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Abstract

Homologous recombination is a fundamental process of life. It is required for the protection

and restart of broken replication forks, the repair of chromosome breaks, and the exchange of
genetic material during meiosis. Individuals with mutations in key recombination genes, such as
BRCAZ2 (FANCD1), or the RADS51 paralogs (RAD51B, RAD51C [FANCOJ, RAD51D, XRCC2
[FANCU] and XRCC3) are predisposed to breast, ovarian and prostate cancers'10, or the cancer
prone syndrome Fanconi anemiall~13, The product of BRCAZ, the BRCA2 tumour suppressor
protein, is well characterised, but the cellular functions of the RAD51 paralogs are unclear. Gene
knockouts display growth defects, reduced RAD51 focus formation, spontaneous chromosome
abnormalities, sensitivity to PARP inhibitors and replication fork defects1415, but their precise
molecular roles in fork stability, DNA repair and cancer avoidance remain unknown. Here,

we used cryo-electron microscopy, AlphaFold2 modelling and structural proteomics to define

the high-resolution structure of the RAD51B-RAD51C-RAD51D-XRCC2 (BCDX2) complex,
revealing that RAD51C-RAD51D-XRCC2 mimic three RAD51 protomers aligned within a
nucleoprotein filament, whereas RAD51B is highly dynamic. Biochemical and single-molecule
analyses showed that BCDX2 stimulates the nucleation and extension of RAD51 filaments, which
are essential for recombinational DNA repair, in reactions dependent on the coupled ATPase
activities of RAD51B and RAD51C. Our studies demonstrate that BCDX2 orchestrates RAD51
assembly on single-stranded DNA for replication fork protection and double strand break repair, in
reactions that are critical for tumour avoidance.
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RecA/RADS51 recombinases are highly conserved throughout all species!8. Recombinational
repair of DNA double strand breaks requires the formation of helical nucleoprotein filaments
of RADS51 on resected RPA-coated single stranded DNA (ssDNA) termini, that promote
homologous pairing and strand exchange with the sister chromatid’-23, Filament formation
extends DNA to 1.5x the length of B-form DNA (pitch approx. 100 A, 6 RecA/RAD51
protomers per helical turn) and is dependent upon ATP binding. While bacterial RecA
forms filaments efficiently, eukaryotic RAD51’s need auxiliary factors to stimulate their
interaction with ssSDNA24. In human cells, filament assembly is driven by a nucleation-
extension mechanism and requires BRCA2, PALB2 and the RAD51 paralogs. BRCAZ2 binds
RAD51 via eight conserved BRC repeats, stabilising RAD51 filaments via a C-terminal
RADS51 binding region and binding directly to ssDNA via OB-folds?>-33. PALB2, a
chromatin associated protein, links BRCAZ2 to upstream signalling BRCAL and helps guide
RAD51 to sites of DNA damage®#-36. In contrast, the precise role of the five RAD51
paralogs is unknown. The proteins assemble into two distinct complexes, with RAD51C
mutual to both: RAD51B-RAD51C-RAD51D-XRCC2 (BCDX2) and RAD51C-XRCC3
(CX3)37, but molecular analyses of their structure and function have been hindered by
insolubility issues. Instead, efforts have focused on related complexes from S. cerevisiae
(Rad55-Rad57) or C. elegans (Rfs-1/Rip-1), which promote RAD51 filament growth by the
transient capping of filament ends38-40,

Structure of the BCDX2 complex

The human RAD51 paralogs have conserved RecA-like folds containing three nucleotide-
binding motifs, the Walker A and B motifs, and a ‘lysine finger’ ATP cap, in addition to

the L1 and L2 DNA binding loops*!. RAD51, RAD51B, RAD51C and RAD51D also share
a conserved N-terminal domain (NTD) a-helical bundle, which is absent in XRCC2 (Fig.
1a). To identify the molecular functions of human BCDX2, we determined its structure
using cryo-electron microscopy (cryo-EM). BCDX2 was purified to homogeneity following
expression in baculovirus-infected insect cells, and high-resolution structures were obtained
in the presence of transition and ground state analogs of ATP, ADP.AIFx (2.2 A) and
ADP.BeFx (3.4 A) (Fig. 1b, Extended Data Figs. 1, 2, 3 and 4a, b, Extended Data Table 1).

In atomic models, the three NTDs of RAD51B, RAD51C and RAD51D, and three out of the
four C-terminal RecA-like folds (RAD51C, RAD51D and XRCC2) were observed. We were
unable to resolve cryo-EM density for the C-terminal RecA-like fold of RAD51B (Fig. 1b),
but negative stain electron microscopy (NS-EM) 2D class averages revealed a mobile feature
relative to a structured core (Fig. 1c), irrespective of the nucleotide present (Extended Data
Fig. 4c, d). Following limited proteolysis with chymotrypsin, RAD51B could no longer be
detected by Western blotting, coincident with an increased retention time in gel filtration and
a loss of the mobile density in NS-EM 2D class averages. These results show that the mobile
density corresponds to the RAD51B C-terminal domain (CTD) (Fig. 1d, Extended Data

Fig. 4e). Confirmation was obtained by NS-EM 2D classification of purified BCDX2 from
which the RAD51BC TP had been deleted (BNTPCDX2) (Fig. 1e, Extended Data Fig. 4al).
Thus, the C-terminal RecA-like fold of RAD51B is dynamic and RAD51B’s interaction
with RAD51C is driven primarily through the RAD51BNTP and linker.
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The BCDX2 atomic model revealed striking similarities between the arrangement of the
RecA-like domains in RAD51C-RAD51D-XRCC2 and three RAD51 protomers assembled
in a nucleoprotein filament (Fig. 2a), by the stacking of the RecA-like folds and nucleotides
bridging subunit interfaces. As with RAD51, the linker and helix (a.5) that tethers the

NTD to the RecA-like fold of each subunit makes key contacts with the adjacent subunit42.
However, in the RADS51 filament, the NTD of one protomer binds the same protomer (in
cis), whereas in BCDX2 the NTD of one subunit binds the adjacent subunit (in #rans)

(Fig. 2a, b). Moreover, the three NTDs of RAD51B, RAD51C and RAD51D are tightly
stacked together, in contrast to both RAD51 and RecA where they are spatially separated to
create an entry point for the invading duplex DNA#3, The tight clustering of NTDs drives
further specificity for paralog-paralog interactions, whereas engagement of the RAD51BNTP
in trans ensures the dynamic association of RAD51B with the structural core. Finally, the
alignment of the RecA-like folds of RAD51C-RAD51D-XRCC?2 relative to three RAD51
protomers within a filament shows an open configuration (25.2° decreased curvature) (Fig.
2c), in contrast with RAD51 where tight protomer contacts provide the high degree of
curvature required for helical filament formation.

Mutations in RAD51B, RAD51C, RAD51D and XRCCZ2 are known to cause hereditary
breast/ovarian cancer and Fanconi anemia. We therefore extracted all reported pathogenic
and variants of uncertain significance (VUS) missense mutations from the ClinVar
database** and explored potential pathogenicity by analysing how they might affect subunit
stability, complex formation, nucleotide binding/hydrolysis and DNA binding. Missense
mutations likely to disrupt monomer folding of RAD51C, RAD51D and XRCC2 are
indicated (Fig. 3a), as are mutations in residues that could affect hydrogen and ionic bonding
at the subunit-subunit interfaces (Fig. 3b). We also observed that many mutations cluster
around the nucleotide binding sites of RAD51C, RAD51D and XRCC2 (Fig. 3c). All
variants and their stratification are highlighted in Supplementary Data Table 1.

RAD51B and RAD51C ATPases are coupled

For the cryo-EM analyses, BCDX2 was vitrified in the presence of ADP.AIFx or ADP.BeFx.
However, we did not observe density for AlFx or BeFx in either cryo-EM map, and instead
observed that RAD51D and XRCC2 bound ATP whereas RAD51C bound ADP (Fig. 4a-c,
Extended Data Fig. 5a-c). The ATP remained bound to BCDX2 during protein purification.
RAD51D’s key coordination points with ATP included hydrogen bonding of Walker A K113
with B- and -y-phosphates, and Walker A T114 and Walker B D206 residues (the latter via
an ordered water molecule) interacting with a Mg2* ion bridging the p- and y-phosphates.
XRCC2 binds ATP in a near-identical arrangement via Walker A K54/T55 and Walker B
D149. In contrast, RAD51C bound ADP through Walker A K131, T132 and Walker B

D242 residues. Although the arrangement of bound nucleotides are similar to those found

in RecA/RADS51, cryo-EM analyses failed to: (i) explain the presence of ATP in the active
sites of RAD51D and XRCC2 given that samples were vitrified with ADP.AIFx/BeFx, or (ii)
identify the nucleotide bound by RAD51B. To address these points, we extracted nucleotides
(nt) from purified BCDX2 complexes and analysed their composition by HPLC (Fig. 4d),
finding that BCDX2 bound 4 nt (2.1 £ 0.2 nt of ATP; 1.9 £ 0.1 nt of ADP) whereas the
BKX114ACDX2 Walker A mutant bound only 3 nt (ATP = 1.8 + 0.1 nt; ADP = 1.2 + 0.1).
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These results show that ADP occupies the RAD51B and RAD51C nucleotide binding sites.
Nucleotide exchange experiments, in which BCDX2 was incubated with ADP, ATPyS or
ATP, revealed that addition of ADP did not affect the ATP/ADP ratio (Fig. 4e), showing
that the ATPs bound by RAD51D and XRCC2 are non-exchangeable. In contrast, the ADP
bound by RAD51B or RAD51C was replaced by ATPyS or ATP. Removal of Mg2* cations
led to a loss of bound ADP, confirming the presence of Mg2* in the atomic model of
RAD51C’s active site and that the nucleotides bound to RAD51B and RAD51C are labile.

The catalytic glutamate residue of RAD51 (RAD515163) that is required for cleavage of
the covalent B-y phosphate bond of ATP is conserved in RAD51B (E144) and RAD51C
(E161), and RAD51CE161 mutations have been linked to breast/ovarian cancers (Fig. 3c).
These glutamates are not conserved in RAD51D or XRCC2 explaining their inability to
promote ATP hydrolysis while retaining nucleotide binding. Other key residues are the
‘lysine fingers’, which trans-coordinate the y-phosphate of the adjacent subunit and are
observed in all four RAD51 paralogs, but not RAD51 itself (Extended Data Fig. 5d).

Two lysine fingers, RAD51DK297 and RAD51CK328  coordinate ATP in the XRCC2 and
RADS51D nucleotide binding sites (Fig. 4a, b), whereas the functions of RAD51 BX324 and
XRCC2K261 are unknown.

To dissect the ATPase catalytic cycle of BCDX2, catalytic glutamate mutants of RAD51B
and RAD51C (BEM4ACDX2, BCE61AD X2, BEI44ACELSIADX?) and lysine finger mutants
of RAD51B and XRCC2 (BK324ACDX2 and BCDX2K261A) were purified. A 50% reduction
in the ATPase activity of BEM4ACDX2 relative to wild-type was observed, coincident with
an increased fraction of ATP present within the complex (Fig. 4f). Surprisingly, mutation

of RAD51C (BCE161ADX2 and BEI44ACELBIADX2) resulted in a complete loss of ATPase
activity, such that all nucleotide binding sites were fully occupied with ATP. These results
show that the ATPase activities of RAD51B are dependent on RAD51C. We also found

that the lysine finger mutant BK324ACDX2 exhibited reduced ATP hydrolysis whereas the
equivalent mutation in XRCC2 (BCDX2X2614) did not affect ATPase activity (Fig. 4f).
SDS-PAGE of all BCDX2 mutants, HPLC chromatograms, quantification and statistics, and
ATPase quantification and statistics are found in Extended Data Fig. 5e-g.

