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Abstract

Homologous recombination (HR) fulfils a pivotal role in the repair of DNA double-strand 

breaks and collapsed DNA replication forks1. HR depends on several RAD51 paralogs, including 

the tetrameric complex of RAD51B, RAD51C, RAD51D, and XRCC2 (BCDX2)2. Despite its 

importance, the mechanism by which BCDX2 promotes RAD51 presynaptic filament assembly 

during HR remains unclear. Here, we report cryo-EM reconstructions of human BCDX2 in apo 

and ssDNA-bound states at 2.3 Å and 3.1 Å resolution, respectively. The structures reveal how 

the amino-terminal domains of RAD51B, RAD51C, and RAD51D participate in inter-subunit 

interactions that underpin complex formation and single-stranded DNA binding specificity. 

Importantly, single-molecule DNA curtain analysis yields insights into how BCDX2 enhances 
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the assembly of the RAD51-ssDNA nucleoprotein filament crucial for HR execution. Moreover, 

our cryo-EM and functional analyses explain how RAD51C mutations found in cancer patients3–6 

inactivate DNA binding and the HR mediator activity of BCDX2. Altogether, our findings shed 

light on the role of BCDX2 in HR and provide the requisite foundation for understanding how 

pathogenic mutations in BCDX2 impact genome repair.
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Failure to remove DNA lesions induced by environmental and endogenous agents can 

cause cell death and potentially compromise genome integrity and lead to neoplastic 

transformation of cells7. 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 

rearrangements found in cancer cells8. Homologous recombination (HR) is a major DSB 

repair pathway that is highly accurate as the process is directed by a homologous DNA 

template.

In HR, DSB ends are processed to generate a long 3’ overhanging ssDNA tail that serves 

as the platform for the assembly of the machinery that catalyzes repair1. Specifically, once 

formed, the ssDNA tail is rapidly coated by replication protein A (RPA), which prevents 

the formation of ssDNA secondary structures and spurious DNA degradation. RPA is 

subsequently replaced by the recombinase RAD51 to assemble a nucleoprotein filament, 

referred to as the presynaptic filament, capable of conducting DNA homology search and 

strand invasion upon location of homology9. RPA-RAD51 exchange on ssDNA is facilitated 

by HR mediator proteins2,10.

Six RAD51 paralogs, namely, RAD51B, RAD51C, RAD51D, XRCC2, XRCC3, and 

SWSAP1, exist in humans, and they form distinct complexes that play a crucial role in 

HR by acting as mediators of RAD51 presynaptic filament assembly2. Based on amino acid 

sequence analysis and structure prediction, these paralogs harbor a conserved ATP binding 

domain, and with the exception of XRCC2 and SWSAP1, a globular N-terminal domain 

(NTD) of unknown function2. Three RAD51 paralog complexes have been described, 

specifically, the tetrameric BCDX2 (RAD51B, RAD51C, RAD51D, and XRCC2) complex, 

the dimeric CX3 (RAD51C and XRCC3) complex11 and the dimeric SWSAP1-SWS1 

complex12. In humans, BCDX2 is required for DSB repair in vivo, and elimination of 

any individual subunit renders cells hypersensitive to DNA damaging agents and reduces 

DNA damage-induced RAD51 foci formation5,13. Mutations in genes that encode RAD51B, 

RAD51C and RAD51D, are found in cancer patients3–6 and mutations in RAD51C and 

XRCC2 are associated with the cancer prone syndrome Fanconi anemia14 and accordingly, 

these genes are also known as FANCO15,16 and FANCU17, respectively.

There is currently no structural information on any of the three human RAD51 paralog 

complexes, and there are glaring knowledge gaps regarding the mechanisms by which 

these protein complexes promote RAD51 presynaptic filament assembly. Herein, we have 
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achieved cryo-EM reconstructions of the human BCDX2 complex in apo and ssDNA-bound 

states with nominal resolutions of 2.3 and 3.1 Å, respectively. The structures reveal the 

organization of the RAD51 paralogs and provides important insights into the nucleotide 

dependence and DNA substrate specificity profile of this complex. Notably, the RAD51B, 

RAD51C, and RAD51D amino-terminal domains (NTDs) participate in extensive inter-

subunit interactions, including tripartite networks that underpin BCDX2 complex assembly 

and that the unique configuration of NTDs within the complex confers ssDNA specificity 

through steric occlusion. Our BCDX2 reconstruction provides the basis for understanding 

the structural relevance of cancer patient-derived mutations in BCDX2 subunits, which 

we highlight through analysis of RAD51C mutations found in ovarian, breast, and lung 

cancers. Mechanistic insights are provided by a combination of biochemical and biophysical 

methods, including single-molecule studies revealing how BCDX2 mediates RPA-RAD51 

exchange on ssDNA. Collectively, our studies provide mechanistic insights into the HR 

mediator function of BCDX2, the molecular basis by which BCDX2 mutations lead to 

disease, and provide the foundation for targeting the BCDX2 complex for therapeutic 

intervention in cancer.

High-resolution cryo-EM structure of human BCDX2

We co-expressed full-length human RAD51B, RAD51C, RAD51D, and XRCC2 in insect 

cells using a single macrobaculovirus and purified the tetrameric BCDX2 complex in 

the presence of ATP/Mg2+, needed to maintain stability of the tetrameric complex, to 

near homogeneity (Extended Data Fig. 1a). Analysis by mass photometry confirmed the 

monodispersity of BCDX2 as a ~150 kDa complex and, consistent with previous results11, 

also revealed the dissociation of the complex upon omission of ATP/Mg2+ (Extended Data 

Fig. 1b). Unless otherwise noted, all biochemical and biophysical assays described in this 

manuscript were performed in the presence of ATP/Mg2+ whereas samples subjected to 

cryo-EM analysis were exchanged into buffer containing AMP-PNP/Mg2+ prior to grid 

preparation and data acquisition. We were able collect high quality cryo-EM data to generate 

a three-dimensional (3D) map of BCDX2 with a nominal resolution of 2.3 Å (masked) 

that provides detailed information regarding complex architecture and significant functional 

insights (Extended Data Fig. 1c and 2a–c; Extended Data Table 1). We hereafter refer to 

this structure as ‘apo BCDX2’ to distinguish it from the ssDNA-bound structure we report 

below. In the apo BCDX2 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 RAD51D decorate the periphery of the complex with each NTD 

being in close contact with both the ATPase domain and NTD of the neighboring subunit, 

while XRCC2, which lacks an NTD, associates with the ATP binding domain of RAD51D 

and the NTDs of RAD51C and RAD51D (Fig. 1). There was clear density for nucleotides 

within the ATP binding sites of RAD51C (ADP), RAD51D (AMP-PNP), and XRCC2 

(AMP-PNP) (Fig. 1a; Extended Data Fig. 2d, e). The extensive network of interactions 

between RAD51C, RAD51D, and AMP-PNP at the RAD51C/RAD51D interface, which 

will be described in greater detail below, likely explains the observed dependence of BCDX2 

complex stability on ATP/Mg2+ (Extended Data Fig. 1b)6. While the NTD and linker 
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region of RAD51B are well-ordered, its predicted ATP binding domain is not visible in our 

cryo-EM maps (Fig. 1), likely because it is highly dynamic.

Unique NTD configuration and interaction network in BCDX2

Despite sharing only 16–28% overall sequence identity 18, the structures of the ATP 

binding and N-terminal domains (NTDs) of BCDX2 subunits and RAD51 are highly 

similar. The ATPase domains of RAD51 and BCDX2 subunits superimpose with root mean 

square deviations (RMSDs) of between 1.5 to 3.1 Å (Extended Data Table 2) while the 

NTDs superimpose with RMSDs of between 1.7 to 2.1 Å (Extended Data Table 3). The 

major structural difference between the BDCX2 subunits and RAD51 is the orientation 

of the NTD relative to the ATPase domain (Fig. 2). While the NTD of RAD51 folds 

back towards its ATPase domain at an approximate 90° angle and participates in a small 

network of interactions with the ATPase domain, the NTDs of RAD51C and RAD51D 

project away from their ATPase domains at an approximate 45° angle which prevents 

intramolecular interactions (Fig. 2). As such, while the NTDs of RAD51 protomers within 

the presynaptic filament make few contacts with neighboring subunits (PDB 7EJC)19, the 

NTDs of RAD51B, RAD51C, and RAD51D show extensive interactions with both the 

NTDs and ATPase domains of neighboring subunits within the BCDX2 complex.

