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Homologous recombination (HR) fulfils a pivotal role in the repair of DNA double-
strand breaks and collapsed replication forks'. HR depends on the products of several
paralogues of RADSI, including the tetrameric complex of RAD51B, RAD51C, RAD51D
and XRCC2 (BCDX2)2 BCDX2 functions as a mediator of nucleoprotein filament
assembly by RADS51 and single-stranded DNA (ssDNA) during HR, but its mechanism
remains undefined. Here we report cryogenic electron microscopy reconstructions
of human BCDX2 in apo and ssDNA-bound states. The structures reveal how the
amino-terminal domains of RAD51B, RAD51C and RADS51D participate in inter-subunit
interactions that underpin complex formation and ssDNA-binding specificity. Single-
molecule DNA curtain analysis yields insights into how BCDX2 enhances RAD51-ssDNA
nucleoprotein filament assembly. Moreover, our cryogenic electron microscopy and

functional analyses explain how RAD51C alterations found in patients with cancer®™®
inactivate DNA binding and the HR mediator activity of BCDX2. Our findings shed
light onthe role of BCDX2in HR and provide a foundation for understanding how
pathogenicalterations in BCDX2 impact genome repair.

Failure to remove DNA lesions induced by environmental and endog-
enous agents can cause cell death or compromise genome integrity to
lead to neoplastic transformation of cells’. DNA double-strand breaks
(DSBs) are among the most deleterious of all such lesions, as a failure
to eliminate them can lead to the types of gross chromosomal rear-
rangement foundin cancer cells®. HR is amajor DSB repair pathway that
involves processing of DSB ends to generate along 3’ ssDNA overhang
that serves as the platform for the assembly of the machinery that
catalysesrepair’. The ssDNA tail is rapidly coated by replication protein
A (RPA), which prevents ssDNA secondary structure formation and spu-
rious DNA degradation. RPAis subsequently replaced by the recombi-
nase RADS51, which assemblesinto a presynaptic nucleoprotein filament
capable of conducting DNA homology search and strand invasion®.
RPA-RADS51 exchange on ssDNA is facilitated by HR mediators>°.

Six paralogues of RAD51 (namely, RAD51B, RAD51C,RADSID, XRCC2,
XRCC3and SWSAPI) existin humans, and they form distinct complexes
that act as mediators of RADS1 presynaptic filament assembly?. On
the basis of sequence analysis and structure prediction, the products
of these paralogues harbour a conserved ATP-binding domain, and with
the exception of XRCC2 and SWSAP], a globular N-terminal domain
(NTD) of unknown function? Three complexes comprising the products
of paralogues of RADS1 have been described: the tetrameric RAD51B-
RADS51C-RAD51D-XRCC2 (BCDX2) complex, the dimeric RAD51C-
XRCC3 (CX3) complex™ and the dimeric SWSAP1-SWS1 complex™.

Elimination of any BCDX2 subunit renders cells hypersensitive to
DNA-damaging agents and reduces DNA-damage-induced RAD51focus
formation>". Mutations in RADS1B, RADS1C and RADSID are found in
patients with cancer® ¢, and mutations in RADS1Cand XRCC2 are associ-
ated with the cancer-prone syndrome Fanconi anaemia™; accordingly,
these genes are also known as FANCO'® and FANCUY, respectively.

Atpresent thereis nostructuralinformation on any of the complexes
comprising the products of paralogues of human RADS51, and how they
promote RADS51 presynaptic filament assembly remains undetermined.
Herein, we present high-resolution cryogenic electron microscopy
(cryo-EM) reconstructions of human BCDX2in apo and ssDNA-bound
states. The structures reveal determinants of complex assembly and
provide insights into the nucleotide dependence and DNA substrate
specificity of BCDX2. Notably, the NTDs of BCDX2 subunits partici-
pate in extensive intermolecular interactions that underpin complex
assembly and confer ssDNA specificity through steric occlusion. Our
reconstructions provide the basis for understanding the structural rel-
evance of alterationsin BCDX2 subunits found in patients with cancer.
Mechanistic insights are derived from biochemical and biophysical
analyses, including single-molecule studies revealing how BCDX2 medi-
ates RPA-RADS51 exchange on ssDNA. Collectively, our studies provide
insights into the HR mediator function of BCDX2 and the molecular
basis by which BCDX2 alterations lead to cancer, and provide the foun-
dation for targeting BCDX2 for therapeutic intervention.
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Fig.1|Cryo-EMstructure ofthe BCDX2 complex. a, Left, cryo-EM maps of the
BCDX2 complexassembled in the presence of AMP-PNP. Individual subunits
arelabelled and colour coded. Two views related by a180° rotation about the
y-axisare presented. Right, schematic representation of the BCDX2 complex.
ADP and AMP-PNP molecules are shown as spheres. b, Left, schematic outlining

Cryo-EM structure of apo BCDX2

To gain insights into the structure and function of BCDX2, we
co-expressed subunits together in insect cells and purified a stoi-
chiometric complex to homogeneity in the presence of ATP and its
cofactor Mg?" (ATP/Mg?"), which are required to maintain complex
stability (Extended Data Fig. 1a). Analysis by mass photometry con-
firmed monodispersity of BCDX2 as a complex of about 150 kDa and,
consistent with previous results”, also revealed dissociation of the
complex on omission of ATP/Mg** (Extended Data Fig. 1b). Unless oth-
erwise noted, all of the assays were carried out with ATP/Mg** whereas
samples subjected to cryo-EM analysis were exchanged into buffer
containing AMP-PNP/Mg**. We collected high-quality cryo-EM datato
generate a three-dimensional map of BCDX2 with anominal resolution
of2.3 A (masked) that provides detailed information regarding complex
architecture and functional insights (Extended Data Figs. 1c and 2a-c
and Extended Data Table 1). We refer to this structure as apo BCDX2
to distinguish it from the ssDNA-bound structure reported later. In
the apo structure, RAD51D interacts on either side of its ATP-binding
domain with the ATP-binding domains of RAD51C and XRCC2 (Fig. 1).
The NTDs of RAD51B, RAD51C and RADS51D decorate the periphery of
the complex with each NTD beingin close contact withboth the ATPase
domainand NTD of the neighbouring subunit,and XRCC2, which lacks
an NTD, associates with the ATP-binding domain of RAD51D and the
NTDs of RAD51C and RADS1D (Fig. 1). There was clear nucleotide density
withinthe ATP-binding sites of RAD51C (ADP), RAD51D (AMP-PNP) and

the domain organization of BCDX2 subunits with regions of disorderinthe
structureindicated in grey. NT, amino terminus; CT, carboxy terminus. Right,
schematic diagram highlighting the main structural features of the BCDX2
complex.

XRCC2 (AMP-PNP; Fig. 1aand Extended Data Fig. 2d,e). The extensive
network of interactions between RAD51C, RAD51D and AMP-PNP at the
RAD51C-RADSID interface (described below) probably explains the
dependence of BCDX2 stability on ATP/Mg?* (Extended Data Fig. 1b;
ref. 6). Whereas the NTD and linker region of RAD51B are well ordered,
its predicted ATP-binding domain is not visible in our cryo-EM maps
(Fig.1), probably because it is highly dynamic.

NTDs underpinaunique BCDX2 architecture
Despite sharing only 16-28% overall sequence identity®, the ATP-
binding domains and NTDs of the BCDX2 subunits and RAD51are highly
similar and superimpose well (Extended Data Table 2). The main differ-
ence between the BCDX2 subunits and RADS51 s the relative orientation
ofthe NTDs (Fig. 2). Whereas the NTD of RAD51 folds back towardsiits
ATPase domain at an approximately 45° angle and participatesinasmall
network of interactions with the ATPase domain, the NTDs of RAD51C
and RADSI1D project away from their ATPase domains at an angle of
about 90°, which prevents intramolecular contacts (Fig. 2). Thus, the
NTDs within the RADS51 presynaptic filament make few contacts with
neighbouring subunits (Protein Data Bank (PDB) 7EJC)*, but the NTDs
of RAD51B, RAD51C and RAD51D show extensive interactions withboth
the NTDs and ATPase domains of neighbouring subunits.

Although the NTDs of RAD51B, RAD51C and RADS5I1D project away
from their ATP-binding domains (Fig. 2a, left), the NTDs themselves
each adopt markedly different spatial orientations (Fig. 2a, right).
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Fig.2|BCDX2architectureisreinforced by aunique NTD configuration.

a, Relative orientation of NTDs, linkers and ATPase domains of BCDX2 subunits.
Left, the ATPase domains of RAD51and BCDX2 subunits superimposed and
shownas cartoonrepresentations coloured asindicated. Linkerand NTDs are
shownas cartoon tubes. Right, standalone NTDs with the relative rotationand
translation between NTD pairsindicated. b, A unique tripartiteinteraction
betweenthe NTDs of RADS1B and RAD51C and the ATPase domain of RADS1D.
Left,an overview of the structure shown as aschematic representation; right,
amagnified view of the tripartite network with interacting residues shown as
sticks. ¢, Surface representations of the ATPase domains of the BCDX2 complex
(twoleftmost structures) and RADS1 filament (two rightmost structures; PDB
7EJC) withlinker and NTDs shown as cartoon representations. Residues

Asnoted above, the NTDs of RAD51B, RAD51C and RADS1D harbour a
conserved structure comprising four a-helices (H1-H4), and, notably,
structural comparison reveals rigid-body rotations between 51° and
165°and translations of 3 to 8 A relative to the ATPase domains (Fig. 2a,
right). Assuch, entirely different NTD surfaces of RAD51B, RAD51C and
RADSID are involved in intermolecular interactions within BCDX2
(Extended Data Fig. 3), revealing a prominent network of tripartite
interactions involving Prol8 of the RAD51C NTD, Leu36, Met39 and
Tyr46 of the RAD51B NTD and Phel76 and Leu226 from the ATPase
domain of RADS51D (Fig. 2b).