Hydrogen-deuterium exchange mass spectrometry (HDX-MS), in the presence of ADP.AIFx
or ADP, was used to detect conformational changes that occur during the ATPase catalytic
cycle. We observed increased deuterium uptake (i.e., additional solvent exposure) on the
RADS51C L1 DNA binding loop, the nucleotide-binding pocket of RAD51C, the surface
of RAD51B containing the lysine finger K324, and the NTD-CTD linker following
y-phosphate (AIFX) release (Fig. 4g, Extended Data Fig. 5h). These data indicate that
RAD51BK324 engages with RAD51C during ATP hydrolysis, and that RAD51B’s ATPase
is allosterically activated. Conformational changes were not observed in comparative
HDX-MS experiments of ADP.BeFx with ADP (Extended Data Fig. 5i), indicating

that interactions between RAD51BC TP and RAD51CCTD are stabilised through the ATP
transition (ADP.AIFXx) as opposed to the pre-hydrolytic (ADP.BeFx) state?>.

AlphaFold2-multimer predictions of BCDX2746 indicate direct interactions between
RAD51BCTD and RAD51CCTD, consistent with the conformational changes identified
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with HDX-MS (Fig. 4h). The overall structure of BNTPCDX2 remained the same, with
one exception being the extension of the helix proceeding the L1 DNA binding loop,
resulting in the rotation of RAD51C , a residue that is mutated to histidine in 1 Q Fanconi
anaemia patients’12 (Fig. 4i). We therefore suggest that the Alphafold2 predicted structure
corresponds to the active intermediate during the ATP hydrolytic cycle, whereas the cryo-
EM structures represent the ground state of BCDX2.

BCDX2 promotes RAD51 filament formation

We next investigated whether BCDX2 influences RAD51 filament formation. By directly
visualising filaments using NS-EM, we found that BCDX2 increases both the quantity
(nucleation) and length (growth) of RAD51 filaments (Fig. 5a-c, Extended Data Fig. 6a, b).
Next, to monitor RAD51 filament dynamics in real-time, we used a Lumick’s C-trap3%47.
RADS51 filament assembly was initiated by moving RPAMStrawbery_coated A ssDNA to

a protein channel containing Alexa Fluor (AF) 488 labelled RAD51 (RAD51AF488) jn

the absence or presence of BCDX2 (Fig. 5d). Filament formation was monitored by: (i)
increased total AF488 fluorescence and (ii) the global rate of assembly with a simultaneous
decrease in the force exerted on ssSDNA that accompanies filament formation®8 (Fig. 5e,
Extended Data Fig. 6¢). The nucleation and growth rates of RAD51 filaments increased
2-fold in the presence of BCDX2, as measured by the frequency of RAD51AF488 hinding
events and the rate of spreading of the fluorescence signal (Fig. 5f, g, Extended Data

Fig. 6d). When filaments grown with or without BCDX2 were moved into buffer lacking
ATP, they disassembled bidirectionally at the same rate (Extended Data Fig. 6e, f). ATPase
deficient BCE161ADX2 and BE44ACEIBIAD X2 complexes failed to promote RAD51AF488
assembly, whereas BE144ACDX2 retained partial stimulation relative to wild-type (Fig. 5h,
i, Extended Data Fig. 6g). Together, these results show that BCDX2 promotes RAD51
filament nucleation and growth in an ATP hydrolysis dependent manner.

BCDX2 interacts with ssDNA and RAD51

In contrast to RAD51, which binds both ssDNA and dsDNA7, BCDX2 binds specifically to
ssDNA, as determined by fluorescence anisotropy (Fig. 6a). The ssDNA binding affinity in
the presence of ATP (0.16 uM) was ~7-fold greater than in the presence of ADP (1.18 uM),
with the highest affinity measured in the presence of the transition state mimetic ADP.AIFx
(0.09 uM) showing that ATP hydrolysis promotes high-affinity sSDNA binding. Binding
affinities ranging from 0.33 - 0.52 uM were observed for the pre-hydrolysis ATP mimetics
AMP-PNP, ATPyS, and ADP.BeFx. The presence of ADP.Vanadate, which traps ADP in the
nucleotide binding site by mimicking the transition state of the y-phosphate of ATP during
ATP hydrolysis, reduced ssDNA binding (Extended Data Fig. 7a, b).

In the presence of ATP, the ssDNA-binding affinities of the BCE161ADX2 and
BEI44ACEIBIAD X2 ATPase-deficient mutants were similar to the affinity of wild-type
protein with ADP (Fig. 6b), showing that they fail to induce the high affinity DNA binding
state. However, inactivation of RAD51B’s ATPase (BE44ACDX2), resulted in only a small
decrease in affinity consistent with its partial stimulation of RAD51 filament assembly (Fig.
6b, c). These observations were confirmed by monitoring A ssDNA binding by fluorescently
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labelled BCDX2, BE144ACDX2 and BCE161ADX2 (Fig. 6d, Extended Data Fig. 7c, d).
These results, together with the comparative HDX-MS experiments of ADP.AIFx/ADP and
ADP.BeFx/ADP (Fig. 4h, Extended Data Fig. 5i), show that high-affinity ssDNA binding is
driven through RAD51BCTP-RAD51CCTD interactions that occur during ATP hydrolysis.

The frequency and stability of interactions between BCDX2 and ssDNA increase in the
presence of RAD51 (Fig. 6e, Extended Data Fig. 7d). This effect was temporal, as it
occurred only at early time points with BCDX2 dissociating as the RAD51 filaments
assembled (detected through force decrease with time; Extended Data Fig. 7e-g). To provide
direct evidence for BCDX2 and RAD51 interaction, we monitored Forster Resonance
Energy Transfer (FRET) between RAD51AF55 and BAF647CDX2 on A ssDNA (Fig. 6f,

g). Three distinct events were observed: (i) initial BAF847CDX2 fluorescence emission
(FRET-mediated via interaction of BAF647CDX2 with RAD51AF555), (ii) RAD51AF555
fluorescence (with loss of BAF647CDX2 signal upon dissociation), and finally (iii) a loss

of fluorescence emission as RAD51AF555 dissociates/bleaches. These results indicate that
BCDX2 and RAD51 interact and associate with ssSDNA, followed by subsequent BCDX2
dissociation. FRET experiments were also carried out with BCDX2AF647 and similar results
were observed (Extended Data Fig. 7h) although the fluorescence intensity of BAF647CDX2
was greater than BCDX2AF647 following FRET with RAD51AF55 (Extended Data Fig. 7i).
These results indicate that RAD51 interacts with BCDX2 via RAD51B.

Initial attempts to determine the structure of the BCDX2-ssDNA complex by cryo-EM
were unsuccessful due to low occupancy of bound ssSDNA. We therefore performed partial
signal subtraction and focused classification without alignment on the region containing
the L1 DNA binding loops of RAD51C and RAD51D, plus the L2 DNA binding loops of
RAD51C, RAD51D and XRCC2. We obtained a 2.9 A cryo-EM map of BCDX2 bound to
ssDNA (Extended Data Figs 1 and 3). In addition to the ssDNA, we observed an additional
uncharacterised density due to a conformation change in XRCC2 (Extended Data Figure
8a). Unfortunately, the additional density was not of sufficient quality or resolution to
enable atomic model building. The presence of ssDNA, however, was confirmed using
HDX-MS, by comparisons of BCDX2 with and without SSDNA. We observed protection
from deuterium uptake for the L1 DNA binding loops of RAD51C, RAD51D and XRCC2,
as well as the L2 DNA binding loops of RAD51C and RAD51D (Fig. 6h, Extended Data
Fig. 8b).

Alignment of the RAD51B, RAD51C, RAD51D and XRCC2 sequences, in human and
model organisms (Extended Data Fig. 8c), identified key arginine residues in the L1 loops
that could interact with the phosphate backbone of ssSDNA analogous to RAD51R229/R241,
We therefore purified BCDX2 complexes containing mutations at these sites and measured
ssDNA binding (Fig. 6i, Extended Data Fig 8d-i). In agreement with HDX-MS data,
which showed little protection from deuterium uptake for the RAD51B L1 loop in the
presence of ssSDNA, the affinities of BR2Z17ACDX2 and BRZ3IACDX2 towards ssDNA were
similar to wild-type protein. However, mutation of RAD51CR258A in the L1 loop, which

is rotated upon ATPase activation, resulted in a severe defect in sSDNA binding. Similar
results were obtained with the RAD51CR258H mytation, providing molecular insights

into Fanconi anaemia pathogenesis for individuals carrying this mutation’-12, Mutation of
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RAD51DR221 had minimal effects, whereas ssDNA binding was mostly ablated by mutation
of XRCC2R159 another residue associated with VUS (Supplementary Table 1). These
results show that sSDNA binding by BCDX2 is mostly driven by interaction with RAD51C
and XRCC2, but not RAD51B or RAD51D. In the absence of ssDNA, all arginine mutants
exhibited similar ATPase activity as the wild-type protein (Extended Data Fig. 8j). However,
in the presence of sSDNA, ATPase stimulation was directly correlated with sSDNA binding
affinity (Extended Data Fig. 8k), driven through increased RAD51BCTP and RAD51CCTP
interaction as determined by HDX-MS (Fig. 6h).

To determine the orientation of ssDNA binding, FRET was monitored between 5’- or 3'-
Cy3 labelled ssDNA and BCDX2 labelled with RAD51BAF647 or XRCC2AF647 The FRET
ratios were highest between 5’-Cy3 labelled ssDNA and BCDX2AF647 and also between
3’-Cy3 labelled ssDNA and BAF847CDX2, indicating that the orientation of BCDX2 binding
relative to ssSDNA is 3" to 5” (Extended Data Fig. 81). As RAD51B interacts directly with
RAD51, these results indicate that the nucleoprotein filament grows preferentially with a 3’
to 5’ polarity.

In summary, we have defined the structure and dynamic properties of the BCDX2 complex
and provided new insights into its relationships and interactions with RAD51. We find

that BCDX2 promotes RAD51 filament nucleation and extension, in events dependent
upon BCDX2’s high-affinity ssSDNA binding state induced by the coupled RAD51B and
RAD51C ATPases. Previous studies indicated that RAD51 paralog complexes in lower
eukaryotes promote filament growth by the transient capping of filament ends38-40. Qur data
with human BCDX2 are consistent with such a model, with RAD51B providing a bridge
between the CDX2 structural core and RAD51 (Extended Data Fig. 9a, b). The AlphaFold2
model of RAD51BCTD perfectly mimics a RAD51CTP protomer and indicates that the CTD
maintains contacts with the phosphodiester backbone of ssSDNA via RAD51BR217/R231
analogous to RAD51R229/R241 \\fe suggest that the flexible RAD51B¢t binds to RAD51,
and that this engagement provides initial filament stabilisation (nucleation). Next, ATP
hydrolysis by RAD51C induces an interaction with RAD51BCTP, resulting in high affinity
ssDNA binding by the CDX2 core (Extended Data Fig. 9¢). By modelling nucleotide triplet
binding by RAD51C, we found that RAD51CR241/R258 gccypies the same geometry as
RAD51R229/R241 'in the active intermediate but not ground state (Extended Data Fig. 9d),
validating the necessity of RAD51CR258 rotation for high affinity ssDNA binding.