Interestingly, even though the NTDs of RAD51B, RAD51C, and RAD51D all project 

away from their ATP binding domains (Fig. 2a, left), the NTDs themselves each adopt 

drastically different spatial orientations relative to their corresponding ATPase domains 

(Fig. 2a, right). As noted above, the NTDs of RAD51B, RAD51C, and RAD51D harbor 

a conserved structure comprised of four α-helices (H1-H4) and, surprisingly, structural 

comparison reveals rigid body rotations between 51° and 165° and translations of 3 to 8 

Å relative to the ATPase domains (Fig. 2a, right). As such, entirely different NTD surfaces 

of the RAD51 paralogs are involved in the intermolecular interactions within the BCDX2 

complex (Extended Data Fig. 3) revealing a prominent network of tripartite interactions 

involving Pro18 of the RAD51C NTD, Leu36, Met39, and Tyr46 of the RAD51B NTD and 

Phe176 and Leu226 from the ATPase domain of RAD51D (Fig. 2b).

RAD51 possesses a crucially important protein polymerization motif spanning residues 

Phe86 to Ala89 (referred to as the FXXA motif)20,21. Specifically, the side chains of 

Phe86 and Ala89 insert into hydrophobic pockets on the surface of adjacent subunits within 

the RAD51 filament (Fig. 2c–e). As such, the F86E and A89E RAD51 mutants fail to 

self-associate or form nuclear foci upon DNA damage occurence20,22. RAD51 paralogs 

lack the FXXA motif, particularly at the residue corresponding to Phe86 of RAD51, with 

Met64 in RAD51B, Lys84 in RAD51C, Pro65 in RAD51D, and His6 within the disordered 

N-terminal region of XRCC2, replacing Phe86 of RAD51 (Fig. 2c–e). Importantly, regions 

of BCDX2 subunits corresponding to the hydrophobic pocket that accommodates Phe86 

within the RAD51 presynaptic filament are almost completely filled by bulkier hydrophobic 

and charged side chains (Fig. 2e, f). In RAD51B, for example, Tyr180, Arg191, and Glu198 

replace Ala192, Leu203, and Met210 of RAD51, and AlphaFold modeling shows that 

this results in a much shallower and charged pocket that would severely clash with a 

phenylalanine (Fig. 2f). Taken together, our structural analysis reveals crucial differences 
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that underpin the oligomeric structure of the BCDX2 complex in relation to the RAD51 

filament.

BCDX2 active sites and catalytic activity

Two Mg2+-coordinated AMP-PNP molecules are observed, one at the interface between 

XRCC2 and RAD51D in the XRCC2 active site and the other at the interface between 

RAD51D and RAD51C in the RAD51D active site (Fig. 3a). The AMP-PNP molecules are 

nearly completely buried at these conserved interfaces, with ~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 RAD51D (Fig. 3a, b). A similar arrangement is observed 

for the AMP-PNP bound to the RAD51D active site with Gln115 and Arg145 of RAD51D 

and Lys333 of RAD51C sandwiching the adenine (Fig. 3a, b). Overall, these AMP-PNP 

contacts closely resemble those observed for the ATPase site of RAD5119,23,24. Backbone 

amide groups of P-loop residues and Mg2+ interact with the β-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 γ-phosphate of AMP-PNP and 

lysine residues from the ATP binding site (Lys113 in RAD51D and Lys54 in XRCC2), 

lysine residues from adjoining subunits that contact ATP in trans (Lys328 in RAD51C and 

Lys297 of RAD51D), and Mg2+ (Fig. 3a, b). The two ordered Mg2+ ions are coordinated by 

conserved threonine residues within the Walker A motif (Thr114 in RAD51D and Thr52 in 

XRCC2) (Fig. 3a, b).

The constellation and identity of most of the amino acids within the active sites of XRCC2 

and RAD51D are conserved within RAD51C, but a key difference is that there are no trans 
contacts to the nucleotide due to the disorder of RAD51B (Fig. 3a, b). While the ATPase 

domains of XRCC2, RAD51D, and RAD51C are all buttressed by contacts to both the 

ATPase domains and NTDs of neighboring subunits, 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 more flexible nature of the RAD51B ATPase domain is 

due to lack of NTD stabilization. We speculate that the presence of ADP in the RAD51C 

ATP binding site is the result of hydrolysis that occurred during BCDX2 purification in 

the presence of ATP/Mg2+ and that ADP in the RAD51C active site was not displaced by 

AMP-PNP during sample preparation for cryo-EM due to flexibility of the RAD51B ATP 

binding domain, and thus, lack of trans contacts to the γ-phosphate.

We have previously reported that BCDX2 hydrolyzes ATP in a manner stimulated by 

DNA-binding6. To further investigate contributions of individual subunits of this complex 

in ATP hydrolysis, we purified RAD51B-RAD51C (BC) and RAD51D-XRCC2 (DX2) 

sub-complexes for testing. Consistent with structural analysis showing ADP densities at 

RAD51C walker A motif and AMP-PNP or ATP densities at RAD51D and XRCC2 Walker 

A motifs, BC but not DX2 displayed ATPase activity with a dependence on ssDNA. 

Together with the structural information, these results suggest that the ATP hydrolytic center 

of BCDX2 resides within RAD51B and/or RAD51C. Interestingly, DNA-stimulated ATP 

hydrolysis observed upon mixing BC and DX2 was consistently lower than BC alone, 

suggesting that DX2 downregulates ATP hydrolysis by BC (Fig. 3c). A conserved lysine 
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residue in the Walker A motif of ATPases including human RAD51 is critical for ATP 

binding as well as hydrolysis 25. Moreover, patient derived mutations in and around the 

Walker A motif of RAD51C have been shown to reduce ATP hydrolysis by BCDX26. 

Here we examined the effect of mutating the conserved lysine residue K131 located in the 

Walker A motif of RAD51C. Importantly, while the RAD51CK131A mutation has no effect 

on BCDX2 complex stability, it greatly impairs its ATPase activity (Fig 3d).

Basis for BCDX2 DNA substrate binding and specificity

Previously, we demonstrated that BCDX2 binds ssDNA with high affinity26. Here, we have 

sought to gain insights into the location of the DNA substrate binding site of BCDX2 

and the basis for ssDNA binding specificity. Two flexible loops, L1 and L2, within 

RAD51 provide the majority of contacts with ssDNA and dsDNA in pre- and post-synaptic 

complexes within the RAD51 presynaptic filament, respectively19,24,27. Analysis of surface 

electrostatics of our BCDX2 structure reveals a highly basic surface formed in large part 

by L1 and L2 of RAD51C and RAD51D, which resemble that of nucleofilaments of 

RAD51 (Fig. 4a)19,24,28. This basic surface is extended on one side of the core RAD51C/D 

module by XRCC2 L1 and L2, and docking of the RAD51B ATPase domain onto RAD51C 

shows that the basic surface extends along RAD51B on the other side of BCDX2 (Fig. 4a; 

Extended Data Fig. 3h).

We subsequently determined a cryo-EM structure of BCDX2 in complex with poly(C) 

ssDNA at a nominal resolution of 3.1 Å (masked) (Fig. 4b–e; Extended Data Fig. 4 and 

5; Extended Data Table 1). In our structure, unambiguous density for the sugar-phosphate 

backbone and nitrogenous bases of six nucleotides was evident that spans a contiguous 

basic surface on the RAD51C, RAD51D, and XRCC2 subunits of BCDX2 (Fig. 4b). 

Consistent with this observation, we found that while BC and DX2 subcomplexes alone 

exhibit no appreciable DNA binding, mixing these entities leads to robust enhancement of 

DNA binding (Fig. 4f). Moreover, while BCD heterotrimer lacking XRCC2 displays modest 

DNA binding activity, the DNA binding activity of CDX2 heterotrimer lacking RAD51B 

is comparable to that of the complete BCDX2 complex (Fig. 4f). Our biochemical analysis 

thus provides support to the premise that RAD51C-RAD51D interactions underpin a ssDNA 

binding interface in BCDX2 that is bolstered by XRCC2. Our data show that optimal 

DNA binding activity requires both BC and DX2 (Fig. 4f, g), and the latter attenuates 

ssDNA-dependent ATP hydrolysis by BC (Fig. 3c). It is plausible that DX2, by attenuating 

ATP hydrolysis by BC, increases the resident time of the tetrameric BCDX2 ensemble on 

RPA-ssDNA to allow for RPA-RAD51 exchange on the ssDNA to facilitate the assembly 

of presynaptic filament. Like apo BCDX2, the putative ATPase domain of RAD51B is not 

visible in the BCDX2/ssDNA structure indicating that ssDNA binding alone fails to induce 

or stabilize 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 Data Fig. 5d). In contrast to apo BCDX2 in which the ATP binding site 

of RAD51C is bound to ADP as noted above (Extended Data Fig. 2d), density consistent 

with AMP-PNP is present in the ATP binding site of RAD51C ssDNA-bound BCDX2 

(Extended Data Fig. 5d).
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Residues from RAD51D and XRCC2 contact four and three nucleotides of the ssDNA, 

respectively. Nearly all residues contacting the sugar phosphate backbone of the ssDNA are 

located within L2s of RAD51C, RAD51D, and XRCC2 (Fig. 4b, c, e). Backbone amide 

nitrogen atoms of Arg253, Leu 264, Gly265, and Arg266 of RAD51D and Gln200 of 

XRCC2 and the side chains of Thr259 and Ser304 of RAD51C, Arg266 of RAD51D, and 

Arg224 of XRCC2 participate in hydrogen bonds to the phosphate backbone of ssDNA (Fig. 