RADS1 possesses an oligomerization motif spanning residues Phe86
to Ala89 (referred to as the FXXA motif)*?., Specifically, the side chains
of Phe86 and Ala89 insertinto hydrophobic pockets on the surfaces of
adjacent subunits within the RAD51 filament (Fig. 2c-e). As such, the
F86E and A89E mutants of RADS51 fail to oligomerize and do not form
DNA-damage-induced nuclear foci***%. The products of paralogues of
RADSI lack the FXXA motif, with Met64 in RAD51B, Lys84 in RADSI1C,
Pro65in RADS51D, and His6 within the disordered N-terminal region of
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corresponding to the polymerization motif of RADS1are shown assticks,
with magnified views shown underneath. The four subunits of RAD51are
distinguished by numbers1-4 appended to the labels (RADS51.1, RAD51.2 and
soon).d, Structure-based sequence alignment of the RADS51 polymerization
motif. e, Structure-based sequence alignment of the RAD51 polymerization
motifbinding pocket (Phe86).f, Model of RAD51-RADS51B showing the
polymerization motif pocket of RADS51B filled by bulky hydrophobic and
chargedresiduesincompatible with Phe86 binding. RAD51Bis shownasa
semitransparentsurface (salmon) with residues corresponding to the RAD51
polymerization motif binding pocket shown as sticks. Phe86 of the RAD51
polymerization motifis shown as sticks. Residues that most strongly block the
RADS51polymerization motifbinding pocketare showninbold.

XRCC2replacing Phe86 of RAD51(Fig.2c-e). Notably, regions of BCDX2
subunits corresponding to the hydrophobic pocket thataccommodates
Phe86 within the RADS51 presynaptic filament are almost completely
filled by bulkier hydrophobic and charged side chains (Fig. 2e,f). Our
structural analysis reveals crucial differences that underpin the oligo-
meric structure of BCDX2 in relation to the RAD51 filament.

BCDX2 ATPasesites

A Mg*-coordinated AMP-PNP molecule is observed at the interface
between XRCC2 and RADS1D in the XRCC2 active site and another
at the interface between RAD51D and RADSI1C in the RADS1D active
site (Extended Data Fig. 4a). The AMP-PNP molecules are nearly com-
pletely buried at these conserved interfaces, with about 83% of total
accessible surface area being occluded from solvent. The adenine of
AMP-PNP is sandwiched by Glu56 and Arg91 of XRCC2 and Pro302 in
RADSID (Extended DataFig. 4a,b). A similar arrangement is observed
for AMP-PNP bound by RAD51D with GIn115 and Argl145 of RADS51D and
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Lys333 of RAD51C sandwiching the adenine (Extended Data Fig. 4a,b).
Overall, these AMP-PNP contacts closely resemble those observed for
the ATPase site of RAD51 (ref. 19,23,24). Backbone amide groups of
P-loop residues and Mg?*" interact with the B-phosphate of AMP-PNP
bound to both the RAD51D and XRCC2 active sites. A conserved and
mechanistically important network of contacts is observed between
the y-phosphate of AMP-PNP and lysine residues from the ATP-binding
site (Lys113inRADS51D and Lys54 in XRCC2), lysineresidues from adjoin-
ing subunits that contact ATP in trans (Lys328 in RAD51C and Lys297
of RADS1D) and Mg?** (Extended Data Fig. 4a,b). The two Mg** ions are
coordinated by conserved threonine residues within the Walker A motif
(Thrl14 inRADS51D and Thr52 in XRCC2; Extended Data Fig. 4a,b).

The constellation of amino acids within the active sites of XRCC2
and RADSI1D are conserved within RADS51C, but a key difference is
that there are no trans contacts to the nucleotide owing to the dis-
order of RAD51B (Extended Data Fig. 4a,b). Whereas the ATPase
domains of XRCC2, RAD51D and RADS5IC are all buttressed by con-
tacts to both the ATPase domains and NTDs of neighbouring subu-
nits, RAD51B is at the ‘bottom’ of the complex and there is no NTD
from a preceding subunit to stabilize its ATPase domain (Fig. 1). We
surmise that the intrinsically flexible nature of the RAD51B ATPase
domainisduetolack of NTDstabilization. Last, although we have mod-
elled ADP in the RAD51C ATP-binding site as it best fits the cryo-EM
density, it is formally possible that it is a poorly ordered AMP-PNP
molecule.

To investigate contributions of individual BCDX2 subunits to
DNA-stimulated ATP hydrolysis®, we purified RAD51B-RAD51C (BC)
and RAD51D-XRCC2 (DX2) subcomplexes and found that BC, but not
DX2, exhibited DNA-stimulated ATPase activity. Together with the
structural information, these results indicate that the ATP hydrolytic
centre of BCDX2resides within RAD51B and/or RAD51C (Extended Data
Fig. 4c). Notably, ATP hydrolysis was consistently lower on mixing BC
and DX2 than for BC alone, suggesting that DX2 downregulates ATP
hydrolysis by BC (Extended DataFig. 4c). Last, we found that substitu-
tion of the RAD51C Walker A motif lysine residue 131to alanine greatly
impairs ATPase activity without affecting BDCX2 stability (Extended
DataFig.4d). Thislysineresidueisalso highly conservedin the Walker
A motifs of other ATPases including human RAD51 (ref. 25).

BCDX2 DNA substrate specificity

We next sought to gaininsights into the DNA-binding site of BCDX2 and
the basis of ssDNA specificity?. Two flexible loops, L1and L2, within
RADS1 provide most contacts with ssDNA and double-stranded DNA
(dsDNA) in presynaptic and postsynaptic complexes, respectively*?,
Analysis of the surface electrostatics of our BCDX2 structure reveals
a highly basic surface formed in large part by L1 and L2 of RAD51C
and RADSI1D, which resembles that of RAD51 nucleofilaments'®**?
(Fig.3a). This basic surfaceis extended on oneside of the core RADS1C
and RADS51D module by XRCC2 L1and L2, and docking of the RAD51B
ATPase domain onto RAD51C shows that the basic surface extends
along RADS51B on the other side of BCDX2 (Fig. 3a and Extended
DataFig. 3h).

We subsequently determined a cryo-EM structure of BCDX2 bound
to poly(C) ssDNA at a nominal resolution of 3.1 A (masked; Fig. 3b-e,
Extended Data Figs. 5 and 6 and Extended Data Table 1). Unambigu-
ous density for six nucleotides was evident that spans a contiguous
basic surface on the RAD51C, RAD51D and XRCC2 (CDX2) subunits of
BCDX2 (Fig.3b). Consistent with this observation, our results showed
that BCDX2 binds ssDNA much more avidly than BC or DX2 (Fig. 3f,g).
Moreover, whereas the BCD heterotrimer exhibits modest DNA
binding activity, the DNA binding activity of the CDX2 heterotrimer
is comparable to that of BCDX2 suggesting that RAD51C-RADS51D
interactions underpin a ssDNA binding interface that is bolstered
by XRCC2 (Fig. 3f). Like apo BCDX2, the ATPase domain of RAD51B

isnot visible in the BCDX2-ssDNA structure indicating that ssDNA
binding fails to induce contacts between the RAD51B and RAD51C
ATPase domains. There was also clear density for AMP-PNP within the
ATP-binding sites of RAD51D and XRCC2 as in apo BCDX2 (Extended
DataFig. 6d).Incontrastto the case forapo BCDX2, in which the active
site of RADS51C harbours density consistent with ADP or poorly ordered
AMP-PNP (Extended Data Fig. 2d), strong density for AMP-PNP is pre-
sent in the active site of RAD51C in ssDNA-bound BCDX2 (Extended
DataFig. 6d).

Residues from RAD51D and XRCC2 contact four and three nucleo-
tides of the ssDNA, respectively. Nearly all residues contacting the
sugar phosphate backbone of the ssDNA are located within the L2
loops of RAD51C, RAD51D and XRCC2 (Fig. 3b,c,e). Backbone amide
nitrogen atoms of Arg253, Leu264, Gly265 and Arg266 of RAD51D
and GIn200 of XRCC2 and the side chains of Thr259 and Ser304 of
RADSIC, Arg266 of RADS1D, and Arg224 of XRCC2 participate in
hydrogen bonds to the ssDNA phosphate backbone (Fig. 3b). Nearly
all contactsto the cytosine bases of ssDNA are mediated by L1 residue
side chains of RAD51C, RAD51D and XRCC2 (Fig. 3b,e). Side chains of
Ser256 of RAD51C, Arg221and Arg253 of RAD51D, and Argl59 of XRCC2
engage in hydrogen bond-mediated contacts to the cytosine bases of
the ssDNA. Accordingly, BCDX2 formed by mixing BC and DX2 with
eithertheR266A alterationin RADS1D or the R159A alterationin XRCC2
strongly or moderately impairs DNA binding, respectively (Fig. 3g).
Notably, comparable DNA binding activity was seen in BCDX2 purified
as a tetramer or reconstituted by mixing wild-type (WT) BC with DX2
(Fig. 3g). Additional patchy density projects from the 3’ end of the
ssDNA towards Arg249 and Arg258 of RAD51C (Fig. 3b,c). This sug-
gests weak interactions between RAD51C and one or two additional
nucleotides at the 3’ end of the ssDNA continuing along the conserved
basic surface of BCDX2.

