50 nM but dimerizes at 100 nM. (b) Addition of ssDNA
to monomeric RADX leads to a significant increase in the population of trimers, from 4% to 33%.
(c),(d) Addition of different lengths of ssDNA leads to varying distribution of oligomers. (e) DNA
binding affinity of RADX determined by fluorescence polarization anisotropy show there is no
dependence on the length of the substrate. (f) Tryptophan quenching assay measuring the DNA
footprint of RADX shows a footprint length of 19-27 nucleotides, consistent with the mass

photometry results in panel (c).

Figure 2. Optimization of RADX for cryo-EM. (a) Negative stain EM micrograph image of the
RADX-dT25 complex. 2D classes showing monomeric RADX in a variety of configurations is
shown below the micrograph, indicating heterogeneity remains an issue. (b) Cryo-EM
micrographs of RADX-dT25 complex without cross-linking. 2D classes under the micrographs
show that without cross-linking RADX has very poorly resolved 2D classes due to its flexibility. (c)
Cryo-EM micrograph of RADX-dT25 complex crosslinked with BS3. 2D class averages show the

resolution improves significantly upon cross-linking, allowing for 3D reconstruction.

Figure 3. High resolution structure shows RADX is comprised of four independent OB-fold
domains. (a) Structure of the RADX trimer bound to ssDNA (pink) with the three protomers in
cyan, blue and purple. (b) The structure of the RADX tetramer with the fourth RADX protomer
RADX-D (violet). (c) Ribbon diagram of a RADX protomer showing the location of each of the four

OB-fold domains.

Figure 4 RADX oligomerization is stabilized by multiple inter-domain interfaces. (a) The
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D1-D4 interaction between two RADX protomers A and B (teal and blue, respectively). RADX
oligomerizes primarily via hydrogen bond and salt-bridge interactions between domains 1 and 4.
The inset shows the residues involved in hydrogen bonding colored according to the protomer of
origin, with the hydrogen bonds shown as red dashed lines. (b) Three of the sites of RADX
oligomerization mutations in the central beta sheet of OB4 displayed in red in the inset. Mutation
of these residues are likely to perturb the beta sheet and the entire D4 domain, which could

contribute to effects observed in functional assays.

Figure 5. RADX binding of ssDNA is coupled to oligomerization. (a) The DNA binding site of
RADX-A. The inset shows the residues involved in hydrogen bonding or pi-stacking interactions
(in red) with the DNA (dark grey). H-bonds are shown as black dashed lines. (b) The full DNA
interaction surface is shown in red in a surface representation of RADX-A (teal) with bound DNA
(grey). The inset shows residues involved in hydrogen bonding or pi-stacking in any of the three
RADX protomers (red). The yellow residues indicate the sites of mutation for the DNA binding
Ob2M mutant, and the mutation site is seen to overlap only partially with the DNA binding site as

shown by the two residues labelled in black (W279, K305).

Figure 6. RADX is unique but well conserved. (a) Analysis of sequence conservation by
ConSurf plotted onto the structure of RADX. The color code of the conservation scale is given
below the structure. Regions of the protein with well-defined secondary structure are conserved.
(b) Analysis of sequence conservation by ConSurf focused on the large loop in OB4 (S566-1676),
delineated by grey stars. The loop has very poor sequence conservation, apart from small regions
which include Ser and Thr residues, highlighted within red dashed boxes. (¢) The high scored of
12.1 from the Dali server suggests RADX OB1 (blue)is a homolog of RPA70N domain (pink).

Their structural similarity is reflected in the RMSD over all Ca atoms of 2.5 A
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Figure 7. RADX modulation of RAD51 filaments correlates with end-binding.

(a) (left) Negative stain EM micrograph showing anti-RADX Ab bound gold nanoparticles localized
atthe ends of RAD51 filaments. (right) 2D class averages of dataset containing RADX crosslinked
to RAD51 filaments reveal populations of free RADX and RADX bound to RAD51 filaments. (b)
3D reconstructions of free RADX and RADX bound to RAD51 filaments. The extra volume
assigned to RADX is circled in red. (c) The residues mutated in the RAD51 binding-deficient
QVPK mutant displayed on the structure of RADX. These residues form a surface-exposed patch,
consistent with the proposal that these are in RAD51 binding site. (d) Model of a RADX trimer
bound to a RAD51 filament generated via manual docking. The RADX is shown in green, the

RAD51 filament in blue (8BQ2) and the ssDNA in both models is shown in red.

Figure 8. Model for the mechanism of RADX action. Upon replication fork stalling, single
stranded DNA is exposed (a), which is then bound by RPA to protect the ssDNA from damaging
agents (b). RPA is replaced on ssDNA with RAD51 by the action of BRCA2, a mediator protein
(c). RAD51 binds cooperatively to form filaments on ssDNA. RADX is recruited to ssDNA where
it binds the ends of the growing RAD51 filament (d). It promotes filament disassembly by either i)
blocking expansion at the end of the filament as RAD51 hydrolyses ATP and detaches from
ssDNA or ii) both blocking filament expansion and accelerating the ATP hydrolysis rate of

RAD51(e).
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Figure 1. RADX oligomerization is stabilized and preferentially forms trimers upon
binding ssDNA (a) RADX is primarily monomeric at 50 nM, but dimerizes at 100 nM.
(b) Addition of ssDNA to monomeric RADX leads to a significant increase in the
population of trimers, from 4% to 33%. (c),(d) Addition of different lengths of ssDNA
leads to varying distribution of oligomers. (e) DNA binding affinity of RADX
determined by fluorescence polarization anisotropy show there is no dependence
on the length of the substrate. (f) Tryptophan quenching assay measuring the DNA
footprint of RADX shows a footprint length of 19-27 nucleotides, consistent with the

mass photometry results in panel (c).
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(a) (b) RADX+DNA