4b). Nearly all contacts to the cytosine bases of the ssDNA are mediated by the side chains 

of residues located in L1s of RAD51C, RAD51D, and XRCC2 (Fig. 4b, e). The side chains 

of Ser256 of RAD51C, Arg221 and Arg253 of RAD51D, and Arg159 of XRCC2 engage 

in hydrogen bond-mediated contacts to the cytosine bases of the ssDNA. Accordingly, 

BCDX2 complexes reconstituted by mixing purified WT BC with DX2 carrying either 

the R266A mutation in RAD51D or R159A mutation in XRCC2 strongly or moderately 

impairs DNA binding, respectively (Fig. 4g). Notably, comparable DNA binding activity 

was seen in BCDX2 purified as a tetramer or reconstituted by mixing WT BC with DX2 

(Fig. 4g). Additional patchy density projects from the 3’ end of the ssDNA included in 

the final model towards Arg249 and Arg258 of RAD51C (Fig. 4b, c). This suggests 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 RAD51 structures shows that although the 

basic patch comprising the DNA substrate binding site is well-conserved, there are several 

significant differences in how ssDNA is engaged (Fig. 4c, d, e). This includes significant 

diversity of L1 and L2 residues involved in contacts to ssDNA and differences in the 

ssDNA paths, particularly at the 5’ end (Fig. 4b, c, d, e). While RAD51 binds ssDNA 

in nucleotide triplets with L2 inserted into the space between triplet repeats 24, BCDX2 

engages ssDNA in a less regular manner without such a role for L2s (Fig. 4b, e). 

Furthermore, residues involved in contacts to nucleotides in the RAD51/ssDNA structure 

are very poorly conserved in BCDX2 subunits (0–23% identity; 20–36% similarity) and 

there are more contacts to the nitrogenous bases in the BCDX2/ssDNA structure (Fig. 4b, 

e). Also notable is the lack of conservation of RAD51 Arg235 in BCDX2 subunits, which 

is involved in dsDNA engagement and DNA strand exchange by RAD51 (Fig. 4e) (PDB: 

7EJE)19. Lastly, there is variability in the length of L1, with RAD51B and XRCC2 being 

two residues and one residue longer than the corresponding loop in RAD51 and RAD51C 

and RAD51D being three and two residues shorter, respectively (Fig. 4e).

We next sought to gain insights into the basis of BCDX2 specificity for ssDNA and for the 

altered path of ssDNA in the BCDX2 and RAD51 structures. To that end, we superimposed 

the RAD51C ATPase domain onto the RAD51 subunit contacting the 3’ end of ssDNA 

in the presynaptic RAD51-ssDNA complex (Extended Data Fig. 6a, b). While the ATPase 

domains of RAD51C and RAD51 superimpose well (RMSD= ~1.5 Å), analysis of the 

superposition reveals substantial differences in the positioning of subsequent subunits of 

BCDX2 and RAD51 complexes relative to each other (Extended Data Fig. 6a, b). While 

most ATPase domain/ATPase domain contacts and/or composite ATP interactions at the 

interface between RAD51C/D, RAD51D/XRCC2, and RAD51 subunits are conserved (Fig. 

3a, b; Extended Data Fig. 7), the RAD51C linker and ATPase domain of RAD51D tilt as a 

rigid body by ~11° relative to the second RAD51 subunit in the superposition (RAD51.2; 
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Extended Data Fig. 6a). An even greater ~23° rigid body tilting of the RAD51D linker and 

XRCC2 ATPase domain relative to the third RAD51 subunit in the superposition is observed 

(RAD51.3; Extended Data Fig. 6b).

Superposition of the postsynaptic RAD51/dsDNA structure19,24 onto our BCDX2/ssDNA 

structure reveals significant clashes that occur between the complementary DNA strand with 

L1 of XRCC2 (Extended Data Fig. 6c). These clashes stem from the tilting of BCDX2 

subunits relative to RAD51 described above and from structural differences within and in 

proximity to L1 of XRCC2, including an extension and altered orientation of H12, which 

imparts rigidity to this region (Extended Data Fig. 6b, d). Though clashes occur with ssDNA 

and dsDNA in the model, the higher flexibility of ssDNA very likely allows it to sample 

different paths within the DNA binding groove of BCDX2 (Fig. 4c, d). This is particularly 

evident at the 5’ end of the ssDNA in the BCDX2/ssDNA structure in which the backbone 

of the first three ordered nucleotides are flipped nearly 180 degrees relative to the RAD51/

ssDNA structure, thereby circumventing the most severe steric clashes that would occur 

based on the RAD51 ssDNA path (Fig. 4c, d). In contrast, dsDNA is bulkier and less flexible 

and sampling of available paths would therefore be restricted by L1 of XRCC2 and by the 

congregation of NTDs in proximity to this loop (Extended Data Fig. 6c).

Single-molecule DNA curtain analysis of HR mediator activity of BCDX2

We employed single molecule DNA curtain analysis to define the role of BCDX2 as a 

HR mediator. For this, we constructed, expressed and purified GFP-tagged BCDX2 labeled 

on either the RAD51C or XRCC2 subunit. We could readily detect the association of 

BCDX2 with RPA-bound molecules of ssDNA in reactions containing ATP (Fig. 5a, b, c). 

In contrast, no BCDX2 binding activity was observed in reactions where ATP was omitted 

(Extended Data Fig. 8a). Surprisingly, the BCDX2 binding activity was transient (Fig. 5a, 

b), and reactions with GFP-tagged RAD51C (plus unlabeled RAD51B, RAD51D, XRCC2) 

and ssDNA bound by mCherry-RPA yielded a dissociation rate constant (koff) of 0.471 

min−1 with a 95% confidence interval (CI) of 0.433 to 0.510 (Fig. 5c). Similar results were 

obtained in reactions with either GFP-tagged XRCC2 or with unlabeled RPA (Fig. 5b, c). 

Strikingly, BCDX2 remained tightly bound to the RPA-ssDNA molecules when either of the 

non-hydrolysable ATP analogs ATPγS or AMP-PNP was included in the reaction, indicative 

of ATP hydrolysis playing a regulatory role in the turnover dynamics of BCDX2 (Extended 

Data Fig. 8a). Note, these assays can only be performed with RPA-ssDNA and not naked 

ssDNA, because RPA is essential for minimizing ssDNA secondary structure thus allowing 

the ssDNA molecules to be extended parallel to the sample chamber surface for visualization 

by TIRFM, as previously described 29. RPA binds tightly to ssDNA with a picomolar 

binding affinity, yet it is still capable of undergoing rapid exchange when free RPA is present 

in solution 30. Interestingly, although BCDX2 bound tightly to the RPA-ssDNA molecules, 

we found no evidence that it enhanced either the dissociation or exchange of RPA from the 

ssDNA (Fig. 5d, e, f).

We next assessed BCDX2 interactions with RAD51 filaments. We could find no evidence 

for BCDX2 interactions with pre-assembled RAD51 filaments, nor could we detect BCDX2 

interactions with RAD51 filaments when BCDX2 and RAD51 were simultaneously co-
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injected into reactions containing RPA-ssDNA (Extended Data Fig. 8b). However, when 

RAD51 was injected into reactions containing BCDX2 pre-bound to RPA-ssDNA we 

observed a 42% to 49% increase in the rate of mCherry-RPA dissociation (Fig. 5g, h, i), 

which serves as a reliable proxy for the rate of RAD51 filament assembly31,32. ATPgS 

and AMP-PNP appear to trap BCDX2 on RPA-ssDNA (Extended Data Fig. 8a), but the 

addition of RAD51 to these trapped complexes causes BCDX2 to dissociate allowing for 

concomitant RAD51 filament assembly (Extended Data Fig. 8c, d). However, the rate for 

RAD51 filament assembly only increased by 24% or 20% with ATPγS or AMP-PNP, 

respectively, highlighting the need for ATP hydrolysis to achieve full stimulation of RAD51 

filament assembly (Extended Data Fig. 8d). Taken together, these results show that ATP 

binding is necessary for BCDX2 association with RPA-ssDNA, ATP hydrolysis contributes 

to the release of BCDX2 from RPA-ssDNA, and BCDX2 bound to RPA-ssDNA accelerates 

the rate of RAD51 filament formation, but BDCX2 does not remain bound to already 

assembled RAD51 filaments. While these data show clear evidence of BCDX2 binding 

interactions with the RPA-ssDNA molecules, they cannot distinguish between BCDX2 

binding to ssDNA, RPA or both. However, our bulk biochemical and cryo-EM data both 

show that BCDX2 binds to naked ssDNA, so interpreted within this context, it is likely that 

the binding interactions observed in the DNA curtain assays reflect BCDX2 binding to the 

ssDNA itself.