Comparison of ssDNA-bound BCDX2 and RADS51 structures shows
that, although the basic patch comprising the DNA-binding siteis well
conserved, there are substantial differences in how ssDNA is engaged
(Fig. 3c-e). This includes substantial diversity of L1and L2 residues
involvedin ssDNA contacts and differencesin the ssDNA paths, particu-
larly at the 5’ end (Fig. 3b-e). Whereas RAD51 binds ssDNA in nucleo-
tide triplets with L2 inserted into the space between triplet repeats®,
BCDX2 engages ssDNA in a less regular manner without such arole
for L2 (Fig. 3b,e). Furthermore, RAD51 residues involved in ssDNA
contacts are poorly conserved in BCDX2 subunits (0-23% identity;
20-36% similarity) and there are more contacts to the nitrogenous
basesinthe BCDX2-ssDNAstructure (Fig.3b,e). Also notableis the lack
of conservation of RAD51 Arg235in BCDX2 subunits, whichisinvolved
in dsDNA engagement and DNA strand exchange by RADS1 (Fig. 3e; PDB
7EJE; ref.19). Last, there is variability in the length of L1, with RAD51B
and XRCC2 being two residues and one residue longer than the cor-
responding loop in RADS51, and RAD51C and RADS51D being three and
two residues shorter, respectively (Fig. 3e).

To gain insights into the basis of BCDX2 specificity for ssDNA and
for the altered path of ssDNA in the BCDX2 and RAD51 structures, we
superimposed the RAD51C ATPase domain onto the RAD51 subunit
contactingthe ssDNA 3’ end in the presynaptic RAD51-ssDNA complex
(Extended Data Fig. 7a,b). The ATPase domains of RAD51C and RAD51
superimpose well (root mean square deviation = 1.5 A), but our analy-
sis reveals substantial differences in subunit positioning for BCDX2
and RADS51 (Extended Data Fig. 7a,b). Whereas most ATPase domain
contacts at the interface between RAD51C and RAD51D, RADS51D and
XRCC2, and RADS1 subunits are conserved (Extended Data Figs. 4a,b
and 8), the RADSIC linker and ATPase domain of RADS1D tilt as a rigid
body by about 11° relative to the second RAD51 subunit in the super-
position (RAD51.2; Extended DataFig. 7a). An even greater rigid-body
tilting of about 23° of the RADS1D linker and XRCC2 ATPase domain rela-
tive to the third RAD51 subunit in the superposition occurs (RAD51.3;
Extended Data Fig. 7b).
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Fig.3|Structural and functional analysis of the ssDNA-binding site of
BCDX2. a, Surface electrostatic representation of apo BCDX2 with residues
comprisingahighly basicsurface (blue) labelled.b, Left, cryo-EM map of the
BCDX2-ssDNA complex. Centre, schematic of the BCDX2-ssDNA complex.
Right, magnified view of the BCDX2-ssDNA interface with ssDNA and
ssDNA-interacting residues of BCDX2 shown as sticks. ¢, Surface electrostatic
representations of BCDX2-ssDNA (left), RADS51 presynaptic (PDB 7EJC; middle)
and RADS1 postsynaptic (PDB 7EJE; right) complexes with ssDNA shown as
spheres. ssDNA-interacting residues are labelled with black text; residues from
the BCDX2 basic patch notdirectly contacting ssDNA are labelled with grey
text. Subunitidentity for the BCDX2 complexis appended to the amino acid

Superposition of the postsynaptic RAD51-dsDNA structure'®?* onto

our BCDX2-ssDNA structure reveals steric clashes between the com-
plementary DNA strand and L10of XRCC2 (Extended DataFig. 7c). These
clashes stem from the tilting of BCDX2 subunits relative to RAD51 and
fromstructural differences within and in proximity to L1of XRCC2, includ-
inganextension and altered orientation of H12, whichimparts rigidity to
thisregion (Extended DataFig. 7b,d). Although clashes occur with ssDNA
and dsDNA in the model, the higher flexibility of ssDNA should allow
it to sample different paths within the DNA-binding groove of BCDX2
(Fig.3c,d). Thisis particularly evident at the ssDNA 5’ end in our structure
wherethebackbone ofthefirst three ordered nucleotidesis flipped nearly
180°relative tothe RAD51-ssDNA structure, thereby circumventing the
most severe steric clashes that would occur through the RAD51-ssDNA
path (Fig. 3c,d). Given that dsDNA is bulkier and less flexible, sampling
of available paths would berestricted by L1of XRCC2 and by the location
ofthe NTDs proximal to this loop (Extended Data Fig. 7c).
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based sequence alignment of RADS1and BCDX2 ssDNA-binding sites. Residues
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processed in parallel.

HR mediator activity of BCDX2

We used single-molecule DNA curtainanalysis to define the HR mediator
role of BCDX2. For this, we generated BCDX2 tagged with GFP on either
RADSIC or XRCC2. We could readily detect an association of BCDX2
with RPA-ssDNA in reactions containing ATP (Fig. 4a—c) but not when
ATP was omitted (Extended Data Fig. 9a). Association of BCDX2 with
RPA-ssDNA was transient (Fig. 4a,b), and analysis of the GFP-tagged
RADS5I1C form of BCDX2 and ssDNA bound by mCherry-RPAyielded a
dissociation rate constant (k.g) of 0.471 min™ with a 95% confidence
interval (CI) of 0.433t0 0.510 (Fig. 4c). Similar results were obtained with
either GFP-tagged XRCC2 or unlabelled RPA (Fig. 4b,c). Notably, BCDX2
remained tightly bound to RPA-ssDNA when the non-hydrolysable ATP
analogue ATPyS or AMP-PNP was present, indicative of ATP hydrolysis
playing aregulatoryrolein the turnover dynamics of BCDX2 (Extended
Data Fig. 9a). Note, the DNA curtain assays can be carried out with
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Fig.4|Characterization of BCDX2 recombination mediator activity.

a, Kymographs showing GFP-BC + DX2 (10 nM each; green) binding and
dissociating from mCherry-RPA-ssDNA (magenta). b, GFP signalintensity for
GFP-BC +DX2or BC + GFP-DX2 on RPA-ssDNA (unlabelled or mCherry-tagged);
errorbarsrepresent 95% Cls; n =3 flow cells per dataset. ¢, BCDX2 dissociation
from RPA-ssDNA; error bars represent 95% Cls; n = 3 flow cells per dataset;
Pvalues were calculated by unpaired t-test (two-sided).d, mCherry-RPA
exchange withunlabelled RPA + BCDX2 (10 nM each; merged). e, mCherry-RPA
signal (tmCherry-RPA exchange). Datarepresent mCherry signal; error bars
represent 95% Cls; n =3 flow cells per dataset. f, mCherry-RPA exchange with
unlabelled RPA + BCDX2; error bars represent 95% Cls; n =3 flow cells per
dataset; Pvalues were calculated by unpaired t-test (two-sided). g, Kymographs
showing GFP-BC + DX2 (10 nM each) binding to mCherry-RPA-ssDNA followed
by injection of 500 nMRADS51. h, mCherry-RPA dissociation during RAD51
filament assembly + BCDX2. Datarepresent mCherry signal; error bars
represent 95% Cls; n=3flow cells per dataset. i, mCherry-RPA dissociation

RPA-ssDNA but not naked ssDNA, because RPA is essential for mini-
mizing secondary structure to allow ssDNA to adopt an extended state
inthe sample chamber for visualization by total internal reflection fluo-
rescence microscopy®. Even though RPA binds ssDNA with picomolar
affinity, it undergoes rapid exchange with free RPA*°. Notably, although
BCDX2binds to RPA-ssDNA, we saw no evidence that it enhances either
dissociation or exchange of RPA from the ssDNA (Fig. 4d-f).

from ssDNA during RADS1 filament assembly; error bars represent 95% Cls;
n=3flowcells per dataset; Pvalues were calculated by unpaired t-test (two-
sided).j, Kymographs of BCDX2 variants (10 nM each) binding to mCherry-
RPA-ssDNA. k, Graph quantifying BCDX2 binding to mCherry-RPA-ssDNA.
The kymograph and graph for GFP-BC + DX2 (+ATP) are reproduced froma,b,
for comparison. Dataare represented as mean GFPsignal; error bars represent
95% Cls; n=3flow cells per dataset.l-n, Box plots depicting number of RAD51
nucleoprotein filaments per frame (I), number of junctions formed by filaments
per frame (m) and length of filamentsin nanometres (n) measured by negative-
stainEMin absence or presence of BCDX2 and CDX2. Datadepict quantification
fromatleast40 electron micrographs (I,m) or 11,271 filaments (n) for each
sample capturedintwoindependent experiments. The P values for the
significance of differences in median values were calculated by the two-sided
Mann-Whitney-Wilcoxon test. For box plots, eachbox depicts the interquartile
range (IQR) containing 50% of the data, intersected by the median, and whiskers
extenduptol.5IQRvalue.