448 A

Figure 2. Optimization of RADX for cryo-EM. (a) Negative stain EM
micrograph image of the RADX-dT25 complex. 2D classes showing
monomeric RADX in a variety of configurations is shown below the
micrograph, indicating heterogeneity remains an issue. (b) Cryo-EM
micrographs of RADX-dT25 complex without cross-linking. 2D classes
under the micrographs show that without cross-linking RADX has very
poorly resolved 2D classes due to its flexibility. (c) Cryo-EM
micrograph of RADX-dT25 complex crosslinked with BS3. 2D class
averages show the resolution improves significantly upon cross-
linking, allowing for 3D reconstruction.
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RADX-C

(a)

RADX-B

RADX-B

Figure 3. High resolution structure shows RADX is comprised of four
independent OB-fold domains . (a) Structure of the RADX trimer
bound to ssDNA (pink) with the three protomers in cyan, blue and
purple.(b) The structure of the RADX tetramer with the fourth RADX
protomer RADX-D (violet). (c) Ribbon diagram of a RADX protomer
showing the location of each of the four OB-fold domains.
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Figure 4 RADX oligomerization is stabilized by multiple inter-domain
interfaces (a) The D1-D4 interaction between two RADX protomers A
and B (teal and blue, respectively). RADX oligomerizes primarily via
hydrogen bond and salt-bridge interactions between domains 1 and 4.
The inset shows the residues involved in hydrogen bonding colored
according to the protomer of origin, with the hydrogen bonds shown as
red dashed lines. (b) Three of the sites of RADX oligomerization
mutations in the central beta sheet of OB4 displayed in red in the inset.
Mutation of these residues are likely to perturb the beta sheet and the
entire D4 domain, which could contribute to effects observed in
functional assays.
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. R396

Figure 5. RADX binding
of ssDNA is coupled to
oligomerization (a) The
DNA binding site of
RADX-A. The inset shows
the residues involved in
hydrogen bonding or pi-
stacking interactions (in
red) with the DNA (dark
grey). H-bonds are
shown as black dashed
lines. (b) The full DNA
interaction surface is
shown in red in a surface
representation of RADX-
A (teal) with bound DNA
(grey). The inset shows
residues involved in
hydrogen bonding or pi-
stacking in any of the
three RADX protomers
(red). The yellow
residues indicate the
sites of mutation for the
DNA binding Ob2M
mutant, and the
mutation site is seen to
overlap only partially
with the DNA binding
site as shown by the two
residues labelled in black
(W279, K305).
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Figure 6. RADX is unique but well conserved. (a) Analysis of sequence conservation
by ConSurf plotted onto the structure of RADX. The color code of the conservation
scale is given below the structure. Regions of the protein with well-defined
secondary structure are conserved. (b) Analysis of sequence conservation by ConSurf
focused on the large loop in OB4 (S566-1676), delineated by grey stars. The loop has
very poor sequence conservation, apart from small regions which include Ser and
Thr residues, highlighted within red dashed boxes. (c) The high scored of 12.1 from
the Dali server suggests RADX OB1 (blue)is a homolog of of RPA70N domain (pink).
Their structural similarity is reflected in the RMSD over all Ca atoms of 2.5 A,
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Figure 7. RADX modulation of RAD51 filaments correlates with end-binding

(a) (left) Negative stain EM micrograph showing anti-RADX Ab bound gold
nanoparticles localized at the ends of RAD51 filaments. (right) 2D class averages of
dataset containing RADX crosslinked to RAD51 filaments reveal populations of free
RADX and RADX bound to RAD51 filaments. (b) 3D reconstructions of free RADX and
RADX bound to RAD51 filaments. The extra volume assigned to RADX is circled in
red. (c) The residues mutated in the RAD51 binding-deficient QVPK mutant
displayed on the structure of RADX. These residues form a surface-exposed patch,
consistent with the proposal that these are in RAD51 binding site. (d) Model of a
RADX trimer bound to a RAD51 filament generated via manual docking. The RADX is

shown in green, the RAD51 filament in blue (8bg2) and the ssDNA in both models is
shown in red.
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Figure 8. Model for the mechanism of RADX action. Upon replication fork
stalling, single stranded DNA is exposed (a), which is then bound by RPA to
protect the ssDNA from damaging agents (b). RPA is replaced on ssDNA with
RAD51 by the action of BRCA2, a mediator protein (c). RAD51 binds
cooperatively to form filaments on ssDNA. RADX is recruited to ssDNA where it
binds the ends of the growing RAD51 filament (d). It promotes filament
disassembly by either i) blocking expansion at the end of the filament as
RAD51 hydrolyses ATP and detaches from ssDNA or ii) both blocking filament
expansion and accelerating the ATP hydrolysis rate of RAD51(e).
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Table 1. Analyses of the DNA binding surfaces of the three protomers
in the RADX trimer.

Protomer

Interface area
(A?)

*NSB+NHB+Npi

AG (kcal/mol)

Residues
involved

RADX-A

744.5

10

-11.5

Y250, Q262,
F264, W279,
Y307, F309,
R333, R396

RADX-B

753.4

R248, Y250,
F264, W279,
Y301, K304,
Y307, F309

RADX-C

579.6

-8.4

R232, R248,
Y250, Q262,
F264, W279,
Y307, N331

* Number of salt bridges + number of hydrogen bonds + number of pi-stacking

interactions.

Underlined residues participate in hydrogen bonds.
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