Lastly, as a means to assess the relevance of the ssDNA binding pocket observed in our 

cryo-EM structure, we tested two mutations, RAD51D-R266A and XRCC2-R159A, both of 

which are predicted to disrupt interactions with ssDNA. Consistent with this prediction, we 

find that the BCDX2 complexes harboring either RAD51D-R266A or XRCC2-R159A show 

no appreciable binding to the RPA-ssDNA molecules in the DNA curtain assays (Fig. 5j, k).

EM analysis of the HR mediator attribute of BCDX2

Next, we analyzed RAD51 filaments formed with a 150-mer oligonucleotide in the presence 

or absence of BCDX2 complex by negative stain electron microscopy (Fig. 5j–l; Extended 

Data Fig 9a). Interestingly, the number of RAD51 nucleoprotein filaments per micrograph 

were significantly higher in the presence of BCDX2 vs RAD51 alone (Fig 5j). However, 

we did not observe any substantial increase in RAD51 filament length in the presence of 

BCDX2 (Fig. 5l). We also observed a significant increase in the number of interconnected 

RAD51 filaments in the presence of BCDX2 (Fig. 5k). These findings suggest that BCDX2 

promotes RAD51 filament formation by increasing the local concentration of RAD51 and 

DNA, which is also supported by a previous study showing RAD51 filaments forming 

in proximity of BCDX2 bound DNA11. To further understand role of BCDX2 in RAD51 

filament formation, we also tested the trimeric CDX2 subcomplex which can bind ssDNA 

almost as efficiently as BCDX2 (Fig 4f) but lacks RAD51B. Notably, CDX2 was unable 

to promote RAD51 filament formation (Fig 5j, k, l). The results thus reveal a key role of 

RAD51B in the promotion of RAD51 filament formation by BCDX2.
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SPR analysis and AlphaFold modeling of BCDX2/RAD51 interactions

We surmised that the HR mediator activity of BCDX2 may entail its interaction 

with RAD51. To test this hypothesis, we conducted surface plasmon resonance (SPR) 

experiments with BCDX2 or its sub-complexes BC or DX2 immobilized on dextran SPR 

chips as an affinity matrix to test for possible RAD51 interaction (Fig. 6a–c). Interestingly, 

we observed RAD51 interaction with BCDX2 (Fig. 6a) and the BC sub-complex (Fig. 6b) 

with comparable affinities, whereas no interaction with the DX2 sub-complex (Fig 6c). 

RAD51 interactions with BCDX2 and its BC sub-complex were also validated by mass 

photometry analysis showing cumulative increase in molecular mass upon mixing RAD51 

with BCDX2 or BC (Extended Data Fig. 9b, c). These results strongly suggest that the 

RAD51 interaction interface resides within the BC module of BCDX2. Moreover, we did 

not observe BCDX2 interaction with RPA (Fig 6d), suggesting that BCDX2 association with 

RPA coated DNA (Fig. 5a) is primarily through DNA binding by BCDX2.

We further investigated the basis for the BCDX2/RAD51 interaction based on our structural 

data and modelling. Our analysis revealed that it is unlikely that RAD51 interacts with 

BCDX on the XRCC2 side, as the structural elements of XRCC2 predicted to interact with 

ATP bound to a subsequent subunit are drastically different compared to RAD51 and other 

BCDX2 subunits. Salient changes include a substantial lengthening of a β-strand (β8) and 

altered conformation of a loop in this region of the structure (β7-β8 loop) that would lead 

to clashes with ATP (Extended Data Fig. 9d). In contrast, there is no structural impediment 

to interaction of RAD51 with BCDX2 on the RAD51B side. AlphaFold33 modeling of 

RAD51B-RAD51C interaction (in the context of the BCDX2 structure) provided a high 

confidence model in which the ATPase domains are packed against each other similar to 

other subunits in the BCDX2 and RAD51 complexes (Fig. 6e). Importantly, modeling of 

RAD51-RAD51B interaction within the context of BCDX2 (Fig. 6e) also led to a high 

confidence model in which key structural elements of RAD51 pack against the ATP binding 

site of RAD51B, such that conserved trans interactions with ATP could occur. We note, 

however, that the buried surface area at the interface between the RAD51 and RAD51B 

ATPase domains is about a third of that observed for other neighboring subunits in the 

BCDX2 complex. We refer to this manner of RAD51/RAD51B interaction as ‘Mode 1’ and 

the resulting RAD51/BCDX2 model as ‘Model 1’ (Fig. 6e, f). Herein, XRCC2 is situated at 

the end of the ssDNA binding site, with a RAD51 nucleoprotein filament emanating from 

the bottom of the BCDX2 complex due to interactions between RAD51 and RAD51B (Fig. 

6f).

We also considered mechanistic implications of the highly dynamic nature of the RAD51B 

ATPase domain. Accordingly, we modeled the standalone RAD51/RAD51B interaction 

(e.g., not in the context of BCDX2 complex) which yielded a high confidence model in 

which key structural elements of RAD51B are positioned in proximity to the ATP binding 

site of RAD51 similar to RAD51B/RAD51C interaction (Fig. 6e). This “Mode 2” RAD51/

RAD51B interaction model has ~1250 Å2 of surface area buried at the interface between 

the ATPase domains of the constituents (Fig. 6e). This compares favorably to RAD51B/

RAD51C (~1500 Å2 buried surface area) and RAD51 filaments (~1000 Å2 buried surface 

area) and is significantly greater than the ~560 Å2 buried at the RAD51/RAD51B Mode 
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1 interface. Given the high flexibility of the RAD51B ATP binding domain, it is formally 

possible that this RAD51B domain endows BCDX2 with the ability to interact with RAD51 

presynaptic filaments via Mode 1 and/or Mode 2. We refer to this RAD51/BCDX2 model 

as ‘Model 2’, which could impart structural plasticity to promote assembly of a nascent 

RAD51 filament on ssDNA, could be relevant at locations involving junctions between 

ssDNA and dsDNA during HR, and/or could facilitate recruitment of additional HR factors 

(Fig. 6g).

Effect of RAD51C cancer mutations on DNA binding

Previously, we demonstrated that patient-derived mutations 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 HR6 (Fig. 7a). As our cryo-EM analysis has provided 

evidence for RAD51C and RAD51D interactions being critical for BCDX2 complex 

formation and DNA binding, here, we focused on studying patient mutations in non-catalytic 

amino acid residues of RAD51C that cause strong defects in RAD51C and RAD51D 

interactions and HR in cell-based assays6.

RAD51C-R258H is the only reported mutation for FA complementation group O16, 

and RAD51C-R312W germline mutation leads to predisposition to breast and ovarian 

cancer3,6,34. Both mutations cause severe defects in HR in cell-based assays and in 

RAD51C-RAD51D interactions6. We found that these pathogenic mutations strongly impair 

DNA binding (Fig. 7b) and DNA-stimulated ATP hydrolysis (Fig. 7d; Extended Data Fig. 

10) by the mutant BCDX2 complexes. In this regard, it is notable that RAD51C-R258 is 

equivalent to RAD51-R2416, a key residue involved in DNA binding24. Both mutations 

abolish the ability of BCDX2 to interact with RPA-ssDNA molecules in the DNA curtain 

assays (Fig. 7c) and like WT BCDX2, mutant BCDX2 complexes do not interact with 

preassembled RAD51 filaments (Extended Data Fig. 8b). Importantly, both BCDX2 mutant 

complexes are devoid of the ability to promote RAD51-ssDNA nucleoprotein filament 

assembly (Fig. 7e, f, g; Extended Data Fig. 9a). We note that Arg258 and Arg312 of 

RAD51C are located proximal to cryo-EM density extending from the 3’-most modelled 

nucleotide in our BCDX2/ssDNA structure (Fig. 4b, c). Altogether, the data presented 

here suggest that pathogenicity of the RAD51C-R258H and RAD51C-R312W mutations 

likely stems from impairment of DNA binding through disruption of interactions with DNA 

nucleotides extending 3’ along RAD51C within the conserved basic surface of BCDX2.