We could find no evidence for interactions of BCDX2 with preas-
sembled RADS51 filaments, nor could we detect interactions of BCDX2
with RADS1 filaments when BCDX2 and RAD51 were co-introduced
into reactions containing RPA-ssDNA (Extended Data Fig. 9b). How-
ever, when RADS51 was introduced into reactions containing BCDX2
pre-bound to RPA-ssDNA, we observed a 42% to 49% increase in the
rate of mCherry-RPA dissociation (Fig. 4g-i), which serves as areliable
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Fig.5|SPRanalysis and AlphaFold modelling of BCDX2-RAD51 interactions.
a-c,Sensorgram from SPR experiments of RADS51 binding to BCDX2 (a), BC
(b)and DX2 (c).RU, response units. d, Sensorgram from SPR experiments of
RPAbinding to BCDX2. Two replicates of experimental responses of RAD51 or
RPAbinding at different concentrations are shown by colour-coded lines.

e, AlphaFold modelling of RAD51B-RADS5IC (left) and RAD51-RADS51B (middle
twoimages). Two potential RAD51-RADS1B binding modes are presented;
modelinwhichthesurface harbouringthe primary ATP-binding site of RAD51B
interacts withRADS1 (middle leftimage), and mode 2 inwhich the surface

proxy for the rate of RADS1 filament assembly®2, ATPyS and AMP-PNP
trap BCDX2 on RPA-ssDNA (Extended Data Fig. 9a), but the addition
of RAD51to these trapped complexes causes BCDX2 dissociation and
allows concomitant RADS1 filament assembly (Extended DataFig. 9c,d).
However, the rate for RAD51 filament assembly increased only by 24%
or20% with ATPyS or AMP-PNP, respectively, highlighting the need for
ATP hydrolysis to achieve full stimulation of RAD51 filament assembly
(Extended DataFig. 9d).

Together, our results show that ATP binding is necessary for asso-
ciation of BCDX2 with RPA-ssDNA, ATP hydrolysis contributes to the
release of BCDX2 from RPA-ssDNA, and BCDX2 bound to RPA-ssDNA
accelerates RADSI filament formation, but BDCX2 does not remain
bound to fully assembled RADS51 filaments. Although there is clear
evidence of BCDX2 association with RPA-ssDNA, we cannot distinguish
between BCDX2 binding to ssDNA, RPA or both. As biochemical and
cryo-EM analyses show that BCDX2 binds ssDNA, it is likely that the
bindinginteractions observed in the DNA curtain assays reflect BCDX2
binding to ssDNA itself. To assess the relevance of the ssDNA-binding
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RAD51

harbouring the secondary ATP-binding site of RAD51B interacts with RAD51
(middle rightimage). Right, the RAD51-RAD51 interface from the presynaptic
complex (PDB 7EJC) is shown for comparison. Buried surface area (BSA,
calculated using PISA) of the indicated regionsis presented to the right of the
model orstructure. f, BCDX2-RAD51model1,inwhich the ATPase domain of
RADS51B (secondary ATP-binding surface) packs against RAD51C, and RAD51
packsagainst the primary ATP-binding surface of RAD51B (mode1). g, BCDX2-
RAD51model 2,inwhich aflexible RAD51B ATPase domain can engage RAD51
through bindingmodes1and/or 2. Aschematicis shownatthebottom.

pocket as defined by our cryo-EM structure, we tested two alterations,
RAD51D(R266A) and XRCC2(R159A), predicted to disrupt interactions
with ssDNA. Notably, we found that BCDX2 harbouring either alteration
shows no appreciable binding to RPA-ssDNA in DNA curtain assays
(Fig. 4j,k).

Next, we analysed the effect of BCDX2 on RAD51 filaments formed on
a150-base oligonucleotide by negative-stain EM (Fig.4l-nand Extended
DataFig.10a). Notably, the number of RADS51 nucleoprotein filaments
per micrograph was significantly higher in the presence of BCDX2
(Fig.4l). However, we did not observe any substantial increasein RADS1
filament length on adding BCDX2 (Fig. 4n). A significant increase in
the number of interconnected RADS1 filaments was seen with BCDX2
present (Fig.4m). These findings suggest that BCDX2 promotes RADS1
filament formation by increasing the local concentration of RAD51
and DNA, whichis also supported by a previous study showing RAD51
filaments forming in proximity of BCDX2-bound DNA™. We also tested
the trimeric CDX2 subcomplex, which can bind ssDNA as efficiently as
BCDX2 (Fig. 3f) but lacks RAD51B. Notably, CDX2 was unable to promote
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Fig. 6 | Structural and functional analysis of BCDX2 subunit alterations
from patients with cancer. a, The overall BCDX2-ssDNA structure shownasa
semitransparent schematicrepresentation withamino acids of BCDX2 subunit
alterations derived from patients with cancer shownassolid spheres. b, ssDNA
binding by the WT and indicated mutant BCDX2 complexes assessed by
electrophoretic mobility shift assays using an 80-nucleotide substrate (top),
and measurements for three independent experiments plotted as mean

values ts.d. (bottom). The gelimages were derived from the same experiment
and processed in parallel. c, Representative kymographs of single ssDNA
molecules (top) showing the indicated GFP-BCDX2 variant (10 nM each protein
complex) inthe presence of 2.5 mM ATP binding to and dissociating from
mCherry-RPA-ssDNA. The graph (bottom) shows quantification of GFP-
BCDX2binding to mCherry-RPA-ssDNA. The kymograph and graph for GFP-
BC + DX2 (+ATP) arereproduced from Fig. 4a,b, for comparison. Dataare

RADS5I1 filament formation (Fig.41-n). Theresultsreveal arole of RAD51B
in the promotion of RAD51 filament formation by BCDX2.

Modelling a BCDX2-RAD51 complex

We surmised that the HR mediator activity of BCDX2 may entail an inter-
actionwithRADS51. Indeed, surface plasmon resonance (SPR) analysis
showed that RADSl interacts with BCDX2 and also the BC subcomplex
with comparable affinities, but nointeraction with the DX2 subcomplex
was observed (Fig. 5a-c and Extended Data Table 2). The interaction

represented as mean normalized GFP signal intensity; error bars represent
95% Cls. Datawere derived using three flow cells per reaction condition.

d, Histograms depicting ATP hydrolysis with1uM WT and indicated mutant
BCDX2 complexes with (phiX174 virion; right) or without (left) ssDNA after
60-minincubation (measurements for threeindependent experiments are
plotted as mean values + s.d). 51C, RADSIC. Pvalues were calculated as
indicatedin Extended Data Fig. 4c.e-g, Box plots depicting the number of
RADS51nucleoprotein filaments per frame (e), number of junctions formed by
filaments per frame (f) and length of filaments in nanometres (g) measured by
negative-stainEMin the absence or presence of WT BCDX2 (reproduced from
Fig.4l-n, for comparison) or BCDX2 with the RAD51C mutants R258H and
R312W. Datadepict quantifications fromatleast 40 electron micrographs (e,f)
or11,271filaments (g) for each sample captured in two independent experiments.
The Pvalue calculations and box plot descriptions are the same as in Fig. 41-n.

of RAD51 with BCDX2 and the BC subcomplex was also validated by
mass photometry (Extended Data Fig.10b,c), suggesting that the RAD51
interactioninterface resides within the BC module of BCDX2. Moreover,
we did not observe aninteraction of BCDX2 with RPA (Fig. 5d), consist-
ent with the premise that the association of BCDX2 with RPA-ssDNA
(Fig. 4a) is primarily through ssDNA binding by BCDX2.

Structural analysis and modelling were conducted to gain insights
into the molecular basis of interactions between BCDX2 and RADS1. It
isunlikely that RADS1interacts with BCDX2 through XRCC2, as model-
ling shows that sandwiching of an ATP molecule between XRCC2 and
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anadjacent RAD51 monomer would be blocked by stericimpediments
in XRCC2 (Extended Data Fig.10d). By contrast, there is no structural
impediment to interaction of RAD51 with BCDX2 on the RADS1B side.
AlphaFold* analysis of RAD51B-RAD51C yields a model in which the
ATPase domains pack against each other in asimilar way to other subu-
nitsinthe BCDX2and RAD51complexes (Fig. 5e). Additional AlphaFold
analysis of RAD51-RAD51B yielded a model in which key structural
elements of RAD51 pack against the ATP-binding site of RAD51B (mode1;
Fig. 5e,f). In the resulting RAD51-BCDX2 model, XRCC2 is situated at
the 5’ end of the ssDNA-binding site, with a RAD51 nucleoprotein fila-
ment emanating from the bottom (3’ end) of BCDX2 (model 1; Fig. 5f).

We also considered mechanistic implications of the highly dynamic
nature of the RAD51B ATPase domain. Accordingly, we modelled the
standalone RAD51-RAD51B interaction (for example, notin the context
of BCDX2), whichyielded amodel in which key structural elements of
RADS51B are positioned in proximity to the ATP-binding site of RADSI,
similar to the RAD51B-RADS5IC interaction (Fig. 5e). This ‘mode 2’
RADS51-RAD51B model has about 1,250 A2of surface areaburied at the
interface between the ATPase domains, whichis substantially greater
than the approximately 560 A?buried at the RAD51-RAD51B mode
linterface (Fig. 5e). Given its conformational flexibility, the RAD51B
ATPase domain may interact with RADS1 presynaptic filaments through
mode 1and/or mode 2. RAD51-RADSI1B interaction through mode 2
couldimpartstructural plasticity to facilitate the assembly of anascent
RADSI filament on ssDNA. This could be relevant at locations involving
junctions between ssDNA and dsDNA during HR and/or could lead to
recruitment of additional HR factors (Fig. 5g).