The ATP-bound subunits RAD51D-XRCC2 would cap and stabilise the filament through
XRCC2R159 interacting with ssDNA, whereas the absence of an NTD in XRCC2 would
prevent BCDX2 from intercalating into RAD51 filaments. Through repeated rounds of

ATP hydrolysis, BCDX2 would cycle through high (binding) and low (dissociation) affinity
ssDNA binding states, which may in turn allow repeated cycles of filament stabilisation.
One possibility is that BCDX2 is capable of limited translocation along the sSDNA,

such that filament extension could occur through a ratchet-like mechanism involving
RAD51BCTD-RADS51 interactions. Net RAD51 filament growth would then occur with a
3’-5" polarity consistent with the directionality of RAD51-mediated strand exchange®. This
mechanism explains the critical contributions of the RAD51 paralogs to DNA repair, and
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how dysfunction in their ATPase or ssDNA-binding activities may contribute to genomic
instability.

Expression vectors

The RAD51 expression vector, pCH1-RAD51, was derived from pCH1-RAD510pt>0

by removal of the GroES and GroEL sequences. RAD51B, RAD51C, RAD51D and
XRCC2were individually cloned into pFastBacl modified with an expression enhancer
and Kozak sequence upstream of the coding sequence®. An N-terminal TwinStrep-

TEV sequence was included for XRCC2Z ( TwinStrep-TEVXRCCZ). All four genes were
assembled into the same plasmid with Gibson assembly to generate pBIG-BCDX252. The
construct was validated by restriction enzyme digestion with Swal or Pstl, and nanopore
sequencing (Plasmidsaurus). Point, truncating and labelling mutants RKAD518™ (deletion
of amino acids 64-350), RAD51BF144A. RAD51BR?17A. RAD51BR23IA. RADS51BK24A,
RAD51BY9Pr (with a sequence to encode a C-terminal DSLEFIASKLA ybbr motif 53

and preceding GGGSGGG linker), RAD51BYPI7EIHA pAD51CEICIA RAD5ICRZ56A,
RAD51CR256H  RAD51DR?2IA. XRCCIRIS9A and XRCC2K261A were generated by
around-the-horn-mutagenesis of the parent pFastBac vectors. They were then assembled
into pBIG to generate pBIG-BNTPCDX2, pBIG-BEI#*4ACDX2, pBIG-BR217ACDX2, pBIG-
BRZ3IACDX2, pBIG-BYPPIEI44ACD X2, pBIG-BK324ACDX2, pBIG-BCEI6IADX2, pBIG-
BCRZ8ADX2, pBIG- BCR258HDX2, pBIG-BCDRZ21AX2 pBIG-BCDX2R159A pBIG-
BCDX2K261A pBIG- BEM4ACEIBIAD X2, and pBIG-BYPPrCEL6IAD X2,

Protein purification

For expression of proteins in insect cells, bacmids, primary and secondary baculoviruses
were generated following protocols outlined for the Bac-to-bac system (Life technologies).
Baculovirus titres were quantified by RT-PCR4. For the expression of BCDX2, and all
point, truncating and labelling mutants, secondary baculoviruses were used to infect (viral
multiplicity of infection [MOI] = 0.5) Sf9 insect cells (0.5 L) grown in Sf-900 I11 serum
free media (Gibco) seeded at a density of 2 x 106 cells/mL. Cells were grown at 27°C with
continuous agitation (140 rpm) for 66 hours. Sf9 cells were sourced from the Structural
Biology Science Technology Platform, The Francis Crick Institute.

All purifications were carried out at 4°C. Cells were collected by centrifugation (1,500 g,
10 min), washed once with phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KClI,
10 mM NayHPOQy, 1.8 mM KHoPQOy), and re-pelleted (1,500 g, 10 min). The cell pellet
was resuspended in 75 mL of lysis buffer (25 mM HEPES pH 7.5, 10% (v/v) glycerol, 2.5
mM MgCl,, 0.25 mM TCEP, 500 mM NacCl, 2.5 mM ATP, 0.05% Triton X-100 and HALT
protease and phosphatase inhibitors) and sonicated using the QSonica Q700 (25 mA, 2 s
on/off, 5 min processing time). Insoluble matter was separated by centrifugation (Beckmann
J-26 centrifuge and JA25.5 rotor, 60,000 g, 45 minutes). The clarified lysate was incubated
with 2.5 mL StrepTactin XT 4-flow resin (IBA Lifesciences) for 1 hour with rotation. The
resin was pelleted (500 g, 5 min) and transferred to an Econo-Pac gravity flow column
(BioRad). The resin was washed with 5 CV (column volumes) of BCDX2 lysis buffer, 5
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CV of HGMT buffer (25 mM HEPES pH 7.5, 10% (v/v) glycerol, 2.5 mM MgCI2 and

0.25 mM TCEP) containing 300 mM NaCl and 1 mM ATP and 10 CV of HGMT buffer
containing 150 mM NaCl and 0.5 mM ATP. The resin was resuspended in 1 CV purification
buffer containing 150 mM NaCl, 0.5 mM ATP and 50 mM biotin and mixed on a roller

for 30 minutes. The eluate was collected, and a further 4 CV eluted by gravity flow. The
eluted protein concentration was measured using protein assay dye reagent (BioRad) and
mixed with a 1:20 (c/c) molar ratio of TEV protease to remove the TwinStrep tag. Following
overnight cleavage, the protein was passed through a 0.22 um filter and loaded onto a 1

mL Resource Q column (Cytiva) equilibrated in HGMT buffer containing 150 mM NacCl
using an AKTA Pure HPLC purification system (Cytiva) controlled by UNICORN software.
Bound protein was washed with 3 CV of HGMT buffer containing 150 mM NaCl and eluted
from the column using an 8 CV gradient with HGMT buffer containing 1 M NaCl. Fractions
containing BCDX2 were pooled and loaded onto a Superdex 200 Increase 10/300 column
(Cytiva) equilibrated in HGMT buffer containing 150 mM NaCl on an AKTA pure. Peak
fractions were pooled, flash-frozen in liquid nitrogen and stored at -80°C. BY?'CDX2 was
purified as described for BCDX2, with TEV cleavage and gel filtration omitted.

pCH1-RAD51 was used for the expression of RAD51. BL21 Star (DE3) (Life Technologies)
were initially transformed with pGro7 (GroEL-GroES) and transformants selected on

LB plates containing 20 pg/mL chloramphenicol to generate GroEL-ES competent cells
(TaKaRa). These were subsequently transformed with pCH1-RAD51 and transformants
were selected using 50 pg/mL kanamycin. A starter culture was grown overnight (37°C,
220 rpm) in Luria Broth (LB) containing 50 pg/mL kanamycin and 0.8% glucose (v/v), and
then expanded to 2 L of culture with a starting optical density (OD) at 600 nm of 0.1 the
following day (37°C, 200 rpm). Expression of GroEL-GroES was induced at ODgggnm =
0.5 by the addition of 0.5 mg/mL L-arabinose and the incubator was cooled to 18°C. After
30 min, the expression of RAD51 was induced by the addition of 0.5 mM isopropyl p-d-1-
thiogalactopyranoside (IPTG) and the culture was grown overnight. Cells were collected by
centrifugation (1,500 g, 10 min), washed once with PBS and re-pelleted (1,500 g, 10 min).
The cell pellet was resuspended in 40 mL RADS51 lysis buffer (50 mM HEPES pH 8, 10%
(v/v) glycerol, 2 mM EDTA, HALT protease inhibitors and 0.25 mM TCEP) and passed
through an Emusiflex-C5 (Avestin) 3x with applied pressure between 15,000 - 20,000 psi

to lyse the bacteria. Triton X-100 (0.05%) was added, and the lysate was sonicated using a
QSonica Q700 (25 mA, 2 s on/off, 5 min processing time). Insoluble matter was separated
by centrifugation (Beckmann J-26 centrifuge and JA25.5 rotor, 60,000 g, 45 minutes).
Spermidine was then added dropwise from a stock solution to the clarified lysate, to achieve
a final concentration of 7 mM. The precipitate was collected by centrifugation (15,000 g,

10 min), and resuspended in RAD51 resuspension buffer (25 mM HEPES pH 8, 10% (v/v)
glycerol, 0.25 mM TCEP) containing 150 mM NaCl. This precipitate was again collected by
centrifugation, and the process repeated four more times with RAD51 resuspension buffer
containing 250, 300, 500 and 600 mM NacCl. Fractions containing RAD51 were pooled

and loaded directly onto three 5 mL HiTrap Heparin HP columns (Cytvia) attached in
tandem, which were equilibrated in RAD51 purification buffer (25 mM HEPES pH 7.5,

5% (v/v) glycerol, 1 mM EDTA, 0.25 mM TCEP) containing 300 mM NaCl. RAD51

was eluted with a 10 CV gradient using RAD51 purification buffer containing 2 M NaCl.
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The RADS51 was pooled, and the salt concentration was decreased by dropwise addition

of RADS51 purification buffer to a final concentration of 80 mM NaCl. RAD51 was then
applied to a 5 mL HiTrap SP HP (Cytiva) column equilibrated in RAD51 purification buffer
containing 80 mM NacCl, and the flow through was subsequently loaded onto two HiTrap

Q HP (Cytiva) columns attached in tandem, which were equilibrated in RAD51 purification
buffer containing 80 mM NaCl. RAD51 was eluted with a 10 CV gradient using RAD51
purification buffer containing 1 M NaCl. Fractions containing RAD51 were pooled, and

the majority was flash frozen in 10 mg aliquots, stored at -80°C and reserved as a master
stock for later polishing. For the working stock, a 10 mg aliquot of RAD51 was thawed

and diluted to 100 mM NaCl with the addition of RAD51 purification buffer. RAD51 was
loaded onto a 1 mL MonoQ 5/50 GL column (Cytiva) equilibrated in RAD51 purification
buffer with 100 mM NaCl, and subsequently eluted with 8 CV of RAD51 purification buffer
containing 1 M NaCl. Fractions were pooled and dialysed overnight into RAD51 storage
buffer (25 mM HEPES pH 7.5, 10% glycerol (v/v), 150 mM NaCl, 0.5 mM EDTA, 0.25 mM
TCEP). 5 L aliquots of RAD51 were flash frozen in liquid nitrogen and stored at -80°C.
RADS51 was free of contaminating nuclease activity and exhibited the expected activity in
DNA strand exchange reactions.