Altogether our work reveals the overall architecture and organization of the BCDX2 

complex and important insights into the nucleotide dependence and DNA substrate 

specificity profile of this complex. Our results also provide insights into how DNA and 

ATP binding/hydrolysis relate to the dynamics of complex assembly and disassembly which 

in turn regulate BCDX2 function. Our single-molecule analysis indicates that BCDX2 

binds to RPA-ssDNA in an ATP-dependent manner and that hydrolysis of ATP mediates 

BCDX2 dissociation. Accordingly, substitution of ATP with a non-hydrolyzable ATP analog 

leads to stable association of BCDX2 with the RPA-ssDNA complex. We have also 

shown that BCDX2 association with RPA-ssDNA significantly increases the rate of RAD51-
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ssDNA nucleoprotein filament assembly. Overall, our results suggest that BCDX2 functions 

similarly to the Saccharomyces cerevisiae RAD51 paralog complex Rad55-Rad57 and the C. 
elegans paralog complex RFS-1/RIP-1 by stimulating Rad51-ssDNA nucleoprotein filament 

without any stable association with mature RAD51 filaments35–37. The key mechanistic 

difference distinguishing BCDX2 from Rad55-Rad57 and RFS-1/RIP-1 is that the latter 

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 from the resulting 

Rad51-ssDNA complexes35,36. In contrast, we now show that human BCDX2 binds to 

RPA-ssDNA before the arrival of RAD51 to then stimulate RAD51 filament assembly, 

thus revealing a new mode of RAD51 paralog mechanism of action. While our SPR, mass 

photometry, and modeling analyses indicate that BCDX2 physically interacts with RAD51, 

the structural basis for this interaction and its functional impact on the HR mediator activity 

of BCDX2 remain to be determined. Also unknown is the role of the RAD51B ATPase 

domain in regulating the function of the BCDX2 complex. In sum, our work provides a 

significant step forward in our understanding of BCDX2 structure and function and lays the 

groundwork for answering remaining questions regarding how it and other RAD51 paralog 

complexes act as mediators of RAD51 presynaptic filament assembly during HR.

Methods

Protein expression and purification

BCDX2 purification was carried as previously described 6. Briefly BCDX2 (RAD51B-His 

and XRCC2-Flag) was expressed in Hi5 insect cells using baculoviruses and all the 

purification steps were carried out at 0–4°C. Cell pellet was resuspended in T buffer (25 

mM Tris-HCl, pH 7.5, 10% glycerol, 0.5 mM EDTA, 1mM DTT, 0.05% IGEPAL CA-630 

(Sigma), 1 mM PMSF and protease inhibitors) containing 300 mM KCl (T300), 5 mM ATP, 

and 2 mM MgCl2, lysed by sonication, clarified lysates was incubated with Ni-NTA resin 

and BCDX2 protein was eluted with T buffer containing 100 mM KCl (T100) with 200 mM 

Imidazole. For further purification protein was fractionated on HiTrap Q HP column with 

150–600 mM KCl gradient and concentrated pooled fractions were subject to size exclusion 

chromatography in a Superdex200 Increase 10/300 GL column in T300 buffer with 2 mM 

each of ATP and MgCl2. BCDX2 sample preparation for Cryo EM were otherwise carried 

out similarly except that size exclusion chromatography was performed in HEPES buffer 

without glycerol and IGEPAL CA-630 and with 50 mM KCl and 0.2 mM ATP and 1 

mM MgCl2. Peak fractions were concentrated and incubated with otherwise similar HEPES 

buffer but ATP replaced with 1 mM AMP-PNP for 3 hours and AMP-PNP was further 

enriched by buffer exchange during concentration.

For BC (RAD51B-His and RAD51C/GFP-RAD51C), BCD (RAD51B-His, RAD51C 

and RAD51D), DX2 (RAD51D and XRCC2-Flag/GFP-XRCC2-Flag) CDX2 (RAD51C, 

RAD51D and XRCC2-Flag) purification, crude cell lysates were prepared from 6–8 g cell 

pellet (from 800 ml insect cell culture) by sonication in 50 ml T300 with 5 mM ATP, and 

2 mM MgCl2, followed by centrifugation at 100,000 Xg for 60 min. For BC and BCD 

purification clarified lysate was incubated with 2.5 ml Ni-NTA resin (Qiagen, 1018142) for 

1 hour, followed by sequential washes of the resin with 25 ml T300 buffer, 500 ml T buffer 
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with 1000 mM KCl (T1000) and 25 ml T100 buffer and with all the buffer also containing 

20 mM imidazole, 2 mM each of ATP and MgCl2. The BC and BCD complexes were eluted 

from the affinity matrix with 10 ml T100 buffer containing 200 mM imidazole and 2 mM 

each of ATP and MgCl2. For DX2 and CDX2 purification clarified lysates were incubated 

with 1 ml anti-FLAG M2 resin (Sigma, A2220) for 2 hours, followed by sequential washes 

of the resin with 100 ml T300 buffer and 50 ml T100 buffer and with all the buffer also 

containing 2 mM each of ATP and MgCl2. The DX2 and CDX2 complexes were eluted 

from the affinity matrix with 10 ml T100 buffer containing 200 ng/μl FLAG peptide (Sigma, 

F3290) and 2 mM each of ATP and MgCl2. Further purification of each sub-complex was 

performed by ion exchange in a 1 ml HiTrap Q HP column fractionated with a 45 ml 150–

600 mM KCl gradient in T buffer containing 2 mM each of ATP and MgCl2. Peak fractions 

were pooled and concentrated to 0.4 ml in a Amicon 30 concentrator and then subject to 

size exclusion chromatography in a Superdex200 Increase 10/300 GL column in T300 buffer 

with 2 mM each of ATP and MgCl2.

ULP1–6XHis, 6XHis-SUMO-RAD51 and untagged RPA complex were all overexpressed 

in E. coli BL21 (DE3) Rosetta2 by induction with 0.5 mM IPTG at O.D.600 0.5–0.6 for 

overnight at 16°C. The crude cell lysates for ULP1–6XHis and 6XHis-SUMO-RAD51 were 

prepared from 20–25 g cell pellet (from 12 liter culture) by sonication in 100 ml T buffer 

containing 500 mM KCl (T500), followed by centrifugation at 100,000 Xg for 60 min. 

Each of clarified lysate was incubated with 5 ml Ni-NTA resin (Qiagen, 1018142) for 1 

hour, followed by sequential washes of the resin with 25 ml T500 buffer, 250 ml T1000 

buffer and 25 ml T100 buffer and with all the buffer also containing 20 mM imidazole. The 

ULP1–6XHis was eluted from the affinity matrix with 10 ml T100 buffer containing 200 

mM imidazole, dialyzed overnight and concentrated. 6XHis-SUMO-RAD51 bound Ni-NTA 

resin was resuspended in 5 ml T100 buffer and 6XHis-SUMO tag was cleaved by incubating 

overnight with ULP1 on rotary shaker. RAD51 protein was eluted by collecting flowthrough 

and sequentially washing Ni-NTA resin in T100 buffer. Further purification RAD51 protein 

was fractionated with a 45 ml 150–450 mM KCl gradient in T buffer first by ion exchange in 

a 1 ml HiTrap Q HP column followed by 1 ml HiTrap heparin column with a 45 ml 150–450 

mM KCl gradient in T buffer and peak fractions were concentrated and saved.

The crude cell lysates for RPA purification was prepared from 30–35 g cell pellet (from 

12 liter culture) by sonication in 150 ml T100 buffer, Clarified lysates was fractionated 

through 25 ml Affi Gel Blue column with Sodium thiocyanate gradient (500–2000 mM, 5 

CV) in T100 buffer, peak fractions were further fractionated through 10 ml MacroHAP 

hydroxyapatite column with phosphate gradient (10–180 mM, 6 CV) in T100 buffer, 

followed by fractionation with a 45 ml 150–450 mM KCl gradient in T buffer by ion 

exchange in a 1 ml HiTrap Q HP column and 1 ml HiTrap heparin column respectively and 

peak fractions were concentrated and saved.

All protein samples were snap frozen in liquid nitrogen and stored −80° C.

Rawal et al. Page 13

Nature. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 

~6 μM. 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, ~6 

μM apo BCDX2 was mixed with a 10-fold molar excess of an 30-mer poly deoxycytidine 

oligonucleotide (5’-CCCCCCCCCCCCCCCCCCCCCCCCCCCCCC) in presence of 2 mM 

AMP-PNP. The mixture was incubated for 5 minutes at room temperature and then applied 

onto cryo-EM Au grids as for apo BCDX2. Grids were vitrified using a Vitrobot Mark IV 

(Thermo Fisher Scientific). Specifically, 3 ul of BCDX2 specimen was pipetted onto the grid 

maintained at 4°C and 100% humidity in the Vitrobot chamber. Grids were subsequently 

blotted for 3 s, with a blotting force of −10 and plunged into the liquid ethane. Grids 

were transferred into liquid nitrogen and stored at cryogenic temperatures before clipping, 

screening, and data collection.

Data collection was performed at 200 kV on a Glacios cryo-TEM microscope equipped with 

a Falcon IV camera and Selectris energy filter (slit width: 10 eV) at UT Health San Antonio 

Cryo-EM center. Imaging was acquired using Thermo Fisher Scientific’s EPU software with 

an AFIS model. For apo BCDX2, a total of 1,741 image frames with EER file format were 

recorded with an exposure time of 7 s, a total dose of 51 e−/Å2 with a 5.65 e−/pix/s dose rate; 

for the BCDX2/ssDNA complex, a total of 2,163 image frames with EER file format were 

recorded with an exposure time 8.99 s, a total dose of 52 e−/Å2 with a 4.47 e−/pix/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 Å, a nominal magnification 130,000x, and a defocus 

range from −0.8 to −2.0 μm.