Impact of RAD51C cancer alterations

Previously, we demonstrated that patient-derived alterations in and
around the Walker A ATP-binding motif of RAD51C impair DNA binding
and ATP hydrolysis by BCDX2 biochemically, and they also affect cellular
viability and engender hypersensitivity to DNA-damaging agents and
defective HR® (Fig. 6a). Here we focused on patient-derived alterations
in non-catalytic amino acid residues of RAD51C that cause defects in
RAD51C and RADSI1D interactions and HR in cell-based assays®.

RADS51C(R258H) is the only reported alteration for Fanconi anaemia
complementationgroup O (ref. 16), and mutation of the germline caus-
ing RAD51C(R312W) leads to a predisposition to breast and ovarian
cancer>®* Notably, RAD51C R258 is equivalent to RAD51 R241 (ref. 6),a
key residue involved in DNA binding?. Both alterations cause severe HR
defectsin cell-based assays and in RAD51C-RAD51D interactions®. We
found that these pathogenic alterations strongly impair DNA binding
(Fig. 6b) and modestly impair DNA-stimulated ATP hydrolysis (Fig. 6d
and Extended Data Fig.10e) by BCDX2. Both alterations abolish BCDX2
interactions with RPA-ssDNA in DNA curtain assays (Fig. 6¢) and, like
WT BCDX2, BCDX2 mutants do notinteract with preassembled RAD51
filaments (Extended Data Fig. 9b). Notably, both BCDX2 mutants fail
to promote RAD51-ssDNA filament assembly (Fig. 6e-g and Extended
Data Fig. 10a). We note that Arg258 and Arg312 of RADS51C are proxi-
mally located to cryo-EM density extending from the 3’-most mod-
elled nucleotide in our BCDX2-ssDNA structure (Fig. 3b,c). Together,
our results indicate that pathogenicity of the RAD51C(R258H) and
RADS51C(R312W) alterations stems from disruption of interactions
with DNA.

Our work helpsto define the overall architecture of BCDX2 and yields
insightsinto the nucleotide dependence and DNA substrate specificity
profile of this complex. Our results also shed light on how DNA and ATP
binding and hydrolysis relate to complex assembly and disassembly,
which in turn regulate BCDX2 function. Our single-molecule analysis
indicates that BCDX2 binds RPA-ssDNA in an ATP-dependent man-
ner and that ATP hydrolysis mediates BCDX2 dissociation. We have
also shown that association of BCDX2 with RPA-ssDNA substantially
increases the rate of RAD51-ssDNA filament assembly. Overall, our
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results indicate that BCDX2 functions similarly to the Saccharomyces
cerevisiaecomplex of RADSI paralogue products Rad55-Rad57 and the
Caenorhabditis elegans complex of paralogue products RFS-1-RIP-1by
stimulating Rad51-ssDNA nucleoprotein filament assembly without any
stable association with mature RADS1 filaments® ¥, The key mechanis-
tic difference distinguishing BCDX2 from Rad55-Rad57 and RFS-1-RIP-1
is that the last two complexes do not stably interact with RPA-ssDNA,
but instead co-bind to RPA-ssDNA with Rad51 to promote filament
assembly and then quickly dissociate fromthe resulting Rad51-ssDNA
complexes®?¢, By contrast, we now show that BCDX2 engages RPA-
ssDNA before the arrival of RAD51 to then stimulate RADS51 filament
assembly, thus revealing a new mode of action for products of RADS1
paralogues. We note that the interaction between BCDX2 and RPA-
ssDNA is mediated through contacts to ssDNA as we fail to observe
directinteraction between BCDX2 and RPA (Fig.5d). Although our SPR,
mass photometry and modelling analyses indicate that BCDX2 physi-
cally interacts with RADS1, the structural basis of this interaction and
its functionalimpact on the HR mediator activity of BCDX2 remain to
be determined. Also unknownis the role of the RAD51B ATPase domain
in regulating the function of the BCDX2. In sum, our work provides a
substantial step forward in our understanding of the structure and
function of BCDX2 and lays the groundwork for answering remain-
ing questions regarding how it and other complexes comprising the
products of RAD51 paralogues act as mediators of RAD51 presynaptic
filament assembly during HR.
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Methods

Protein expression and purification

BCDX2 purification was carried as previously described®. In brief,
BCDX2 (RAD51B-His and XRCC2-Flag) was expressed in Hi5 insect
cells using baculoviruses and all of the purification steps were carried
outat 0-4 °C. Allbaculoviruses were produced in SF9 insect cells using
standard procedures. SF9 and Hi5 cells were purchased from Expression
Systems and Invitrogen, respectively, and were not further authenti-
cated. SF9 and Hi5 cells were not tested for mycoplasma contamination
as they were used only for baculovirus generation and recombinant
protein expression. The cell pellet was resuspended in T buffer (25 mM
Tris-HCI, pH 7.5,10% glycerol, 0.5 mM EDTA,1 mM dithiothreitol (DTT),
0.05% IGEPAL CA-630 (Sigma), 1 mM phenylmethylsulfonyl fluoride
and protease inhibitors) containing 300 mMKCI (T300),5 mM ATP and
2 mM MgCl, and lysed by sonication, clarified lysate was incubated with
Ni-NTA resin, and BCDX2 protein was eluted with T buffer containing
100 mM KCI (T100) with 200 mM imidazole. For further purification,
protein was fractionated on aHiTrap Q HP column with 150-600 mM
KCl gradient, and concentrated pooled fractions were subjected to
size-exclusion chromatography in a Superdex200 Increase 10/300 GL
columnin T300 buffer with2 mM each of ATP and MgCl,. BCDX2 sample
preparation for cryo-EM was otherwise carried out similarly except
that size-exclusion chromatography was carried out in HEPES buffer
withoutglycerol and IGEPAL CA-630 and with 50 mMKCI, 0.2 mM ATP
and 1 mM MgCl,. Peak fractions were concentrated and incubated with
otherwise similar HEPES buffer but ATP replaced with1 mM AMP-PNP
for 3 hand AMP-PNP was further enriched by buffer exchange during
concentration.

For BC(RADS1B-Hisand RAD51C or GFP-RADS51C),BCD (RAD51B-His,
RADS1C and RAD51D), DX2 (RAD51D and XRCC2-Flag or GFP-XRCC2-
Flag) and CDX2 (RAD51C, RAD51D and XRCC2-Flag) purification, crude
celllysates were prepared from 6-8 g cell pellet (from 800 mlinsect cell
culture) by sonicationin 50 ml T300 with 5 mM ATP, and 2 mM MgCl,,
followed by centrifugation at 100,000g for 60 min. For BC and BCD
purification, clarified lysate was incubated with 2.5 mI Ni-NTA resin
(Qiagen, 1018142) for 1 h, followed by sequential washes of the resin
with 25 ml T300 buffer, 500 ml T buffer with 1,000 mM KCI (T1000)
and 25 mI T100 buffer and with all of the buffers also containing 20 mM
imidazole,and 2 mM each of ATP and MgCl,. The BC and BCD complexes
were eluted from the affinity matrix with 10 ml T100 buffer contain-
ing 200 mM imidazole and 2 mM each of ATP and MgCl,. For DX2 and
CDX2 purification, clarified lysates were incubated with1 ml anti-Flag
M2 resin (Sigma, A2220) for 2 h, followed by sequential washes of the
resinwith100 mI T300 buffer and 50 mI T100 buffer and with all of the
buffersalso containing 2 mM each of ATP and MgCl,. The DX2 and CDX2
complexes were eluted from the affinity matrix with10 mI T100 buffer
containing 200 ng pl™ Flag peptide (Sigma, F3290) and 2 mM each of
ATP and MgCl,. Further purification of each subcomplex was carried
out byion exchange in al-mlHiTrap Q HP column fractionated with a
45-ml150-600 mM KCl gradient in T buffer containing 2 mM each of
ATP and MgCl,. Peak fractions were pooled and concentrated to 0.4 ml
inan Amicon 30 concentrator and then subjected to size-exclusion
chromatographyinaSuperdex200 Increase 10/300 GL columnin T300
buffer with2 mM each of ATP and MgCl,.

ULP1-6xHis, 6xHis-SUMO-RADS1 and untagged RPA complex were
all overexpressedin Escherichia coliBL21(DE3) Rosetta2 by induction
with 0.5 mMIPTG atanoptical density of 0.5-0.6 at 600 nm overnight
at16 °C.The crude cell lysates for ULP1-6xHis and 6xHis—-SUMO-RADS51
were prepared from20-25 g cell pellets (from12-I culture) by sonication
in100 ml T buffer containing 500 mM KCI (T500), followed by cen-
trifugationat100,000g for 60 min. Each clarified lysate wasincubated
with5 mINi-NTAresin (Qiagen,1018142) for 1 h, followed by sequential
washes of the resin with 25 ml T500 buffer, 250 ml T1000 buffer and
25 ml T100 buffer and with all of the buffers also containing 20 mM

imidazole. The ULP1-6xHis was eluted from the affinity matrix with
10 mI T100 buffer containing 200 mM imidazole, dialysed overnight
and concentrated. 6xHis—~SUMO-RADS51-bound Ni-NTA resin was
resuspended in 5 ml T100 buffer, and 6xHis-SUMO tag was cleaved
by incubating overnight with ULP1 on a rotary shaker. RAD51 protein
was eluted by collecting flowthrough and sequentially washing Ni-NTA
resinin T100 buffer. For further purification, RAD51 protein was frac-
tionated with a 45-ml150-450 mM KCl gradient in T buffer first by
ion exchange in a1-ml HiTrap Q HP column followed by a 1-mI HiTrap
heparin columnwith a45-ml150-450 mMKCl gradientin T buffer,and
peak fractions were concentrated and saved.