RAD51C319S ysed for fluorescent labelling and single-molecule experiments was purified as
described*”. RPAMStrawberry wag purified as described for RPAGCGFP 47

Fluorescent labelling of proteins

RAD51C319S was fluorescently labelled with AF488 or AF555 as described*’. BCDX2

was single and dual (FRET) labelled using the ybbr/Sfp transferase and LPXTG/sortase
labelling strategies®3:2°. For XRCC2 LPXTG/sortase labelling, Resource Q purified
BYPbreDX2TS was mixed with a 10-fold molar excess of AF647 labelled peptide (NH2-
CAFS4THHHHHHHHHHLPETGG-COOH), recombinant sortase enzyme and 5 mM MgCl,,
and incubated at 4°C overnight to yield BYP"CDX2AF847 For RAD51B ybbr/Sfp transferase
labelling, BYPPrCDX2TS was mixed with a 3-fold molar excess of CoA-AF647, Sfp
transferase enzyme, 5 mM MgCl,, and incubated overnight at 4°C to yield BAF647CDX2.
For dual labelling, BY?PrCDX2TS, BYPPI/EI44ACDHX QTS or BYPPrCELEIADX2TS were mixed
with a 10-fold molar excess of AF647 labelled peptide, a 3-fold molar excess of CoA-
AF555, Sfp and sortase enzymes, 5 mM MgCls and incubated at 4°C overnight to yield
BAFSS5CDX2AF647 BAFSSSIEL44ACH X 9AFBAT ang hAFSSSCELBIADX AFB47 respectively. All
fluorescently labelled proteins were gel filtered on a Superdex 200 Increase (either 10/300
or 3.2/100 GL) column (Cytiva) on an AKTA Pure to separate protein from fluorescent
peptides/molecules and labelling enzymes.

Limited proteolysis

BCDX2 (15 uM) was incubated for 4 hours at 37°C with and without chymotrypsin (1.5
UM) in HGMT buffer containing 150 mM NaCl, and 0.5 mM ADP.BeFy (0.5 mM ADP,
0.5 mM BeSO,4 and 10 mM NaF). The samples were then gel filtered using a Superdex
200 Increase 3.2/300 GL column (Cytiva) equilibrated in HMT buffer (25 mM HEPES pH
7.5, 2.5 mM MgCl,, 0.25 mM TCEP) with 100 mM NaCl on a Micro-kit equipped AKTA
pure. Fractions were taken and analysed on 5 SDS-PAGE gels. One was directly visualised

Nature. Author manuscript; available in PMC 2023 July 20.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Greenhough et al.

Page 11

with Quick Coomassie stain (Generon) and visualised on a ChemiDoc MP Imaging system.
The others were analysed by western blotting with antibodies against RAD51B (Rabbit
polyclonal, 1:1000 SWE32, this lab), RAD51C (Rabbit polyclonal, 1:1000, SWE68°6),
RAD51D (Rabbit monoclonal, 1:1000, Abcam ab202063) and XRCC2 (Rabbit polyclonal,
1:1000, SWE35°%). Membranes were incubated with Alexa Fluor Plus 800 anti-rabbit
secondary antibody (1:40,000, Invitrogen A32735) and imaged using an Odyssey DLx
instrument with ImageStudio software (Licor).

Oligonucleotides

All DNA oligonucleotides were HPLC purified (Integrated DNA

Technologies). The names and sequences of the oligos are as

follows, whereby FAM is 6-carboxyfluoroscein: FAM-dN12nt (5"-FAM-
TATCGAATCCGT-3"), FAM-dN1°Mt (5" -FAM-TATCGAATCCGTCTA-3"), FAM-
dN30nt (5" FAM-TATCGAATCCGTCTAGTCAACGCTGCCGAA-3’), 5'-Cy3-dN1ont (57~
Cy3-TATCGAATCCGTCTA-3"), dN15M.Cy3-3" (5°-TATCGAATCCGTCTA-Cy3-3"),
dN12nt (5" TATCGAATCCGT-3"), dN15t (5"-TATCGAATCCGTCTA-3"), dN30nt
(5'-TATCGAATCCGTCTAGTCAACGCTGCCGAA-3") and dNre30nt (5" FAM-
TTCGGCAGCGTTGACTAGACGGATTCGATA-3’). To generate 6FAM-dN30PP dsDNA,
equimolar concentrations of FAM-dN30"t and dN30Nt-rc were mixed in 10 mM Tris-HCI
pH 7.5, 100 mM NaCl and 1 mM EDTA, heated to 90°C and gradually cooled to room
temperature. Concentrations were measured using a spectrophotometer using absorbance
values at 260 nm. Substrates were stored at -20°C.

Fluorescence anisotropy

Fluorescence anisotropy was measured as technical duplicates of 10 pL reactions in 384 well
low volume microplates (Corning). Proteins were diluted in HGMT buffer containing 150
mM NaCl. Samples (5 uL) were mixed with an equal volume of 100 nM fluorescein labelled
oligonucleotides in HMT buffer containing 50 mM NacCl, 0.001% Brij-35 and 2 mM
nucleotide (ATP, ADP, ATPyS, AMP-PNP, ADP.BeFx [2 mM ADP, 2 mM AICI3 20 mM
NaF], ADP.AIFX [2 mM, ADP, 2 mM BeS04, 20 mM NaF] or ADP.Vanadate [2 mM ADP,
2 mM vanadate]), such that the final oligonucleotide, nucleotide and Brij-35 concentration
equalled 50 nM, 1 mM and 0.0005% respectively. The mix was incubated for 30 minutes

at 25°C, and fluorescence anisotropy measurements were made on a Clariostar plate reader
(BMG Labtech). Blank corrected anisotropy measurements were generated using MARS
software (Labtech) and averaged across independent experiments, plotted against protein
concentration and curve fitted using the following quadratic equation in GraphPad Prism 9
to determine Kp values:

x+ L+ Kp— |+ L+Kp)?—dxxxL
2x L

Y = Apin + (Anax = Amin) X

whereby Y = fluorescence anisotropy, Amin and Amax = Mminimum and maximum
fluorescence anisotropy values, L = ligand concentration (equal to 0.05 uM), x = protein
concentration and Kp = dissociation constant.
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Bulk ssDNA-BCDX2 FRET

BCDX2, fluorescently labelled BAF647CDX2 or BCDX2AF647  was mixed with either
dN15nt 57_Cy3-dN19Mt or dN15M-Cy3-3” ssDNA in 10 pL of 25 mM HEPES pH 7.5, 5%
glycerol, 2.5 mM MgCl,, 100 mM NacCl, 0.25 mM TCEP, 1 mM ADP.AIFx (1 mM ADP,1
mM AICl3, 10 mM NaF) in 384 well low volume microplates (Corning). Fluorescence
emission spectra from 550 nm to 800 nm were measured following excitation at 500 nm on a
Clariostar plate reader (BMG Labtech). The ratio of fluorescence intensity (Ia/lp) at 647 nm
and 555 nm was measured for all combinations of protein and sSDNA.

HPLC analysis of bound nucleotides

Resource Q purified wild-type and mutant BCDX2 were incubated for 1 hour at RT in

the absence of nucleotide, or in the presence of 1 mM ATP, ADP or ATPyS, and then

gel filtered using a Superdex 200 Increase 3.2/300 GL column (Cytiva) equilibrated in
HMT buffer containing 100 mM NaCl (or the equivalent buffer lacking 2.5 mM MgCl,)

on a Micro-kit equipped AKTA pure. Protein fractions were pooled, and absorbance spectra
were measured on a Jasco V-760 spectrophotometer operated by SpectraManager software.
Curves were adjusted to correct for any light scattering, and the protein concentrations
were calculated by Beer-Lambert law, using absorbance values at 280 nm. Extinction
coefficients (BCDX2 = 80,220 M1 cm™1) were adjusted to include 3-4 molecules of
nucleotide (ATP/ADP = 2,390 M-1 cm at 280 nm). Nucleotides were extracted from

the protein sample by the addition of 0.7% perchloric acid and 200 mM sodium acetate,
incubated (10 min, RT) and centrifuged (15,000 g, 10 min) to clear any insoluble matter.
The supernatant was diluted with HPLC buffer (100 mM Ky;HPO4/KH,PO,4 pH 6.5, 10 mM
tetrabutylammonium bromide) with 12% acetonitrile and passed through a Durapore- PVDF
(0.22 um) centrifugal filter (Millipore, 16,000 g, 2 minutes).

The nucleotide content of BCDX2 was determined by reverse-phase HPLC (RP-HPLC)
using ion pair chromatography. Samples (55 uL) were applied to a Zorbax SB-C18 (4.6

x 250 mm, 3.5 um, 80 A pore size, Agilent Technologies) column maintained at 30°C

and mounted onto a Jasco HPLC system controlled by Chromnav software (v1.19 Jasco).
Nucleotides were separated by running the column at 1 mL/min in HPLC buffer containing
12% acetonitrile. Samples containing ATP-yS were run isocratically with 12% acetonitrile
for 10 mL followed by a gradient from 12% to 20% acetonitrile over 20 mL. Absorbance
from the column eluent was continually monitored between 200 and 650 nm (1 nm intervals)
using an MD-2010 photodiode array detector (Jasco). Nucleotides were quantified from the
peak integrals in the 260 nm absorbance channel and concentrations were calculated using
ATP and ADP standard curves. Statistical analyses and figure plotting were performed using
GraphPad Prism 9.

ATPase assay

Wild-type or mutant BCDX2 (1 uM) were mixed with 15 uM cold ATP and 0.1 pCi/uL
a-32P-ATP, with and without dN15" ssDNA (3 uM) in 25 mM HEPES pH 7.5, 5% glycerol,
100 mM NaCl, 2.5 mM MgCl, and 0.25 mM TCEP. Samples were incubated (37°C, 30
min) before quenching with 10 mM EDTA. a-32P-ATP and a-32P-ADP were separated by
chromatography on TLC plates (Macherey-Nagel) using 500 mM LiCl and 1 M formic
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acid buffer. Plates were dried, exposed to a phosphoscreen and imaged on a Typhoon 9500
phosphorimager. Percentage ATP hydrolysis was calculated using Fiji (ImageJ). Statistical
analyses and figure plotting were performed using GraphPad Prism 9.

Single-molecule assays

Experiments were performed using a Lumicks C-trap operated by Bluelake software. The
flow cell was washed before each experiment as described3%47. Biotinylated A-ssDNA
precursor3? was captured between SPHERO streptavidin coated polystyrene beads (4.82 um)
at 0.31 pN/nm trap stiffness, at 0.005% (w/v) bead concentration using the laminar flow
cell, stretched and held at forces of 100 pN or higher in 25 mM Tris-HCI pH 7.5, 50 mM
NaCl, 1 mM MgCl, supplemented with 0.2 mg/ml BSA until the DNA strands were fully
melted. The presence of ssDNA was verified by comparison with a built-in freely-jointed
chain model. For most imaging conditions, ssDNA was held at forces between 10 and 20
pN, which corresponds to a 1.5-fold extension of B-form A dsDNA. Beads and DNA were
kept in PBS during the experiment.

For confocal imaging, three excitation wavelengths were used, 488 nm for AF488, 532

nm for mStrawberry and AF555, and 638 nm for AF647, with emission detected in three
channels with a blue filter 512/25 nm, green filter 585/75 nm and red filter 640 LP,
respectively. The imaging conditions were as follows. For the RAD51AF488/RpamStrawberry
exchange assay: 5% blue laser power (3.01 uW), 7% green laser power (2.95 pyw), 0.1
ms/pixel dwell-time, 100 nm pixel size, 5 s inter-frame wait time. For direct imaging of
BAFB47CDX2AFS55 BEL44A/AFBATC )X AFS55 o BAF6ATCEIBIAD X DAFSSS i the absence or
presence of RAD51: 5% blue laser power (3.01 W), 10% red laser power (3.23 uW), 0.1
ms/pixel dwell-time, 100 nm pixel size, 200 ms inter-frame wait time. For C-trap SMFRET
imaging of RAD51AF555 in the presence or absence of BAF647CDX2 or BCDX2AF647: 150
green laser power (6.30 W), 0.1 ms/pixel dwell-time, 100 nm pixel size, 200 ms inter-frame
wait time.