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

Post data collection, images were gain corrected, dose weighted, patch motion corrected 

using Cryosparc v3.3.1 38. The exact defocus value and CTF (Contrast Transfer Function) of 

each micrograph was estimated using Cryosparc’s patch CTF estimation. For apo BCDX2 

data processing, micrograph curation with a CTF resolution cutoff value of 5 Å resolution 

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 Å diameter. The particles were subsequently extracted at a 256 pix box size without 

downsampling. After three rounds of light 2D classification to filter noise and dissociated 

particles, 7,219,082 particles entered 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. 

In total, 4 rounds of heterogeneous refinement were performed in Cryosparc, with the best 

class from the final heterogeneous refinement containing 1,192,629 particles. This class was 

refined to 3.0 Å with homogeneous refinement. A final step of stringent heterogeneous 

refinement was further applied using the 3.0 Å map as an initial model, which segregated 
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one class with improved resolution of 2.3 Å (based on FSC-0.143 criterion) using masked 

homogenous 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, with micrograph curation of 

a CTF cutoff value of 5 Å resolution applied, around 4,000 micrographs were kept for 

particle picking. A set of around 4,000,000 particles with 256 pix box size were fed into 

2D classification and 3,406,052 particles selected. These were used for 3D initial model 

generation with 6 classes and used four rounds of 3D heterogeneous refinement processing 

with 6 initial models as references. The final 3D heterogeneous refinement step retained 

480,986 particles. This was followed by a further heterogeneous refinement with only 

3 classes with one final class of 165,968 particles applied for homogeneous refinement, 

yielding a resolution of 3.12 Å. This was further refined using non-uniform refinement 

yielding a final resolution is 3.11 Å.

Model building and refinement

Models of RAD51B, RAD51C, RAD51D, and XRCC2, were first predicted using 

Alphafold2 33. After deleting the low confidence and disordered regions of each model, 

RAD51B, RAD51C, RAD51D, and XRCC2 were rigid-body docked into the cryo-EM 

map using UCSF ChimeraX 39. All of the predicted models were fit with high confidence 

except the RAD51B ATP binding domain, which showed no density in our map. Fitting 

correlation values were 0.59 for RAD51C, 0.62 for Rad51D, and 0.65 for XRCC2. 

Further building and structural refinements were performed using COOT 40 and further 

refinements of stereochemistry and secondary structure were performed in PHENIX 

using phenix.real_space_refine 41. For BCDX2/ssDNA model building, the model from 

the apo BCDX2 complex was directly fit 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 used to refine the full BCDX2/ssDNA model. Both 

apo 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 39 and PyMOL 42.

DNA binding and ATPase assays

For DNA binding, 1 nM of 5’ 32P-labeled 80-nt ssDNA43 was incubated with the indicated 

concentration of purified BCDX2 complex in 10 μl reaction buffer (50 mM Tris-HCl, pH 

7.5, 155 mM KCl, 1 mM DTT, 1 mM ATP, 1 mM MgCl2 and 100 ng/μl 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).

BCDX2 complexes or its sub-complexes (1 μM) were incubated in the absence or presence 

of ssDNA (20 μM nucleotides, phiX174 virion) in 10 μl of reaction buffer (20 mM HEPES, 

pH 7.5, 1 mM DTT, 1 mM MgCl2 and 30 mM KCl) containing 0.05 mM ATP with 0.25 

μCi [γ−32P] ATP at 37°C. Aliquots of 2 μl were withdrawn at the indicated times and 
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mixed with 2 μl of 0.5 M EDTA to stop the reaction. 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.

Negative staining and electron microscopy

For presynaptic filament assembly, RAD51 (2μM) was incubated with 150-nt 

oligonucleotide (6μM nucleotides) with or without 25 nM BCDX2 variants in reaction 

buffer (25mM HEPES pH 7.5, 25mM KCl, 1 mM MgCl2, and 2 mM ATP) at 37°C for 

15 min. A droplet of 20 μl of a reaction mixture was loaded onto a glow-discharged 

carbon-coated 300 mesh copper grid (EMS CF300 cu) for 1min. After blotting with filter 

paper, the grid was immersed in a 20 μl 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 

with twice with water for 1min. Following excess stain removal, grids were dried in air for 

about 3 min. Negatively stained samples of hRAD51 presynaptic filaments were examined 

by transmission electron microscopy (TEM). Images were processed in Fiji ImageJ image 

analysis package and filaments were quantified using ImageJ plugin Ridge detection.

Mass photometry

Mass Photometry analysis was performed using a Refeyn TwoMP instrument (Oxford, UK). 

Contrast-to-mass calibration was achieved by standard curve covering mass range from 66 

up to 480 KDa. The experiments were performed on sample carrier slides partitioned by 

six well silicone cassettes. BCDX2 purified in absence or in presence of 2 mM ATP and 

MgCl2 each were diluted in 1X PBS buffer (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 

and 2 mM KH2PO4) to final concentration of 10 nM. For analyzing RAD51 interactions 

with BCDX2 or BC complexes, proteins were mixed in presence of 2 mM ATP and MgCl2 

each were diluted in 1X PBS buffer to final concentration of 5 nM each. Using AcquireMP 

software, blank acquisition field was first adjusted in native settings and then single particles 

were detected in a movie recorded for one minute at a 100 frames per second rate in 

ratiometric acquisition settings. All mass photometry data was analyzed with DiscoverMP 

software to produce mass values for each detected particle and plotted as normalized counts.

Surface Plasmon Resonance

Surface plasmon resonance experiments were performed using a Biacore T100 (with T200 

sensitivity enhanced) equipped with a CM5 sensor chip. The ligand BCDX2 (148 kDa, 

>90% pure based on SDS–PAGE) was scouted for optimal pH and then immobilized using 

amine-coupling chemistry. The surfaces of flow cells were activated for 7 min with a 1:1 

mixture of 0.1 M NHS (N-hydroxysuccinimide) and 0.4 M EDC (3-(N,N-dimethylamino) 

propyl-N-ethylcarbodiimide) at a flow rate of 5 μl/min. The ligand (BCDX2) at a 

concentration of 50 μg/ml in 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 a reference surface. All 

surfaces were blocked with a 7 min injection of 1 M ethanolamine, pH 8.0. To collect kinetic 

binding data, the analyte RAD51 in 10 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM ATP, 

1 mM DTT, 1mM MgCl2, 0.05% Surfactant P20, pH 7.4, was injected over all flow cells 
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at various concentrations as shown in Figure 6a and b at a flow rate of 30 μl/min and at a 

temperature 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 at a rate of 10 Hz. 

The data were fit to a heterogeneous ligand interaction model using the global data analysis 

option available within Biacore T200 evaluation software (Version 3.2.1).

Single molecule DNA curtain assays

All single molecule measurements were carried out at 37°C. Experiments were conducted 

with a custom–built prism–based total internal reflection fluorescence (TIRF) microscope 

(Nikon) equipped with 488nm laser (Coherent Sapphire, 200 mW) and a 561nm laser 

(Coherent Sapphire, 200 mW) 44. Flow cells were assembled and ssDNA curtains were 

prepared as previously described 45,46. ssDNA was generated using a 5’ biotinylated primer 

annealed to M13 circular ssDNA as a template, by rolling circle replication with phi29 DNA 

polymerase 32. The flow cell was attached to the microfluidic system and passivated with 

streptavidin containing lipid bilayer as described 31,44. ssDNA was injected into the flow 

cell, attached to the lipid bilayer through biotin–streptavidin linkage, aligned at the barriers 

by application of a constant buffer flow, and secondary structures were disrupted by flushing 

500 μL of 7 M urea in BSA buffer (40 mM Tris-Cl [pH 8.0], 2 mM MgCl2, 1 mM DTT, 

and 0.3 mg/mL 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 44.

BCDX2 binding to RPA filaments

Experiments were begun by flushing the ssDNA curtains with BSA buffer (40 mM Tris-Cl 

[pH 8.0], 2 mM MgCl2, 1 mM DTT, and 0.3 mg/mL BSA) supplemented with 100 pM 

mCherry–RPA for 10 min at a flow rate of 0.8 mL/min. Then 10 nM BCDX2 (either 

GFP-BC plus DX2 or BC plus DX2-GFP, as indicated) was injected into the flow cells 

through 150 μL injection loop in HR buffer (30 mM Tris-Ac [pH 7.5], 100 mM KCl, 1 

mM MgCl2, 5 mM CaCl2, 2.5 mM ATP (or 2.5 mM ATPγS, 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 a rate of 1 frame per 10 seconds.