The crude cell lysate for RPA purification was prepared from30-35g
cell pellet (from 12-I culture) by sonicationin 150 mI T100 buffer, clari-
fied lysate was fractionated through a 25-ml Affi Gel Blue column with
asodium thiocyanate gradient (500-2,000 mM, 5 column volumes)
in T100 buffer, peak fractions were further fractionated through a
10-ml MacroHAP hydroxyapatite column with a phosphate gradient
(10-180 mM, 6 column volumes) in T100 buffer, followed by fractiona-
tion witha45-ml150-450 mM KCl gradientin T buffer by ion exchange
inal-mlHiTrap QHP columnand al-mlHiTrap heparin column, respec-
tively, and peak fractions were concentrated and saved.

All protein samples were snap frozen in liquid nitrogen and stored
at—-80°C.

Cryo-EM sample preparation and data acquisition
Freshly eluted apo BCDX2 complex from a gel-filtration column
(Superdex200 Increase 10/300 GL) was buffer exchanged to replace
ATP with AMP-PNP and concentrated to about 6 pM. The sample was
immediately applied onto cryo-EM Au grids (UltrAuFoil 1.2/1.3 300
mesh, Electron Microscopy Sciences) that had been glow discharged
at 20 mA for 30 s in a Quorum EMS glow discharge machine. For the
BCDX2-ssDNA complex, about 6 ptM apo BCDX2 was mixed with a
10-fold molar excess of a30-base poly deoxycytidine oligonucleotide
(5’-CCCCCCCCeeecececececcecececcccecceccececece-3)inthe presence of
2 mM AMP-PNP. The mixture was incubated for 5 min at room tempera-
ture and then applied onto cryo-EM Au grids as for apo BCDX2. Grids
were vitrified using a Vitrobot Mark 1V (Thermo Fisher Scientific). Spe-
cifically, 3 pl of BCDX2 specimen was pipetted onto the grid maintained
at4 °Cand 100% humidity in the Vitrobot chamber. Grids were subse-
quently blotted for 3 s, with a blotting force of -10 and plunged into
liquid ethane. Grids were transferred into liquid nitrogen and stored at
cryogenic temperatures before clipping, screening and data collection.
Data collection was carried out at 200 kV on a Glacios cryo-
transmission electron microscope equipped with a Falcon IV camera
and Selectris energy filter (slit width: 10 eV) at the University of Texas
Health San Antonio Cryo-EM Facility. Imaging was acquired using
Thermo Fisher Scientific’s EPU software with an AFIS model. For apo
BCDX2, atotal of 1,741image frames with EER file format were recorded
withanexposuretime of 7 s,atotal dose of 51e” A2witha5.65 e px s
doserate; for the BCDX2-ssDNA complex, a total of 2,163 image frames
with EER file format were recorded with an exposure time of 8.9 s, a
total dose of 52 e” A2 with a 4.47 e px's™ dose rate. A total of 6,000
micrographs for BCDX2 and 7,000 micrographs for BCDX2-ssDNA
were collected with a pixel size of 0.87 A, a nominal magnification of
x130,000, and a defocus range from —0.8 to —2.0 um.

Cryo-EM data processing for apo and ssDNA-bound BCDX2

After data collection, images were gain corrected, dose weighted and
patch motion corrected using CryoSPARC v3.3.1 (ref. 38). The exact
defocus value and contrast transfer function (CTF) of each micrograph
were estimated using CryoSPARC’s patch CTF estimation tool. Forapo
BCDX2 data processing, micrograph curation with a CTF cutoff value of
5 Aresolution was applied to the data, and 5,600 micrographs were kept
for particle picking. The blob picker function in CryoSPARC was used
for picking and yielded around 8,000,000 particles of 100 A diameter.



The particles were subsequently extracted at a 256-px box size with-
out downsampling. After three rounds of light two-dimensional (2D)
classification to filter noise and dissociated particles, 7,219,082 parti-
clesentered the next stages of 3D initial model reconstruction and 3D
classification. Six ab initio models were generated in CryoSPARC and
were further used as initial references for heterogeneous refinement.
For each cycle of heterogeneous refinement, the particles from the
best class were kept for the next round of heterogeneous refinement.
Intotal, four rounds of heterogeneous refinement were carried outin
CryoSPARC, with the best class from the final heterogeneous refine-
ment containing 1,192,629 particles. This class was refined to 3.0 Awith
homogeneous refinement. A final step of stringent heterogeneous
refinement was further applied using the 3.0-A map as an initial model,
which segregated one class withimproved resolution of 2.3 A (based on
the FSC-0.143 criterion) using masked homogeneous refinement. The
final map, using a negative B-factor of —150 estimated in CryoSPARC,
was used for model building.

The BCDX2-ssDNA data processing workflow was similar to that
described above for apo BCDX2. Micrographs were curated witha CTF
cutoffvalue of 5 A resolution applied, and around 4,000 micrographs
were kept for particle picking. Aset of around 4,000,000 particles with
256-px-box size were fed into 2D classification and 3,406,052 particles
wereselected. These were used for 3D initial model generation with six
classes and used four rounds of 3D heterogeneous refinement process-
ing with six initial models as references. The final 3D heterogeneous
refinement step retained 480,986 particles. This was followed by a
further heterogeneous refinement with only three classes with one final
class 0f 165,968 particles applied for homogeneous refinement, yield-
ing a resolution of 3.12 A. This was further refined using non-uniform
refinement yielding a final resolution of 3.11 A.

Model building and refinement

Models of RAD51B, RAD51C, RAD51D and XRCC2 were first predicted
using Alphafold2 (ref. 33). After deleting the low-confidence and dis-
ordered regions of each model, RAD51B, RAD51C, RAD51D and XRCC2
wererigid-body docked into the cryo-EM map using UCSF ChimeraX®.
Allof the predicted models were fitted with high confidence except the
RADS51B ATP-binding domain, which showed no density in our map.
Fitting correlation values were 0.59 for RAD51C, 0.62 for Rad51D, and
0.65for XRCC2. Further building and structural refinements were car-
ried out using COOT version 0.9.3 (ref. 40), and further refinements of
stereochemistry and secondary structure were carried out in PHENIX
version V1.19.1-4122-000 using phenix.real_space_refine (ref. 41). For
BCDX2-ssDNA model building, the model from the apo BCDX2 complex
was directly fitted into the cryo-EM map in ChimeraX, with a fitting
correlation of 0.41. COOT was used for manually building the ssDNA
molecule, and PHENIX real-space refinement was used to refine the full
BCDX2-ssDNA model. Bothapo BCDX2 and BCDX2-ssDNA structural
models were validated using wwPDB (https://validate-rcsb-2.wwpdb.
org/). Figures for the cryo-EM map and models were prepared with
ChimeraX version 1.4 (ref. 39) and PyMOL version 2.0 (ref. 42).

DNA binding and ATPase assays

For DNA binding, 1 nM of 5" **P-labelled 80-nucleotide ssDNA* was
incubated with the indicated concentration of purified BCDX2 com-
plexin10 plreaction buffer (50 mM Tris-HCI, pH 7.5,155 mMKCI, 1 mM
DTT, 1 mM ATP, 1 mM MgCl, and 100 ng pl™ BSA) for 10 min at 37 °C.
Nucleoprotein complexes were resolved on 5% polyacrylamide gels
in Tris-borate buffer (45 mM each). Gels were dried and subjected to
phosphorimaging analysis with Amersham Typhoon phosphorimager
(Cytiva) and the ImageQuant software (Cytiva) v8.20.

BCDX2 complexes or its subcomplexes (1 tM) wereincubated in the
absence or presence of ssDNA (20 pM nucleotides, phiX174 virion) in
10 pl of reaction buffer 20 mM HEPES, pH 7.5,1 mM DTT,1 mM MgCl,
and 30 mM KCI) containing 0.05 mM ATP with 0.25 pCi [y->*P]ATP at

37 °C. Aliquots of 2 plwere withdrawn at the indicated times and mixed
with2 plof 0.5 M EDTA to stop thereaction. The level of ATP hydrolysis
was determined by layer chromatography on PEI cellulose F sheets
(Millipore, 105579) in 0.375 M potassium phosphate (pH 3.5), followed
by phosphorimaging analysis. Data were plotted using the R (3.6.1)
package ggpubr.

Negative staining and EM

For presynaptic filament assembly, RAD51 (2 pM) was incubated with
150-base oligonucleotide (6 pM nucleotides) with or without 25 nM
BCDX2 variants in reaction buffer (25 mM HEPES pH 7.5, 25 mM KCl,
1 mM MgCl, and 2 mM ATP) at 37 °C for 15 min. A droplet of 20 pl of a
reaction mixture was loaded onto a glow-discharged carbon-coated
300 mesh copper grid (EMS CF300 Cu) for 1 min. After blotting with
filter paper, the grid was immersed in a 20-pl droplet of the staining
solution (2% uranyl acetate). The stain was removed from the grid by
blotting with filter paper, and the grid was washed twice with water
for 1 min. Following excess stain removal, grids were dried in air for
about3 min. Negatively stained samples of human RAD51 presynaptic
filaments were examined by transmission electron microscopy. Images
were processed in the Fiji Image) image analysis package (v2.90/1.53t),
and filaments were quantified using ImageJ plugin Ridge detection.
Data were plotted using the R (3.6.1) package ggpubr.