For RAD51AF488/RpAMStrawberTy ey change assays, A SSDNA was pre-coated with 5 nM
RPAMStrawberry an transferred to a channel containing 50 nM RAD51AF488 50 nM
RAD51C319S jn the absence or presence of 10 nM wild-type BCDX2 in SM reaction buffer
(50 mM Tris-HCI pH 7.5, 100 mM NaCl, 2 mM MgCI2 and 1 mM CaCl2 supplemented
with 2 mM ATP and 0.2 mg/ml BSA) to monitor RAD51 filament assembly. To monitor
RADS51 filament disassembly, after at least 15 min of growth, assembled RAD51AF488
filaments were transferred into a channel of SM reaction buffer lacking CaCl, and ATP, and
containing 5 nM RPA-mStrawberry.

For RAD51AF488/RpAMStrawberty ey change assays with catalytic glutamate mutants, A
ssDNA was pre-coated with 5 nM RPAMStrawberry ‘ang transferred to a channel containing
50 nM RAD51AF488 and 150 nM RAD51¢3195 jn the absence or presence of 40 nM
BCDX2, BFI44ACDX2, BCEI8IADX?2 or BEI44ACEIEIAD X2 in SM reaction buffer. Higher
total RAD51 and BCDX2 concentrations were used to increase the dynamic range

of RADS51 filament assembly readout. For fluorescent BCDX2 binding ssSDNA, 1 nM
BAFS55C DX 2AF647 BEL44AIAFSS5C X 9AFB47 o BAFSS5CELBLAD X 9AF647 \yas monitored in

the absence and presence of 25 nM RAD51319S in SM reaction buffer. For C-trap SmFRET
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experiments, 5 nM RAD51AF555 alone or with 1 nM BAFS47CDX2 or BCDX2AF647 was
mixed in SM reaction buffer.

Single-molecule analysis

For all experiments, real-time force and fluorescence data were exported from Bluelake
HDFS5 files and analysed using custom-written scripts in Pylake Python package. Statistical
analyses and figure plotting were performed using GraphPad Prism 9.

For RAD51AF488/RpamStrawberty eychange assays, AF488 intensity was imported in Fiji®’
and normalized to the background AF488 signal. Normalized AF488 signal changes

over time were fitted with a single exponential function, y = Amax(1-exp(-k*t)), to

obtain assembly half-lives and global RAD51AF488 assembly rates. For analysis of
BAF647CDX2AFS55 BEI44AIAFGATC DX 2AFSS5 o BAFBATCELBIAD X 9AFSSS hinding kinetics,
averaged AF555 fluorescence signals were plotted against time.

Forces were downsampled to 3 Hz for plotting. A worm-like chain (WLC) model

for A dsDNA was used as a reference for force-extension curve comparison. For
reactions containing unlabelled RAD51 and bAF847CDX2AF555 | hEL44A/AFBATC X 2AFSS5
or BAFB4TCEIBIAD X AFSSS force-time curves were used as a proxy for RADS51 filament
assembly.

For apparent nucleation rate analysis, a custom script was used to quantify the AF488 or
AF555 nucleation frequency from the kymographs showing fluorescence intensity increases
with time. To quantify apparent nucleation rates, images were smoothed along the y-axis
using a Savitzky-Golay filter (5 pixel window). A peak detection function was employed on
the processed image along the same axis. The number of detected intensity peaks in each
timeframe were fitted with a single exponential function y = Apax (1-exp(-k*t)), whereby

k is the nucleation rate. Growth and disassembly rates of individual RAD51AF488 filaments
were manually measured, and rates were calculated in Fiji.

For analysis of C-trap SmFRET assays, AF555/AF647 intensities were averaged within a 3
px window along BCDX2/RAD51 binding events within the kymograph. FRET efficiencies
were not calculated due to the presence of multiple fluorophores in RAD51 nuclei and
overall high background for RAD514F555, Instead, AF647 intensity was used as a proxy for
FRET efficiency. To calculate background AF647 fluorescence (AF555 blead-through), we
used AF647 intensity measured for RAD51AF555 clusters in the absence of labelled BCDX2.
In the presence of BAF647CDX2 or BCDX2AF647  AF647-intensities were clearly identified
above background and anti-correlated with AF555 intensity due to FRET.

Hydrogen-deuterium exchange

Resource Q purified BCDX2 was gel filtrated on a Superdex 200 Increase 3.2/300 GL
column (Cytiva) equilibrated in HMT buffer containing 100 mM NaCl on a Micro-kit
equipped AKTA pure. In the BCDX2-ADP vs (BCDX2-ADP.AIFx or BCDX2- ADP.BeF,)
comparative HDX-MS experiment, fractions containing BCDX2 were pooled and mixed
with either ADP (0.5 mM ADP, 10 mM NaF), ADP.AIFx (0.5 mM ADP, 0.5 mM AICls,

10 mM NaF) or ADP.BeFx (0.5 mM ADP, 0.5 mM BeSO,, 10 mM NaF) to achieve a final
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concentration of 5 UM BCDX2. In the BCDX2-ADP.AIFx vs BCDX2-ADP.AIFx-ssDNA
comparative HDX-MS experiment, ADP.AIFx (0.5 mM ADP, 0.5 mM AICl3, 10 mM
NaF) + dN121t (15 yM) ssDNA was added to 5 uM BCDX2. Complexes (5 pL) were
incubated with 40 uL of equivalent (ADP/ADP.AIFX/ADP.BeFx) deuterated (D,0) buffer
and incubated for 3, 30, 300 and 3000 seconds in triplicate. The labelling reaction was
quenched by adding chilled 2.4% (v/v) formic acid in 2 M guanidinium hydrochloride and
immediately frozen in liquid nitrogen. Samples were stored at -80°C prior to analysis.

The quenched protein samples were rapidly thawed and subjected to proteolytic cleavage
by pepsin followed by reversed phase HPLC separation. Briefly, the proteins were passed
through an Enzymate BEH immobilized pepsin column (2.1 x 30 mm, 5 um, Waters) at 200
uL/min for 2 min and the peptides trapped and desalted on a C18 trap column (Acquity
BEH C18 Van-guard pre-column, 1.7 ym, 2.1 x 5 mm, Waters). Trapped peptides were
subsequently eluted over 12 min using a 5-36% gradient of acetonitrile in 0.1% (v/v) formic
acid at 40 pL/min. Peptides were separated on a reverse phase column (Acquity UPLC
BEH C18 column 1.7 um, 100 mm x 1 mm (Waters), and detected on a SYNAPT G2-Si
HDMS mass spectrometer (Waters) acquiring over a m/z of 300 to 2000, with the standard
electrospray ionization (ESI) source and lock mass calibration using [Glul]-fibrino peptide
B (50 fmol/uL). The mass spectrometer was operated at a source temperature of 80°C and

a spray voltage of 3.0 kV. Spectra were collected in positive ion mode using MassLynx
software.

Peptide identification was performed by MS® using an identical gradient of increasing
acetonitrile in 0.1% v/v formic acid over 12 min®8. The resulting MS€ data were analysed
using Protein Lynx Global Server software (Waters, UK) with an MS tolerance of 5 ppm.

Mass analysis of the peptide centroids was performed using DynamX software (\Waters).
Only peptides with a score >6.4 were considered. The first round of analysis and
identification was performed automatically by the DynamX software; however, all peptides
(deuterated and non-deuterated) were manually verified at every time point for the correct
charge state, presence of overlapping peptides, and correct retention time. Deuterium
incorporation was not corrected for back-exchange and represents relative, rather than
absolute changes in deuterium levels. Changes in H/D amide exchange in any peptide may
be due to a single amide or several amides within that peptide. All time points in this

study were prepared at the same time and individual time points were acquired on the mass
spectrometer on the same day.

Bioinformatic analysis and molecular modelling

To highlight the conservation of catalytic glutamates and lysine fingers within the RAD51
paralog family, the amino acid sequences of human RAD51, RAD51B, RAD51C, RAD51D
and XRCC2 were aligned using ClustalOmega®® and exported using ESPript3¢°. To
highlight the conversation of putative arginine sSDNA binding residues, the human, chimp,
mouse, rat, dog, zebrafish and chicken sequences for RAD51B, RAD51C, RAD51D and
XRCC2 were aligned using ClustalOmega and exported using ESPript3.
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All clinical VUS were extracted from Clinvar on 18/1/2023. To assess clinical VUS

for effect on protein stability and folding, we extracted each subunit from the BCDX2-
ADP.AIFX structure and /n silico screened all missense mutations using PremPS61, We
conservatively took only the highest-scoring hits (AAG = 2 kcal mol1) and plotted them

on structures of RAD51B, RAD51C, RAD51D and XRCC2. To assess protein-protein

and protein-nucleotide interactions, we extracted hydrogen and ionic bonds within BCDX2-
AIFx using the PDBSum server52 and plot them as a 2D interaction diagram. Non-bonded
contacts for protein-protein interactions were not investigated. Supplementary Table 1 shows
stratification of ClinVar VUS.

The atomic model of BCDX2 in the presence of ADP.AIFx was modified with
MODELLER®3 to add missing residues and loops, which were used for depicting exposed/
protected regions in HDX-MS experiments. BCDX2 structure was modelled using a
locally installed version of AlphaFold2%4. Matchmaker in ChimeraX®° was used to align
RAD51BCTD of the AlphaFold model to RAD51-1 (PDB = 5H1B). A nucleotide triplet
was manually appended to the 5’ end of ssDNA in the RAD51 pdb file to model RAD51C-
ssDNA interactions.

NS-EM sample preparation and data acquisition

The effect of BCDX2 on RAD51 filament formation was analysed as follows: Linear
ssDNAs®8 (4.5 uM, nucleotide concentration, 831 nt in length) were incubated with RAD51
(500 nM), + BCDX2 (20 nM) in HMT buffer containing 100 mM NaCl and 1 mM ATP at
37°C for 30 minutes.

Samples containing BCDX2 in the presence of different nucleotides were prepared as
follows. Resource Q purified BCDX2 was gel filtered on a Superdex 200 Increase 10/300
GL column (Cytiva) equilibrated in HMT buffer containing 100 mM NaCl on an AKTA
pure. BCDX2 was diluted to 20 ng/uL in the presence of 1 mM ATP, 1 mM ADP or 1 mM
ADP.BeFx (1 mM ADP, 1 mM BeSO4, 10 mM NaF).

Samples containing BNTPCDX2 were generated by diluting purified protein directly to 15
ng/uL into HMT buffer containing 100 MM NaCl and 1 mM ADP.BeFx.

Samples for NS-EM single particle analysis (SPA) of chymotrypsin-treated BCDX2 were
diluted to 15 ng/uL in HMT buffer containing 0.5 mM ADP.BeFx.

Samples (4 uL) were then applied for 1 min to glow discharged (25 mA, 30 seconds)
400-mesh carbon-coated copper grids (EM Resolutions). The grids were sequentially stained
in four separate 35 pL droplets of 2% (v/v) uranyl acetate for 5, 10, 15 and 20 seconds.
Excess uranyl acetate was blotted away from the grid using Whatmann paper, allowed to air
dry and stored before imaging.