RAD51 filament assembly in the presence of BCDX2

RAD51 filament assembly was initiated by first binding BCDX2 to preassembled mCherry-

RPA bound ssDNA curtains, as described above, followed by immediate injection of 500 nM 

RAD51 in HR buffer (30 mM Tris-Ac [pH 7.5], 100 mM KCl, 1 mM MgCl2, 5 mM CaCl2, 

2.5 mM ATP (or 2.5 mM ATPγS 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 a rate of 1 frame per 3 seconds. Co-injection measurements were carried under 

the same conditions where 10nM BCDX2 was premixed with the 500nM RAD51 before 

injection into the flow-cell.
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RPA exchange in the presence of BCDX2

Experiments were begun by connecting the flow-cells with two syringes, separated by a 

valve, containing either 100 pM mCherry-RPA or 100 pM unlabeled RPA in BSA buffer 

(40 mM Tris-Cl [pH 8.0], 2 mM MgCl2, 1 mM DTT, and 0.3mg/mL BSA) supplemented 

with 10 nM BCDX2 (either GFP-BC plus DX2 or BC plus DX2-GFP, as indicated). Initially 

flushing the ssDNA curtains 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 unlabeled RPA and 

BCDX2 containing buffer. Data were collected continuously throughout the entire process at 

a rate of 1 frame per 10 seconds.

Single-molecule data collection and analysis

For all two-color images, a custom-built shuttering system was used to avoid signal 

bleed-through during image acquisition 44. Images from the green (GFP) and the red 

(mCherry) channels are recorded independently, generating an offset by 100 ms between 

the excitation of each color. This system prevents any possible signal bleed-through between 

the two channels. The lasers were shuttered between each acquired image to minimize 

photo-bleaching. Images were captured at an acquisition rate of 1 frame per 10 seconds 

for BCDX2 binding to RPA–ssDNA, or 1 frame per 3 seconds for RAD51 filament 

assembly in the presence of BCDX2 with a 100-millisecond integration time. Raw TIFF 

images were imported as image stacks into ImageJ, and kymographs were generated from 

the image stacks by defining a 1-pixel wide region of interest (ROI) along the long-axis 

of the individual ssDNA molecules. All data analysis was performed using the resulting 

kymographs.

For calculating BCDX2 binding kinetics to RPA-ssDNA, kymographs were generated by 

defining a 1–pixel–wide region of interest (ROI) 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% CI of normalized intensities across all ssDNA molecules was plotted in Graphpad 

Prism (version 6.0) for each time point using XY connecting line curve. Experiments 

containing ATPγS or AMP-PNP were carried out under the same procedure.

For calculating assembly kinetics, kymographs were generated by defining a 1–pixel–wide 

region of interest (ROI) 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% CI of normalized 

intensities across all ssDNA molecules was plotted for each time point, and the distribution 

was fit to a single exponential decay curve using GraphPad Prism (version 6.0) to obtain the 

rate constants. Experiments containing ATPγS were carried out under the same procedure.
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Extended Data

Extended Data Fig. 1 |. BCDX2 reconstitution and cryo-EM data processing flowchart for apo 
structure
a, Chromatogram of an analytical gel filtration of the BCDX2 complex in the presence of 

ATP/Mg on a Superdex200 Increase 10/300 column expressed and purified as described in 

the Methods (top). Coomassie-stained SDS-PAGE gel of the Indicated fractions (bottom). b, 

Mass photometry analysis of the BCDX2 complex purified in the presence (red) and absence 

(blue) of ATP/Mg. Both samples were rapidly diluted into PBS Immediately prior to data 

aquisition. c, Auto-picked particles were first sorted by three rounds of 2D classification, six 
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initial models were made first then followed by four rounds of heterogenous refinement. A 

final step of stringent heterogenous refinement and tight mask homogeneous refinement led 

to a final higher resolution map. All data analysis were performed using Cryosparc v3.3.1.

Extended Data Fig. 2 |. Quality of the apo BCDX2 complex cryo-EM reconstruction
a, The final Euler angle distribution of particles used for 3D refinement. b, Fourier 

Shell Correlation (FSC) plot from two half maps, with an overall resolution of 2.3 Å as 

determined at 0.143 criterion. c, Local resolution map color-coded from lower (red) to 
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higher resolution (blue). d, Overall map (left) and detailed views of local cryo-EM density 

for selected regions of the BCDX2 complex. e, Cryo-EM map of the BCDX2 complex with 

two views related by a 180° rotation about the y-axis (left). Maps of the individual subunits 

are shown in the right with Rad51B (pink), Rad51C (green), Rad51D (yellow), XRCC2 

(purple).

Extended Data Fig.3 |. Subunit-subunit interaction networks within the BCDX2 complex.
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a, Cartoon representation of the indicated RAD51B/RAD51C interface with residues 

involved in intermolecular interaction shown as sticks. An overview of the complex is shown 

on the left with magnified views of the indicated interfaces presented in the three right 

panels, b-d The indicated complexes are presented as in panel a with RAD51C/RAD51D 

(panel b), RAD51D/XRCC2 (panel c), and RAD51/RAD51 from the presynaptic filament 

(PDB: 7EJC) (panel d). e-g, Structure-based sequence aligment of the indicated proteins. 

Residue numbers to the left of the sequence, secondary structure elements (RAD51 as a 

reference) are shown on top of the sequence. Contacts to RAD51 (shaded cyan), RAD51B 

(salmon), RAD51C (green), RAD51D (gold), and XRCC2 (magenta). In panel g, solid shade 

indicates ATPase domain contacts to the NTD and boxed shaded regions indicate contacts 

to the linker. h, Surface electrostic 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 binding site labeled.
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Extended Data Fig. 4 |. Cryo-EM data processing flowchart for the BCDX2/ssDNA structure
a, Auto-picked particles were first sorted by three rounds of 2D classification. Next, 

six initial models were generated, followed by four rounds of heterogenous refinement. 

A subsequent step of stringent heterogenous refinement and tight mask homogeneous 

refinement of class 3 resulted in a map with 3.12 Å resolution. A final non-uniform 

refinement yields final map of 3.11Å resolution. All data processing was performed using 

Cryosparc v3.3.1.
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Extended Data Fig. 5 |. Quality of the BCDX2-ssDNA complex cryo-EM reconstruction
a, The final Euler angle distribution of particles used for 3D refinement. b, Fourier 

Shell Correlation (FSC) plot from two half maps, with an overall resolution of 3.1 Å as 

determined at 0.143 criterion. c, Local resolution map color-coded from lower (red) to 

higher resolution (blue). d, Overall map (left) and detailed views of local cryo-EM density 

for AMP-PNP and ssDNA from the BCDX2/ssDNA structure. e, Cryo-EM map of the 

BCDX2 complex with two views related by a 180° rotation about the y-axis (left). Maps of 
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the individual subunits are shown in the right with Rad51B (pink), Rad51C (green), Rad51D 

(yellow), XRCC2 (purple), ssDNA (cyan).

Extended Data Fig.6 |. A potential mechanism for the ssDNA binding specificity of BCDX2
a, RAD51C from BCDX2 was superposed onto RAD51 from the RAD51/ssDNA 

postsynaptic structure (PDB: 7EJE). Three subunits from the RAD51 filament are presented. 

An overview of the superposition is shown in the center panel, while magnified views of 

the RAD51C/RAD51D and RAD51D/XRCC2 subcomplexes are shown to the right and 
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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 postsynaptic 

complex is shown as spheres with the RAD51 structure ommitted for clarity. Note clashes 

between dsDNA and XRCC2 due to 11 and 23 degree tilts at the RAD51C/RAD51D 

and RAD51D/XRCC2 interfaces, respectively, compared to RAD51. c, Surface electrostatic 

representation of the BCDX2 complex with dsDNA from the superposition presented in 

panels a and b. Note clashes between dsDNA and XRCC2 and close proxmity of the NTDs 

of BCDX2 to dsDNA. d, Superposition of XRCC2 onto RAD51. Note structural differences 

in length and conformation of the loop 1 region including helices H12 and H14, which clash 

with dsDNA in the model.
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Extended Data Fig.7 |. Comparision of ATPase/ATPase domain interactions in BCDX2 and 
RAD51
a-c, Analysis of the amino acid interaction networks at the ATPase/ATPase interfaces of the 

RAD51C/RAD51D (a), and RAD51D/XRCC2 (b) subcomplexes of BCDX2, and RAD51/

RAD51 from the RAD51/ssDNA presynaptic filament complex (PDB:7EJC) (c). Structures 

are shown as cartoon representations with residues involved in intermolecular interactions 

shown as sticks. Two views of the complexes related by a 180 degree rotation about the 

y-axis are shown in the top and bottom panels. d, Structure-based sequence alignment 
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highlighting ATPase domain/ATPase domain interactions at the interfaces higlighted in 

panels a-c. Residues are colored by the subunit to which they interact: RAD51C (green), 

RAD51D (gold), XRCC2 (magenta), and RAD51 (cyan). The ATPase domain of RAD51B 

is not visible in the BCDX2 structure but is included in the sequence alignment for 

comparison.