Mass photometry

Mass photometry analysis was carried out using a Refeyn TwoMP instru-
ment. Contrast-to-mass calibration was achieved by astandard curve
covering a mass range from 66 up to 480 kDa. The experiments were
carried out on sample carrier slides partitioned by six-well silicone
cassettes. BCDX2 purified in the absence or presence of 2 mM ATP and
MgCl,eachwas diluted in 1x PBS buffer (137 mM NacCl, 2.7 mMKCl, 8 mM
Na,HPO,and 2 mMKH,PO,) to afinal concentration of 10 nM. For ana-
lysing RADS51 interactions with BCDX2 or BC complexes, proteins were
mixed in the presence of 2 mM ATP and MgCl, each and were diluted in
1x PBS buffer to a final concentration of 5 nM each. Using AcquireMP
software, ablank acquisition field was first adjusted in native settings
and then single particles were detected in a video recorded for 1 min
atarate of 100 frames per second in ratiometric acquisition settings.
Allmass photometry datawere analysed with DiscoverMP software to
produce mass values for each detected particle and plotted as normal-
ized counts.

SPR

SPR experiments were carried out using a Biacore T100 (with T200
sensitivity enhanced) equipped with a CM5 sensor chip. The ligand
BCDX2 (148 kDa, >90% pure on the basis of SDS-polyacrylamide gel
electrophoresis) was assayed for optimal pH and then immobilized
using amine-coupling chemistry. The surfaces of flow cells were acti-
vated for 7 min with a 1:1 mixture of 0.1 M N-hydroxysuccinimide and
0.4 M 3-(N,N-dimethylamino)propyl-N-ethylcarbodiimide at a flow
rate of 5 ul min™. The ligand (BCDX2, BC or DX2) at a concentration
of 50 pg mIin 10 mM sodium acetate, pH 5.0, was immobilized at a
density of around 200 RU, and one flow cell was left blank to serve as
areference surface. All surfaces were blocked with a 7-mininjection of
1Methanolamine, pH 8.0. To collect kinetic binding data, the analyte
RADS51 or RPA in 10 mM HEPES, pH 7.4,150 mM NaCl, 1 mM ATP, 1 mM
DTT, 1 mM MgCl,, 0.05% Surfactant P20, pH 7.4, was injected over all
flow cells at various concentrations asshownin Fig.5a-d ata flow rate
of 30 pl minand atatemperature of 25 °C. The complex was allowed
to associate and dissociate for 60 and 600 s, respectively. Duplicate
injections (in increasing concentration order) of each sample and a
buffer blank were flowed over the two surfaces. Data were collected ata
rate of 10 Hz. The datawerefitted to a heterogeneous ligand interaction
model using the global data analysis option available within Biacore
T200 evaluation software (v3.2.1).
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Single-molecule DNA curtain assays

All single-molecule measurements were carried out at 37 °C. Experi-
ments were conducted with acustom-built prism-based total internal
reflection fluorescence microscope (Nikon) equipped with a488-nm
laser (Coherent Sapphire, 200 mW) and a 561-nm laser (Coherent
Sapphire, 200 mW)*, Flow cells were assembled and ssDNA curtains
were prepared as previously described**¢, Single-molecule data
were collected using NIS-elements v5.11 (Nikon). ssDNA was gener-
ated using a 5’-biotinylated primer annealed to M13 circular ssDNA
as a template, by rolling circle replication with phi29 DNA poly-
merase®. The flow cell was attached to the microfluidic system and
passivated with streptavidin-containing lipid bilayer as described
previously***, ssDNA was injected into the flow cell, attached to
the lipid bilayer through biotin-streptavidin linkage, and aligned at
the barriers by application of a constant buffer flow, and secondary
structures were disrupted by flushing 500 pl of 7 M urea in BSA buffer
(40 mM Tris-Cl (pH 8.0), 2 mM MgCl,, 1mMDTT and 0.3 mg mI BSA)
at a flow rate of 0.8 ml min™. Free ssDNA ends were anchored to the
exposed pedestals through non-specific adsorption, as described
previously**.

BCDX2 binding to RPA filaments

Experiments were started by flushing the ssDNA curtains with BSA
buffer (40 mM Tris-Cl (pH 8.0),2 mMMgCl,,1mMDTT and 0.3 mg mi™
BSA) supplemented with 100 pM mCherry-RPA for10 minataflowrate
of 0.8 mI min™. Then10 nM BCDX2 (either GFP-BC plus DX2 or BC plus
DX2-GFP, asindicated) wasinjected into the flow cells through a150-pl
injectionloop in HR buffer (30 mM Tris-Ac (pH 7.5),100 mM KCI,1 mM
MgCl,, 5 mM CaCl,, 2.5 mM ATP (or 2.5 mM ATPYS, asindicated), 1 mM
DTT, 0.2 mg ml-1BSA at aflow rate of 0.15 ml min™’. Data were collected
continuously throughout the entire process at arate of 1frame per10 s.

RADS1 filament assembly in the presence of BCDX2

RADS51 filament assembly was initiated by first binding BCDX2 to pre-
assembled mCherry-RPA-bound ssDNA curtains, as described above,
followed by immediate injection of 500 nM RADS1in HR buffer (30 mM
Tris-Ac (pH 7.5),100 mM KCI, 1 mM MgCl,, 5 mM CacCl,, 2.5 mM ATP
(or 2.5 mM ATPYS or AMP-PNP, as indicated)), 1 mM DTT, 0.2 mg ml™
BSA at a flow rate of 0.15 ml min™. Data were collected continuously
throughout the entire process at arate of 1frame per 3 s. Co-injection
measurements were carried under the same conditions in which10 nM
BCDX2 was premixed with the 500 nM RADS51 before injection into
the flow cell.

RPA exchange in the presence of BCDX2

Experiments were started by connecting the flow cells with two
syringes, separated by a valve, containing either 100 pM mCherry-
RPA or 100 pM unlabelled RPA in BSA buffer (40 mM Tris-CI (pH 8.0),
2mMMgCl,,1mMDTT and 0.3 mg ml™ BSA) supplemented with10 nM
BCDX2 (either GFP-BC plus DX2 or BC plus DX2-GFP, as indicated).
Initially, the ssDNA curtains were flushed with the mCherry-RPA-and
BCDX2-containing buffer for 5 min at a flow rate of 0.8 ml min™. Then
the valve was switched to the unlabelled-RPA- and BCDX2-containing
buffer. Datawere collected continuously throughout the entire process
atarateof1frameper10s.

Single-molecule data collection and analysis

For all two-colour images, a custom-built shuttering system was used
toavoid signal bleed-through during image acquisition**. Images from
the green (GFP) and the red (mCherry) channels are recorded inde-
pendently, generating an offset by 100 ms between the excitation of
each colour. This system prevents any possible signal bleed-through
between the two channels. The lasers were shuttered between each
acquired image to minimize photobleaching. Images were captured at

anacquisition rate of 1frame per 10 s for BCDX2 binding to RPA-ssDNA,
or1frameper 3 sfor RADS1filament assembly in the presence of BCDX2
with a100 ms integration time. Raw TIFF images were imported as
image stacks into ImageJ, and kymographs were generated from the
image stacks by defining a 1-px-wide region of interest along the long
axis of the individual ssDNA molecules. All data analysis was carried
out using the resulting kymographs.

To calculate BCDX2 binding kinetics to RPA-ssDNA, kymographs
were generated by defining a 1-px-wide region of interest along the
length of individual ssDNA filaments. Integrated signal intensity for
each time point was obtained from individual kymographs and normal-
ized using the maximum value for that kymograph. The mean and 95%
Clof normalized intensities across all ssDNA molecules was plottedin
GraphPad Prism (v8.4.3) for each time point using an X-Y connecting
line curve. Experiments containing ATPyS or AMP-PNP were carried
out using the same procedures.

To calculate assembly kinetics, kymographs were generated by
defining a 1-px-wide region of interest along the length of individual
ssDNA filaments. Integrated signal intensity for each time point was
obtained from individual kymographs and normalized using the
maximum value for that kymograph. The mean and 95% ClI of normal-
ized intensities across all ssDNA molecules was plotted for each time
point, and the distribution was fitted to a single exponential decay
curve using GraphPad Prism (version 8.4.3) to obtain the rate con-
stants. Experiments containing ATPyS were carried out using the same
procedures.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Atomic coordinates forapo BCDX2 and BCDX2-ssDNA complexes are
available at the Research Collaboratory for Structural Bioinformatics
PDB withaccession codes 8FAZ and 8GBJ, respectively. The correspond-
ing cryo-EM maps have been deposited into the Electron Microscopy
DataBank with accession numbers EMD-28961 (apo BCDX2) and EMD-
29917 (BCDX2-ssDNA). The structure data used from the Research
Collaboratory for Structural Bioinformatics are available at PDB 7EJC
and PDB 7EJE. Source data are provided with this paper.
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Extended DataFig.1|BCDX2reconstitutionand cryo-EM dataprocessing
flowchartforapo structure. a, Chromatogram of an analytical gel filtration
ofthe BCDX2 complexin the presence of ATP/Mg?* onaSuperdex200 Increase
10/300 column expressed and purified as described in the Methods (top).
Coomassie-stained SDS-PAGE gel of the indicated fractions representing
multiple replicates (bottom). b, Mass photometry analysis of the BCDX2
complex purifiedinthe presence (red) and absence (blue) of ATP and Mg?*.
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Extended DataFig. 3 | Subunit-subunitinteraction networks within the
BCDX2 complex. a, Cartoonrepresentation of the indicated RAD51B/RAD51C

interface withres
Anoverview of th

indicated interfaces presented in the three right panels.b-d, Theindicated
complexes are presented as in panel awith RAD51C/RADSID (panel b), RAD51D/
XRCC2 (panelc),and RAD51/RAD51 from the presynaptic filament (PDB: 7EJC)
(paneld).e-g, Structure-based sequence alignment of the indicated proteins.