Grids containing RAD51 filaments were imaged on a JEOL tungsten 1400FLASH TEM
operating at 120 kV. A 2K Matataki Flash sSCMOS camera was used to collect micrographs
at a nominal magnification of 30,000X (5.85 A pixel size). 631 micrographs were
automatically acquired for each condition using SerialEM.
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All other samples were imaged on a Tecnai LaBg G2 Spirit TEM operating at 120 kV.

A 2K Gatan Ultrascan 100 camera operated with Digital Micrograph was used to collect
micrographs of BCDX2, BNTPCDX2 and chymotrypsin treated BCDX2 at a nominal
magnification of 42,000X (2.4 A pixel size). Micrographs were manually acquired with
defocus values ranging from -0.8 to -1.5 um.

NS-EM data analysis

Fully automated scripts were written and performed in ImageJ to allow high throughput
analyses of RADS51 filaments and lengths. A difference of Gaussians filter was applied
to micrographs to enhance the contrast of RAD51 filaments, and curvilinear line analysis
performed to automatically detect filaments and measure their lengths. Filaments were
written out in a binary jpeg file and used to confirm suitable detection of filaments. In
parallel, a trained crYOLO model was used to detect segments of RAD51 filaments, to
provide another unbiased method to quantify RAD51 filament stimulation®”. Statistical
analyses and figure plotting were performed using GraphPad Prism 9.

For NS-EM SPA, micrographs were imported into Relion 3.1 or 4.00, CTF parameters
were calculated using CTFFIND4 and particles picked using a trained crYOLO87 or Topaz%®
model. Particles were extracted and iteratively 2D classified (ignore CTF to first peak =

yes, limit resolution E-step = 20 A, additional arguments = --only-flip-phases, mask = 180
A). The mobility of the RAD51BCTP relative to BNTPCDX2 was monitored by manually
aligning side orientations of 2D classes in Adobe Photoshop.

Cryo-EM sample preparation and data acquisition

For the BCDX2-ADP.BeFy sample, Resource Q purified BCDX2 was gel filtered using

a Superdex 200 Increase 3.2/300 column (Cytiva) equilibrated in HMT buffer containing
100 mM NaCl on a Micro-kit equipped AKTA pure. Fractions containing BCDX2 were
incubated for 5 min at RT with 0.5 mM ADP.BeFy (0.5 mM ADP, 0.5 mM BeSOg4 and 10
mM NaF) and crosslinked with 0.005% glutaraldehyde for 30 min at RT in the presence

of 0.0005% Tween20. The sample was quenched with 50 mM Tris-HCI pH 7.5 for 15 min
at room temperature. The final sample was 0.25 mg/mL (1.7 pM). An aliquot (4 pL) was
applied to glow discharged (Quorum Emitech K100X, 25 mA, 60 seconds) UltrAuFoil R2/2
Au200 grids, incubated for 5 s, double sided blotted for 2 s and plunge frozen in liquid
ethane using a Vitrobot (4°C, 95% humidity). The cryo-EM dataset was collected on a FEI
Titan Krios microscope operating at 300 kV, using a K2 summit direct electron detector
camera (Gatan) operating with 1.08 A per pixel and 6 electrons per pixel per second. Movies
were collected using EPU (ThermoFisher), each approximately 9 seconds, dose-fractioned
into 30 frames and containing a total dose of 47 electrons per A2. 12,555 movies were
collected with zero tilt, and a further 11,894 movies with a 20° tilt.

BCDX2-ADP.AIFx-ssDNA complexes were prepared as follows. An equal volume of
Resource Q purified BCDX2, stored in HGMT buffer with 300 mM NaCl, was diluted
with HGMT buffer such that the final concentration of NaCl reached 150 mM. 0.5 mM
ADP.AIFx (0.5 mM ADP, 0.5 mM AICl3 and 10 mM NaF) was added and incubated

for 5 min. Subsequently, a 4.5-fold molar excess of FAM-dN12"t ssDNA was mixed with
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the sample for 10 min, followed by 10 min crosslinking with 0.005% glutaraldehyde at
RT. The sample was quenched by the addition of 50 mM Tris-HCI pH 7.5. The sample
was gel filtered using a Superdex 200 Increase 3.2/300 column (Cytiva) equilibrated in
HMT buffer containing 100 mM NaCl and 0.5 mM ADP.AIFx on a Micro-kit equipped
AKTA pure. UV monitoring at 280 nm and 495 nm allowed simultaneous detection of
protein and FAM-dN12"t, Concentrations of protein-DNA complexes were measured using
Bradford reagent and diluted to 0.25 mg/mL (1.7 uM) with final detergent concentrations
of 0.00075% Tween-20 and 0.075 mM CHAPSO. A sample (4 uL) was applied to glow
discharged (Quorum Emitech K100X, 45 mA, 60 seconds) UltrAuFoil R2/2 Au200 grids,
incubated for 5 s, double side blotted for 2 s and plunge frozen in liquid ethane using a
Vitrobot (4°C, 95% humidity). The cryo-EM dataset was collected on a FEI Titan Krios
microscope operating at 300 kV, using a K3 summit direct electron detector camera (Gatan)
operating in correlated-double sampling mode with 0.85 A per pixel and 14 electrons per
pixel per second. Movies were collected using EPU (ThermoFisher), each approximately
2.78 seconds, dose-fractioned into 50 frames and containing a total dose of 53.2 electrons
per A2, A total of 35,305 movies were collected with no tilt.

Cryo-EM data analysis

All single particle analyses were performed within Relion 4.070. The movies were corrected
for drift and dose-weighted using MOTIONCOR272, and subsequent contrast transfer (CTF)
parameters were measured using CTFFIND4%8, For the BCDX2-ADP.BeFx dataset, the
dAst (amount of astigmatism) value for CTFFIND4 was set to 100 and 1000 A for the
non-tilted and tilted data collection, respectively. Particles were picked automatically using
Topaz®® from the non-tilt dataset, extracted (FOM = -1), yielding 4,603,811 particles that
were iteratively 2D and 3D classified, leading to an initial 3D model. Particles across both
the tilted and non-tilted datasets were picked with Topaz and extracted (FOM =1, 2.16
Alpx, binning = 2, box size = 128 A2), resulting in a total of 4,528,940 particles. The

initial 3D model was low pass filtered to 50 A and used as an initial model for direct 3D
classification (10 classes, 150 A mask diameter, T = 6). Promising 3D classes were selected,
and further 3D classified (both unmasked with alignment followed by masked without
alignment). The resulting 375,855 particles were refined using a reference mask, leading to a
resolution of 4.4 A. These particles were unbinned (box size = 256 A), further 3D classified
(without alignment) and refined, leading to a resolution of 4.1 A. Bayesian polishing was
performed with optimised parameters for the non-tilted and titled datasets, followed by CTF
refinement (with corrective fitting for defocus and astigmatism). The particles were refined,
again with a reference mask, leading to a resolution of 3.7 A. A final 3D classification
without alignment and with a reference mask (2 classes, mask diameter = 220 A, T = 10)
and subsequent refinement resolved a 3.6 A map. Particles were further polished and CTF
parameters refined (CTF parameter fitting, anisotropic magnification, beam tilt and trefoil),
yielding a final resolution (measured at FSC = 0.143)72 equal to 3.4 A.

For the BCDX2-ADP.AIFx-ssDNA dataset, 25,886,382 particles were picked automatically
using a trained model with Topaz, extracted using a figure of merit (FOM) threshold

equal to 1 and a box size of 100 AZ (3.06 A/px, 3.6-fold down-sampled). Two rounds

of 2D classification were performed, yielding 7,376,996 particles. The map of BCDX2-
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ADP.BeFx generated from the previous data set, low pass filtered to 40 A, was used as

an initial model for 3D classification (3 classes, 180 A mask, T=4). 3,934,738 particles
were re-extracted (1.275 A/px, 1.5-fold) and refined, leading to resolutions between 2.8

- 2.9 A across three subsets. To achieve the consensus refinement (BCDX2-ADP.AIFXx),
particles were polished (and re-extracted, 1.02 A/px, 1.2-fold), refined, masked and 3D
classified without particle alignment (3 classes, 240 A mask, T=20). The three classes

were refined, yielding resolutions equal to 2.4 A (1,371,033 particles), 3.2 A (1,465,570
particles) and 3.0 A (1,098,043 particles). CTF values for the particles yielding the 2.4

A density were refined (per particle refinement, beam tilt, trefoil, 41 order aberrations),

and particles further polished (re-extract, 0.95625 A/px) and refined leading to a masked
resolution equal to 2.2 A. Further classification yielded no improvements in resolution or
separation of heterogeneity. Attempts to resolve the RAD51BCTP by using a de novoinitial
model early in classification (i.e., not the BCDX2-ADP.BeFx structure), or by focussed
classification of empty space where RAD51BCTD is expected, yielded no extra density.
RAD51BCTD js likely not observed due to high flexibility and a relatively low affinity to
RAD51CCTD, To achieve the BCDX2-ADP.AIFx-ssDNA refinement, a mask was generated
around the L1 and L2 DNA binding loops of RAD51C, RAD51D and XRCC2 using

UCSF ChimeraX®9, and used to subtract density from 3,934,738 particles. Particles were
3D classified (30 classes, 80 A mask, T=10), and each 3D class reverted to the original
particles for refinement. Refinements were manually inspected, and maps of interest further
CTF refined and polished. Only one class contained density for ssSDNA, which resolved to a
final resolution equal to 2.9 A. Due to high variability in local resolution, the refinement was
post-processed with DeepEMhancer?3.

Atomic model building

All model building was achieved using Phenix’4, ISOLDE and COOT’>. The sharpened
BCDX2-ADP.BeFx 3.4 A map was imported into Phenix, alongside the AlphaFold64
predictions of RAD51B, RAD51C, RAD51D and XRCC2. Dock and rebuild was used
within Phenix to place the four proteins into the cryo-EM density. Once in the correct
position, ATP and ADP with their coordinating magnesium ions were manually fit

into density within the active site of each subunit in COOT. The atomic model was
iteratively real space refined in Phenix and manually modified in COOT. The resulting
BCDX2-ADP.BeFx model was used as an initial model for building into the 2.2 A BCDX2-
ADP.AIFx map, which was iteratively real space refined in Phenix and manually modified in
COOT. The 2.2 A BCDX2-ADP.AIFx density was doused with water using Phenix, which
were manually inspected and verified in COOT. All figures containing atomic structures
were generated using ChimeraX®°.

Statistics and reproducibility

Statistical analyses were performed using GraphPad Prism 9. Normally distributed data
were compared using two-tailed unpaired t-tests whereas non-normally distributed data
were compared using two-tailed Mann-Whitney u-tests. Differences were considered
statistically significant when p<0.05. Reported n values refer to independent experiments
for fluorescence anisotropy, ATPase, HPLC and bulk FRET ssDNA binding assays. For
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NS-EM analyses, n values refer to number of micrographs. For single molecule analyses, n
values refer to either the number of ssSDNA molecules or fluorescent proteins/clusters.