Residue numbersto theleft of the sequence, secondary structure elements
(RADS1as areference) are shown on top of the sequence. Contacts to RADS1
(shaded cyan), RADSI1B (salmon), RAD51C (green), RAD51D (gold), and XRCC2
(magenta). In panel g, solid shade indicates ATPase domain contactstothe NTD
andboxed shaded regionsindicate contactstothe linker. h, Surfaceelectrostatic
representation of the complete BCDX2 complex with the ATPase domain of
RAD51B modeled using AlphaFold and residues comprising the basic patch
which serves as the putative nucleic acid bindingsite labeled.
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(PDB: 7EJC) is shown for reference. ¢, ATPase assays of luM indicated BCDX2
variantsinthe presence or absence of ssDNA after 60 minincubation. Piindicates
released inorganic phosphate after hydrolysis. The histograms show results
fromthreeindependent experiments, dataare presented as mean values +SD
and p-values for the significance of differences in mean values were calculated
by the two-sided t-test are indicated. d. ATP hydrolysis with1uM WT and
indicated mutant BCDX2 complexes with or without ssDNA were assessed for
indicated time points and measurements for three independent experiments
were plotted as mean values +SD. ATPase images in panels c and d were derived
fromsame experimentand processed in parallel.
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fromthe RADS51filamentare presented. An overview of the superpositionis
showninthe center panel, while magnified views of the RAD51C/RAD51D and
RADS51D/XRCC2 subcomplexes are shown to the right and left, respectively.
b, Magnified view of the RAD51D/XRCC2 module from panel a, rotated 180
degrees about the y-axis (left). Right, dSDNA from the RAD51/dsDNA
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dsDNA from the superposition presented in panels a and b. Note clashes
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Extended DataFig. 9| Characterization of BCDX2 recombination mediator
activity. a, Representative kymographs of single ssDNA molecules (left panel)
showing GFP-BC + DX2 plus ATP (reproduced from Fig. 4a, for comparison),
GFP-BC +DX2 minus ATP, BC + GFP-DX2 minus ATP, GFP-BC + DX2 plus ATPyS
and GFP-BC + DX2 (green channel; 10 nM each protein complex) plus AMP-PNP
(2.5mMATP or ATP analogue) binding to mCherry-RPA-ssDNA (red channel).
The graph (right panel) shows quantification of GFP-BCDX2 binding to the
mCherry-RPA-ssDNA. The graph for GFP-BC + DX2 was reproduced from Fig. 4b
forcomparison. Dataare represented as mean normalized GFP signal intensity;
errorbarsrepresent 95% Cl. Datawere derived from three flow cells per
reaction condition. b, Representative kymographs of single ssDNA molecules
(left panel) showing GFP-BC + DX2 (reproduced from Fig. 4a, for comparison),
GFP-BC-R258H + DX2, GFP-BC-R312W + DX2 (10 nM each protein complex) in
the presence of 2.5 MM ATP binding to and dissociating from amCherry-RPA-

ssDNA. The graph (right panel) shows quantification of GFP-BCDX2 binding to
the mCherry-RPA-ssDNA. The graph for GFP-BC + DX2 (+ATP) was reproduced
from Fig.4b for comparison. Data are represented as mean normalized GFP
signalintensity; error bars represent 95% Cl. Data were derived using three flow
cells per reaction condition. ¢, Representative kymographs of single RPA-ssDNA
molecules showing the behavior of GFP-BC+DX2inreactions with ATP (left
kymograph), ATPYS (center kymograph) and AMP-PNP (right kymograph) during
RADS51 filament assembly. d, Quantification of mCherry-RPA dissociation
during RADSI1 filament assembly in the presence and absence of BCDX2 (left
panel), asindicated. Datarepresented the mean normalized mCherry signal
intensity. Datawere derived using three flow cells per reaction condition.
Calculated rates for RPA-mCherry dissociation from ssDNA during RAD51
filament assembly (right panel).Error barsrepresent 95% Cl. n = 3 flow cells
perdataset; p-values were calculated by unpaired t-test (two-sided).
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Extended DataFig.10|Biophysical and biochemical characterization

of BCDX2 functions. a, Representative micrographs depicting RAD51
nucleoprotein filaments seen by negative stain electron microscopy in absence
orpresence of BCDX2, CDX2 and BCDX2 withRAD51C mutants R258H and
R312W.Datarepresentatleast40 electron micrographs for each sample
capturedintwoindependent experiments. b,c, Mass photometry analysis of
the RADSlinteractions with (panel b) BCDX2 complex and (panel c) BC
subcomplex in the presence of ATP/Mg?". Plots representing molecular mass
profilesRADS51, BCDX2, BCalone and RAD51when mixed withBCDX2 or BC are
differently color coded and molecular mass of most prominent peak ineach
sampleisindicated.d, Atwo protomer fragment of the RADS51 presynaptic

filament (RADS51.1inslateand RAD51.2in cyan) were superimposed onto the
XRCC2 subunit of XRCC2 subunit of the BCDX2 complex. The overall modelis
shownin the left panel and a magnified view of the ATP binding site at the
interface between XRCC2 and RAD51.1is shownin the right panel. Note that the
B8strand of XRCC2is extended by several residues and theloop between 37
and 8 adopsasignificantly different conformation from RAD51 which clashes
with ATPinthe model. e, ATP hydrolysis with1pM WT and indicated mutant
BCDX2 complexes with or without ssDNA were assessed for indicated time
points and measurements for threeindependent experiments were plotted as
mean values +SD. ATPase images were derived from same experiment and
processed in parallel.
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Extended Data Table 1| Cryo-EM data collection, refinement, and validation statistics

apo BCDX2 BCDX2-ssDNA
(EMDB-28961) (EMDB-29917)
(PDB 8FAZ) (PDB 8GBJ)
Data collection and
processing
Magnification 130K 130K
Voltage (kV) 200 200
Electron exposure (e—/A?) 51 52
Defocus range (um) 0.8-2.0 0.8-2.0
Pixel size (A) 0.87 0.87
Symmetry imposed C1 C1
Initial particle images (no.) 7219082 3406052
Final particle images (no.) 489073 165968
Map resolution (A) 2.3 3.1
FSC threshold 0.143 (A)
Map resolution range (A) 2.3-3.3 3.1-3.6
Refinement
Initial model used (PDB code) N/A AlphaFold N/A AlphaFold
Model resolution (A) 2.3 3.1
FSC threshold 0.143 (A)
Model resolution range (A) 2.3-3.3 3.1-3.6
Map sharpening B factor (A?) 52.2 110.2
Model composition
Non-hydrogen atoms 0 0
Protein residues 7280 7468
Ligands 91 93
Nucleotide Oa 118a
B factors (A?)
Protein 67.8 48.6
Ligand 61.8 18.3
Nucleotide N/A 49.8
R.m.s. deviations
Bond lengths (A) 0.002 0.004
Bond angles (°) 0.444 0.633
Validation
MolProbity score 1.6 1.7
Clashscore 104 14.6
Poor rotamers (%) 1.98 0.37
Ramachandran plot
Favored (%) 97.6 97.6
Allowed (%) 24 24
Disallowed (%) 0 0




Extended Data Table 2 | Structural similarity and SPR interaction between RAD51and BCDX2

ATPase Domains:

Protein 1 Protein 2 Superposition Length | RMSD (A) | % Identity | % Similarity
RAD51 RAD51C 218 1.49 29 43
RAD51 RAD51D 220 1.86 25 41
RAD51 XRCC2 225 2.68 21 34
RAD51C RAD51D 214 2.05 23 41
RAD51C XRCC2 221 3.06 20 33
RAD51D XRCC2 220 2.59 16 36
NTDs*:
Protein 1 Protein 2 Superposition Length | RMSD (A) | % Identity | % Similarity
RAD51 RAD51C 57 1.74 25 40
RAD51 RAD51D 61 2.09 13 28
RAD51C RAD51D 56 2.08 15 41
SPR analysis of RAD51 and BCDX2 interaction
Analyte | Ligand ka(1/Ms) kd(1/s) KD(M)
RAD51 BCDX2 3.09x10° | 7.91x10* 2.56x10°
RAD51 3.23x10° | 2.78x10* 8.61x107°
RAD51 N/A N/A N/A

*XRCC2 lacks an NTD

N/A: not available. The data could not be reasonably fit into a model

ka: association rate constant
kd: dissociation rate constant

KD: dissociation equilibrium constant
Note: Heterogeneous model was used for data fitting, and the tight binding stage was used as the interaction between the analyte and ligand listed.
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