Extended Data
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Extended Data Fig. 1. Single particle analysis pipeline of BCDX2-ADP.AIFx and BCDX2-
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Summary of the data processing strategies, including intermediate 2D and 3D class
averages, which yield the final reconstructions of BCDX2-ADP.AIFx (2.2 A) and BCDX2-
ADP.AIFx-ssDNA (2.9 A).
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Extended Data Fig. 2. Single particle analysis pipeline of BCDX2-ADP.BeFx.
Summary of the data processing strategy, including intermediate 2D and 3D class averages,

which yields the final reconstruction of BCDX2-ADP.BeFx (3.4 A)
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resolution.
a, Angular distribution plots. b, Fourier Shell Correlation (FSC) plots. ¢, Map vs model

FSCs. d, Local resolution estimates for BCDX2-ADP.AIFx (2.2 A), BCDX2- ADP.AIFx
(2.9 A) and BCDX2-ADP.BeFx (3.4 A).
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Extended Data Fig. 4. Structural and biochemical analyses of BCDX2.
a, SDS-PAGE of BCDX2 and BNTPCDX2. b, Front (left) and back (right) views of

BCDX2-ADP.BeFx cryo-EM map (3.4 A) and atomic model. ¢, and d, NS-EM 2D class
averages of BCDX2 showing movement of the mobile domain in the presence of ATP or
ADP, respectively. e, Limited proteolysis of BCDX2. SDS-PAGE gel and immunoblots of
Superdex 200 3.2/300 fractions for untreated and chymotrypsin treated BCDX2. For gel and
immunoblot source data, see Supplementary Figure 1.
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Extended Data Fig. 5. Coupling of RAD51B and RAD51C AT Pases.
a, b and ¢, Atomic models from the BCDX2-ADP.BeFx structure (3.4 A) showing the

binding of ATP by XRCC2, ATP by RAD51D and ADP by RAD51C, respectively. The
Walker A lysine and threonine, Walker B aspartate, catalytic glutamate and the lysine

finger from the adjacent subunit are indicated. Density of the nucleotide is shown as

black mesh. Green spheres = Mg?* ions. d, Sequence alignment of the RAD51, RAD51B,
RADS51C, RAD51D and XRCC2 protein sequences. Highlighted in red are conserved
catalytic glutamate residues (RAD51, RAD51B and RAD51C) and in cyan are lysine fingers
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(RAD51B, RAD51C, RAD51D and XRCC2). e, SDS-PAGE of the mutant proteins used in
Figure 4. For gel source data, see Supplementary Figure 1. f, HPLC chromatograms (left)

of standards (standardised to 2 uM ATP, ADP, ATPyS) and BCDX2/BCTP (standardised to

1 uM BCDX2). Bar chart (mean + s.d.) of bound nucleotides (right). All are n=3 except wt
and BK14ACDX2 which is n=7 and n=4 respectively. n values are independent experiments.
Unpaired two-tailed t-test. g, Bar chart (mean + s.d.) of ATP hydrolysis rate. All are

n=3 except wt which is n=6. n values are independent experiments. Unpaired two-tailed
t-test. h and i, Difference plots between BCDX2-ADP.AlFx and BCDX2-ADP, and BCDX2-
ADP.BeFx and BCDX2-ADP, respectively, showing the level of deuterium uptake after 3
(orange), 30 (red), 300 (blue) and 3000 (black) seconds. Positive values = exposure; negative
values = protection. RAD51B: 116 peptides, 91.1% coverage, 3.36 redundancy. RAD51C:
134 peptides, 88% coverage, 4.11 redundancy. RAD51D: 99 peptides, 93.0% coverage, 3.5
redundancy. XRCC2: 76 peptides, 93.6% coverage, 2.67 redundancy.
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Extended Data Fig. 6. ATP hydrolysisby BCDX2 stimulates RAD51 filament assembly.
a, Representative NS-EM micrographs of RAD51 filaments in the absence and presence

of BCDX2, showing filaments detected by curvilinear line analysis and crYOLO particle
picking. Scale bar = 100 nm. b, Scatter plot (mean + s.d.) of number of crYOLO picked
particles per micrograph (n=631 micrographs). Unpaired two-tailed t-test. ¢, Force measured
between the traps as a function of time in the absence (n=6) and presence (n=7) of BCDX2.
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Shaded area represents SEM. d, Representative kymographs and time-binned intensity
histograms verses genomic position on RPAMStrawberry coated A ssDNA for RAD51AF488
signal (blue) in the absence or presence of BCDX2. Each line represents 1 min timepoint.
Nucleation rate was calculated for each time frame of the smoothed kymograph by detecting
peaks in the AF488 intensity profile. e, Kymographs of RAD51 filament growth (by
movement of ssDNA into protein + ATP channel) and subsequent disassembly (movement
into buffer only channel containing no ATP). Growth and disassembly rates were measured
as a slope of the border of the RAD51AF488 sjgnal. f, Scatter plot (median and IQR) of
RADS51 disassembly rates in the absence (n=47 filaments) and presence (n=50 filaments) of
BCDX2. Two-sided Mann-Whitney test. g, Force measured between the traps as a function
of time absence (n=6) or presence of BCDX2 (n=6), BE44ACDX2 (n=6), BCF161ACDX2
(n=7) and BEI44ACEIBIACDX2 (n=6). n values are independent experiments. Shaded area
represents SEM.
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Extended Data Fig. 7. ATP hydrolysisisrequired for ssDNA binding.
a, Changes in fluorescence anisotropy upon binding of WT BCDX2 to FAM-dN15Mt ssDNA

in the presence of ATPyS (n=3, magenta), AMP-PNP (n=3, turquoise), ADP.BeFx (n=3,
navy) and ADP.Vanadate (n=3, brown). Lines denote quadratic curve fits. Each point
and error bar denotes mean + s.d. n values are independent experiments. b, Calculated
ssDNA binding affinity constants (centre = Kp values, error bars = 95% CI lower and
upper limits) of wild-type BCDX2 in the presence of ATP, ADP, ADP.AIFX, ATPyS,
AMP-PNP, ADP.BeFx and ADP.Vanadate. X axis = logyq scale. ¢, SDS-PAGE of dual
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labelled BCDX2, BEM4ACDX2 and BCFI61ADX2. Left = Coomassie stain. Right = AF555
and AF647 fluorescence. For gel source data, see Supplementary Figure 1. d, Bar chart
(mean + s.d.) of binding frequencies of BCDX2, BEM44ACDX2 and BCF61ADX2 to
ssDNA in the absence (n=3, n=5, n=5 independent experiments, respectively) or presence
(n=4, n=5, n=5 independent experiments, respectively) of RAD51 in the first 30 second
window. Unpaired two-tailed t-test. e and f, Normalized fluorescence intensity for AF555
signal for fluorescently labelled BCDX2, BE144ACDX2 or BCEL61ADX2 over time in the
absence (n=3, n=4, n=4 independent experiments, respectively) or presence (n=4, n=5,

n=5 independent experiments, respectively) of unlabelled RAD51. Shaded area represents
SEM. g, Force measured between the traps as a function of time of RAD51 in the

absence (n=5) and presence of fluorescently labelled BCDX2 (n=7), BE1*4ACDX2 (n=6) or
BCEI6IADX2 (n=5). n values are independent experiments. Shaded area represents SEM. h,
Kymographs of RAD51AF355/BCDX2AF647 FRET. 1 = FRET between RAD51 and BCDX2.
2 = BCDX2 dissociates or RAD51 hinding. 3 = RAD51 dissociates. i, Scatter plot of
AF647 intensity values for RAD51 alone (bleed-through) (n=39), BAF647CDX2 (n=48) and
BCDX2YPbr-AF647 (n=61). Median + IQR. Two-sided Mann-Whitney statistical test.
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Extended Data Fig. 8. Mechanism of ssDNA binding by BCDX2
a, Cryo-EM model of BCDX2 bound to ssDNA. Unmodelled density of sSDNA is labelled

(red) and an additional density, thought to be due to a protein conformation change, is
indicated (blue). b, Difference plot between BCDX2-ADP.AlFx and BCDX2-ADP.AIFx-
ssDNA showing level of deuterium uptake after 3 (orange), 30 (red), 300 (blue) and 3000
(black) seconds. Positive values = exposure (red); negative values = protection (blue). Purple
text = L1 loops. Orange text = L2 loops. RAD51B: 110 peptides, 97.7% coverage, 3.38
redundancy. RAD51C: 113 peptides, 98.1% coverage, 3.32 redundancy. RAD51D: 108
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peptides, 98.5% coverage, 3.88 redundancy. XRCC2: 89 peptides, 97.9% coverage, 3.27
redundancy. ¢, Conservation of putative sSDNA binding arginine residues in the L1 loops
of RAD51B, RAD51C, RAD51D and XRCC2. d, SDS-PAGE of mutant BCDX2 mutant
proteins. For gel source data, see Supplementary Figure 1. Fluorescence anisotropy sSSDNA
binding curves in the absence of ATP (blue) or ADP (red) for e, BRZI7ACDX2 (n=3)

and BRZ31ACDX2 (n=3), f, BCRZ8ADX2 (n=3) and BCRZ8HDX2 (n=3), g, BCDR221AX2
(n=3), and h, BCDX2R159A (n=3). n values are independent experiments. Lines denote
quadratic curve fits. Each point and error bar denotes mean + s.d. i, Calculated ssSDNA
binding affinity constants (centre = K values, error bars = 95% CI lower and upper

limits) of BCDX2 arginine mutants. X axis = logg scale. j, Bar chart (mean + s.d.) of

ATP hydrolysis rate. Unpaired two-tailed t-test. All n=3, except wt which is n=6. n values
represent independent experiments. k, Correlation of sSSDNA binding affinity (errors = 95%
Cl) against fold increase in ssSDNA ATPase stimulation (mean + s.d.). Curve fitting by
exponential decay curve. |, Bar chart (mean + s.d.) of FRET fluorescence ratio (1a/lp)
between 5"-Cy3-dN15nt or dN15M.Cy3-3” and BCDX2, BAF647CDX2 and BCDX2AF647 Al
n=3 independent experiments. Two tailed unpaired t-test.
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RAD51
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Extended Data Fig. 9. Interplay between BCDX2 and RAD51 filaments.
a, RAD51 B binds to ssDNA and RAD51. b, Structure of the RAD51 filament (PDB =

5H1B) bound to ssSDNA (left). Modelling of RAD51BCTP on RAD51-1 (rmsd = 1.024

A) (right). Zoomed view (upper panels) showing engagement of RAD51R229/R241 g
RAD51BR217/R231 wjith ssDNA. ¢, RAD51B interacts RAD51C during ATP hydrolysis,
promoting high affinity sSDNA binding by the BCDX2 complex. d, Structural modelling of
RAD51C binding a triplet of nucleotides in both RAD51C ground and active intermediate
conformations.
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Extended Data Table 1
Cryo-EM data collection, refinement and validation

statistics

Page 32

BCDX2-ADPAIFX
(EMDB-17206) (PDB
80U2Z)

BCDX2-

ADPAIFx-ssDNA

(EMDB-17207)

BCDX2-ADP.BeFx
(EMDB-17205) (PDB
80UY)

Data collection and processing

Magnification

Woltage (kV)

Electron exposure (e~/A2)
Defocus range (um)

Pixel size (A)

Symmetry imposed

Initial particle images (no.)
Final particle images (no.)
Map resolution (A)

FSC threshold

Map resolution range (A)
Refinement

Initial model (PDB code)
Model resolution (A)

FSC threshold

Map sharpening B factor (A2)
Model composition
Non-hydrogen atoms
Protein residues

Ligands

Bfactors (A2)
Protein

Ligand

R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Validation
MolProbity score
Clashscore

Poor rotamers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

105,000
300

53.2

-0.75 - -2.25
0.85

C1
25,886,382
1,371,033
2.2

0.143
2.2-33

80ouUY
2.3
0.5

7449
924
MG: 3
ADP: 1
ATP: 2

48.93
37.33 (water = 42.58)

0.003
0.561 (0)

1.44
4.35
0.00

96.58
3.42
0.00

105,000
300

53.2

-0.75 - -2.25
0.85

C1
25,886,382
241,626
29

0.143
2.8-6.3

130,000
300

47
-1.5--35
1.08

C1
4,528,940
87,572
3.4

0.143
3.4-5.2

AlphaFold
35

0.5
-104.921

7312
925
MG :3
ADP:1
ATP: 2

54.18
49.77

0.02
0.522 (1)

1.55
4.62
0.00

95.48
452
0.00
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Fig. 1. Cryo-EM structure of BCDX2.
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a, Domain architectures of RAD51, RAD51B, RAD51C, RAD51D and XRCC2 protein
subunits. NTD = N-terminal domain. b, Front and back views of the cryo-EM map (2.2
A) and atomic model of BCDX2 in the presence of ADP.AIFx. ¢, Representative NS-EM
2D class averages of BCDX2 showing a mobile domain relative to the structural core.

d, Representative 2D class average of chymotrypsin treated BCDX2. e, Recombinant

BNTDCDX2 deleted for the RAD51BCTP.
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Fig. 2. Structural comparison between BCDX2 and RADS51 filaments.
a, Zoomed view of three RAD51 protomers (RAD51-1, RAD51-2, RAD51-3) (PDB:5H1B)

aligned relative to RAD51BNTP-RAD51C-RAD51D-XRCC2. b, Comparison of the NTD-
linker-a5 in RAD51-2 and RAD51D. c, Top views of the C-terminal RecA-like folds of
three RAD51 protomers and RAD51C-RAD51D-XRCC2 subunits. The 25.2° anticlockwise
rotation of RAD51C relative to RAD51-1 is indicated.

Nature. Author manuscript; available in PMC 2023 July 20.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Greenhough et al.

a L38P 1506/R

& ¢ %ﬁ

RAD51B  RAD51C

Q28 —D253 D253
Y46 —P18 P1 SS/QIR/L
065 B Y.
AB7 — |208 I208V/S
Y68C | Y68 —

K71—D202

RAD51B  RAD51D
No H-bonding/
salt bridges

RAD51B  XRCC2

RADS1C  RAD51D
R24G/W/L/IQ R24 — E222
K84M/R/N. K84 — H171 H171Y
C85— V169 Vv169m
A87S/T/E A87X L164 L164P/V
L8gv L88 ™ I167 I[167F
Q267HQ267<< 8134 S137F/A
P330S/R/L P330— Q115 Q115H/L/R

R24G/WIL/IQ R24 — E222
E40K/G/S E40—R5  R5S/K/W

RAD51C ~ XRCC2
R24G/W/L/IQ R24— N1261 N161S

Page 39

RAD51B

RAD51D  XRCC2

SSZW/L/P S62 — S132

66L/M V66— L117

NOTRISD Ner— G113

G68S _G68—F115
R232L/P/Q/G R232=T83 T83K/I
R239Q/G/WIL/P R239— Y85 Y855

S267F/Y S267 — W156

g S

R300Q/L R300— D88 D88y

K235M/N K235— D84 D84N
R300Q/L R300— D88 D88y

No Il-l lt))ocr’ldmg/ Q33H Q33— T H-bond lonic
salt bridges No salt bridges
c \ RAD51D XRCC2
161 (catalytic)
E161Q/V/D K54 E%)QZ?
£y
T132P//R  G128RIDIA N E50
{~ K131Q/I D206, GEI:51E/R
D242YNNIG ™. D206H/V H" T52
o * G130RIA T52K
. G53
Q13: { T11aPn ; G53A
Q133K/ER P127S/TIR Q115+ E&Z
V129 Q115HL/IR R91
16 h‘} {V129I/A R145 Rm(‘;’S/W - 83%%
R168G R156H/C/L E334K P30{2}L?
34- Sy o R300~ ¢ {7303
O S329L . {7311 N
929 M ¢ 5 5| R300Q/L
1341V } RS 331y 72000 j g’w T303A/R/I
PSSOS(I?:{IT“; e m/ " E274 1272

www non-bond contact

E274D/AIG

S331N/I/IR Q332K K333E/R/N

Fig. 3. Structural insightsinto RAD51B, RAD51C, RAD51D and XRCC2 VUS.
Missense VUS mutations in the ClinVar database were extracted for RAD51B (21),

RAD51C (811), RAD51D (689) and XRCC2 (283). a, /n silico prediction of missense
mutations which affect monomer stability of RAD51B, RAD51C, RAD51D or XRCC2. b,
Hydrogen and ionic bonds between RAD51 paralogs, and associated VUS. ¢, Interaction
diagram of hydrogen bonds and non-bonded contacts in the nucleotide binding sites of
RAD51C, RAD51D and XRCC2. Density of the nucleotides and Mg2* is shown as black
mesh. Stratification of ClinVar mutations highlighted in Supplementary Table 1.
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Fig. 4. Coupled AT Pase activities of RAD51B and RAD51C.
a, b, and ¢, Atomic models from the BCDX2-ADP.AIFx structure (2.2 A) showing the

binding of ATP by XRCC2 and RAD51D, and ADP by RAD51C. The Walker A lysine

and threonine, Walker B aspartate, Mg2* cations (magenta spheres) and water molecules
(red dots) are indicated. Lysine fingers RAD51DK297 and RAD51CK308 that coordinate the
XRCC2 and RAD51D active sites (respectively) and the catalytic glutamate RAD51CE161
are shown. Density of the nucleotide is shown as black mesh. d, Quantification of
nucleotides bound by BCDX2 (n=7) and BX114ACDX2 (n=4) as measured by HPLC
analysis. Mean + s.d. e, Quantification of nucleotides bound by BCDX2 following exchange
with no nucleotide (n=7), ADP (n=3), ATP yS (n=3), or ATP (n=3). ATP (+5 hr) are repeat
measurements of the ATP sample after 5 hours at room temperature (n=3). -Mg?* is BCDX2
in the absence of magnesium cations (n=3). Mean + s.d. n values represent independent
experiments. f, Quantification of ATPase activity (left) and nucleotides bound (right) for
BCDX2 (ATPase: n=6; bound nucleotides = n=7), BE144ACDX2 (n=3), BCF161ADX?2
(n=3), BE#4ACEIBIAD X2 (n=3), BK324ACDX2 (n=3) and BCDX2X261A (n=3). Mean

+ s.d. n values represent independent experiments. g, Comparative HDX-MS analysis

of BCDX2-ADP.AIFx vs BCDX2-ADP. Regions of exposure during AlFx release are
indicated (red). Hybrid model contains cryo-EM determined atomic model of BNTPCDX2
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with missing loops modelled, together with the AlphaFold2-predicted monomer model of
RAD51BCTD, The catalytic glutamate residues RAD51BE144 and RAD51CE162 and lysine
fingers RAD51BK324 and XRCC2K261 are highlighted. h, As (g) but mapped onto the
AlphaFold2 multimer model of BCDX2. i, Extension of the RAD51CL helix and rotation
of RAD51CR2%8 during RAD51C ATP hydrolysis and RAD51B binding. All statistics
associated with this figure are found in Extended Data Fig. 5.
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Fig. 5. ATP hydrolysisby BCDX2 isrequired for RAD51 filament growth.
a, Representative NS-EM micrographs of RAD51 filaments formed in the absence or

presence of BCDX2. Scale bar = 100 nm. b, Box plot (median, IQR, whiskers =5 and
95 percentile) of RAD5S1 filament lengths formed in the absence (n=15,537 filaments)
or presence (n=33,436 filaments) of BCDX2. Two-sided Mann-Whitney statistical test.
c, Scatter plot (mean + s.d.) of RAD51 filaments per micrographs (n=631 micrographs)
in the absence or presence of BCDX2. Unpaired two-tailed t- test. d, Kymographs
showing the displacement of RPAMStrawberry hy RAD51AF488 jn the absence or presence
of BCDX2. A schematic of the C-trap experimental set up with fluorescently labelled
proteins is shown. e, Normalized fluorescence intensity for RAD514F488 signal over time
in the absence (n=5) and presence (n=6) of BCDX2. Shaded area represents SEM. Line
represents exponential fit. n values represent independent experiments. f, Scatter plot
(mean and s.d.) of apparent nucleation rates in the absence (n=5) or presence (n=6) of
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BCDX2. n values represent independent experiments. Unpaired two-tailed t-test. g, Scatter
plot (median and IQR) of RAD51 filament growth and disassembly rates in the absence
(n=65 filaments) and presence (n=64 filaments) of BCDX2. Two-sided Mann-Whitney

test. h, Kymographs showing the displacement of RPAMStrawberry py, RAD51AF488 i the
absence or presence of BCDX2, BE44ACDX2, BCEI61ACDX2 and BEI44ACEISIACD X2,

i, Normalized fluorescence intensity for RAD51AF488 signal over time in the absence

(n=6) or presence of BCDX2 (n=6), BE*4ACDX2 (n=6), BCE161ACDX2 (n=7) and
BEI44ACEIBIACDX?2 (n=6). Shaded areas represent SEM. Lines represent exponential fits. n
values represent independent experiments.
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Fig. 6. Interaction of BCDX2 with ssDNA and RAD51.
a, Changes in fluorescence anisotropy upon binding of wild-type BCDX2 to FAM-dN15nt

sSDNA in the presence of ATP (n=17, blue), ADP.AIFx (n=3, purple) or ADP (n=12, red),
and to FAM-dN30PP dsDNA (n=3, orange). Lines denote quadratic curve fits. Each point

and error bar denotes mean + s.d. b, As a, but including binding of BE44ACDX2 (n=3,
turquoise), BCE161ADX2 (n=3, magenta) and BEL44ACEL6IADX 2 (n=3, brown) to FAM-
dN15 in the presence of ATP. n values are independent experiments. ¢, Calculated ssSDNA
binding affinity constants from curves in panels a and b (centre = Kp values, error bars =
95% CI lower and upper limits). X axis = logyg scale. d and e, Kymographs showing binding
of dual-labelled AF555/AF647 BCDX2, BEIM4ACDX2, and BCEI61ADX2 to A ssDNA in
the absence or presence of unlabelled RAD51. f, Kymographs showing FRET between
RAD51AF555 and BAFB4/CDX2. 1 = FRET between RAD51 and BCDX2. 2 = BCDX2
dissociates. 3 = RAD51 dissociates. g, Fluorescence intensity profile showing anti-correlated
emission for AF555 and AF647. h, Comparative HDX-MS analysis of BCDX2-ADP.AIFx-
ssDNA vs BCDX2- ADP.AIFx. Regions protected from deuterium uptake after 300 secs are
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indicated (blue). The L1 and L2 loops of RAD51B, RAD51C, RAD51D and XRCC2 and
putative arginine residues that engage ssDNA are shown. Italicised are VUS, underlined are
confirmed pathogenic mutations. Dashed orange line represents the putative path of sSDNA.
i, Changes in fluorescence anisotropy upon binding of BCDX2, or the indicated mutants,

to FAM-dN1°Mt ssDNA in the presence of ATP (all n=3, except wt n=17, n values are
independent experiments). Results for wt originally shown in Fig 6a. Lines denote quadratic
curve fits. Each point and error bar denotes mean + s.d.
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