Extended Data Fig.8 |. Characterization of BCDX2 recombination mediatior activity
a, Representative kymographs of single ssDNA molecules {left panel) showing GFP-BC + 

DX2 plus ATP (reproduced from Fig. 6a, for comparison), GFP-BC + DX2 minus ATP, BC 

+ GFP-DX2 minus ATP, GFP-BC + DX2 plus ATPγS and GFP-BC + DX2 (green channel; 
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10 nM each protein complex) plus AMP-PNP (2.5 mM ATP 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. 6b for comparison. Data are represented as mean normalized GFP 

signal Intensity; error bars represent 95% Cl. Data were derived from three flow cells per 

reaction condition. b, Representative kymographs of single ssDNA molecules {left panel) 
showing GFP-BC + DX2 (reproduced from Fig. 6a, 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 a mCherry-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. 6b for comparison. Data are represented 

as mean normalized GFP signal Intensity; error bars represent 95% Cl. Data were derived 

using three flow cells per reaction condition. c, Representative kymographs of single RPA-

ssDNA molecules showing the behavior of GFP-BC+DX2 In reactions with ATP {left 
kymograph), ATPγS {center kymograph) and AMP-PNP {right kymograph) during RAD51 

filament assembly. d, Quantification of mCherry-RPA dissociation during RAD51 filament 

assembly In the presence and absence of BCDX2 {left panel), as Indicated. Data represented 

the mean normalized mCherry signal Intensity. Data were derived using three flow cells 

per reaction condition. Calculated rates for RPA-mCherry dissociation from ssDNA during 

RAD51 filament assembly {right panel). Error bars represent 95% Cl.
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Extended Data Fig.9 |. Negative stain EM and BCDX2/RAD51 interactions
a, Representative micrographs depicting RAD51 nucleoprotein filaments seen by negative 

stain electron microscopy in absence or presence of BCDX2, CDX2 and BCDX2 with 

RAD51C mutants R258H and R312W. b,c, Mass photometry analysis of the RAD51 

interactions with (b) BCDX2 complex and (c) BC sub-complex in the presence of ATP/Mg. 

Plots representing molecular mass profiles RAD51, BCDX2, BC alone alone and RAD51 

when mixed with BCDX2 or BC are differently color coded and molecular mass of most 

prominent peak in each sample is indicated, d, A two protomer fragment of the RAD51 

presynaptic filament (RAD51.1 in slate and RAD51.2 in cyan) were superimposed onto the 

XRCC2 subunit of XRCC2 subunit of the BCDX2 complex. The overall model is shown 

in the left panel and a magnified view of the ATP binding site at the interface between 

XRCC2 and RAD51.1 is shown in the left panel. Note that the β8 strand of XRCC2 is 
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extended by several residues and the loop between β7 and β8 adops a significantly different 

conformation from RAD51 which clashes with ATP in the model.

Extended Data Fig.10 |. ATPase analysis of cancer patient-derived BCDX2 subunit mutations
a, ATP hydrolysis with 1 μM WT and indicated mutant BCDX2 complexes with or without 

ssDNA were assessed for indicated time points and measurements for three independent 

experiments were plotted.

Extended Data Table 1 |

Cryo-EM data collection, refinement, and validation statistics

BCDX2 complex BCDX2-ssDNA

PDB ID 8FAZ 8GBJ

EMD ID EMD-28961 EMD-29917

Voltage (kV) 200 200

Electron exposure (e−/Å2) 51 52

Initial particle images 7,219,082 3,406,052

Final particle images 489,073 165,968

Symmetry imposed C1 C1

Resolution, unmasked, FSC threshold 0.143 (Å) 3.3 3.6

Resolution, masked, FSC threshold 0.143 (Å) 2.3 3.1

Refinement Statistics

Refinement program Phenix, real space Phenix, real space

Protein//ligand atoms/nucleotide(non-H) 7,280/91/0 7,468/93/118

RMSD bond (Å) 0.002 0.004

RMSD angles (°) 0.444 0.633

B-factors:protein/ligand/nucleotide (Å2) 67.8/61.8 48.6/18.3/49.8

Ramachandran plot statistics (%)

favored 97.6 97.6

allowed 2.4 2.4

Outliers 0 0

All-atom clash score

MolProbity Score 1.6 1.7

Clashscore 10.4 14.6
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Extended Data Table 2 |

Sequence and structural similarity between RAD51 and BCDX2 ATPase domains

Protein 1 Protein 2 Superposition Length RMSD (Å) % 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

Extended Data Table 3 |

Sequence and structural similarity between RAD51 and BCDX2 NTDs

Protein 1 Protein 2 Superposition Length RMSD (Å) % Identity % Similarity

RAD51 RAD51C 57 1.74 25 40

RAD51 RAD51D 61 2.09 13 28

RAD51C RAD51D 56 2.08 15 41

*
XRCC2 lacks an NTD

Extended Data Table 4 |

SPR analysis of RAD51 and BCDX2 interaction

Analyte Ligand ka(1/Ms) kd(1/s) KD(M)

RAD51 BCDX2 3.09×105 7.91×10−4 2.56×10−9

RAD51 BC 3.23×105 2.78×10−4 8.61×10−10

RAD51 DX2 N/A N/A N/A

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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Fig. 1 |. Cryo-EM structure of the RAD51B/RAD51C/RAD51D/XRCC2 complex
a, Cryo-EM maps of the BCDX2 complex assembled in the presence of AMP-PNP (left). 
Individual subunits are labeled and color coded. Two views related by a 180 degree rotation 

about the y-axis are presented. Cartoon representation of the BCDX2 complex (right). 
ADP and AMP-PNP molecules are shown as spheres. b, Schematic outlining the domain 

organization of BCDX2 subunits with regions of disorder in the structure indicated by 

hatched boxes. A cartoon diagram highlighting the major structural features of the BCDX2 

complex is shown to the right.
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Fig. 2 |. BCDX2 architecture is reinforced by a unique NTD configuration
a, Relative orientation of NTD/linkers and ATPase domains of BCDX2 subunits. The 

ATPase domains of RAD51 and BCDX2 subunits superimposed and shown as cartoon 

representations colored as indicated (left). Linker and NTDs are shown as worms. 

Standalone NTDs with the relative rotation/translation between NTD pairs are shown in the 

right panel. b, A unique tripartite interaction between the NTDs of RAD51B and RAD51C 

and the ATPase domain of RAD51D. An overview of the structure is shown as cartoon 

representation in the left panel along with a magnified view of the tripartite network with 
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interacting residues shown as sticks is shown in the right panel. c, ATPase domains of the 

BCDX2 complex (left) and RAD51 filament (right) are shown as surface representations and 

linker/NTDs are shown as cartoons. Residues corresponding to the polymerization motif of 

RAD51 are shown as sticks, with magnified views shown on the bottom. The four different 

subunits of RAD51 are distinguished by numbers 1–4 appended to the labels (RAD51.1, 

RAD51.2, etc..). d, Structure-based sequence alignment of the RAD51 polymerization motif 

(PM). e, Structure-based sequence alignment of the RAD51 PM binding pocket. f, Model 

of RAD51/RAD51B showing the PM pocket of RAD51B filled by bulky hydrophobic and 

charged residues incompatible with Phe86 binding. RAD51B is shown as a semitransparent 

surface (salmon) with residues corresponding to the RAD51 PM binding pocket shown as 

sticks. Phe86 of the RAD51 PM is shown as sticks.
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Fig. 3 |. Structural features and functional analysis of BCDX2 subunit active sites
a, Overview of the BCDX2 structure shown as a semitransparent cartoon with. ATP 

and BCDX2 residues contacting ATP are shown as solid sticks (center). Active sites are 

boxed. Magnified views of BCDX2 active sites are shown in the left and right panels. b, 

Structure-based sequence alignment of ATP binding sites of BCDX2 subunits and RAD51. 

Nucleotides are buried at the interface between subunits and the primary ATP binding site 

is defined as the subunit with its Walker A motif contacting ATP while the secondary ATP 

binding site is defined as the subunit contributing interacting residues on the other side of 
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ATP. Interacting residues from primary and secondary ATP binding sites are colored green 

and pink, respectively. RAD51 (PDB: 7EJC) is shown for reference. c, ATPase assays of 

the indicated BCDX2 variants in the presence or absence of ssDNA. Pi indicates released 

inorganic phosphate after hydrolysis. The histograms show results from three independent 

experiments and p-values for the significance of differences in mean values were calculated 

by the t.test are indicated as follows: ****, ≤ 0.0001; ***, ≤ 0.001; **, ≤ 0.01; *, ≤ 0.05; 

ns, > 0.05. d. ATP hydrolysis with 1μM WT and indicated mutant BCDX2 complexes 

with or without ssDNA were assessed for indicated time points and measurements for three 

independent experiments were plotted.
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Fig. 4 |. Structural and functional analysis of the BCDX2 ssDNA binding site
a, Surface electrostatic representation of apo BCDX2 with residues comprising a highly 

basic surface labeled. b, Cryo-EM map of the BCDX2/ssDNA complex (left). Cartoon 

representation of the BCDX2/ssDNA complex (center). Magnified view of the BCDX2/

ssDNA interface with ssDNA and ssDNA-interacting residues of BCDX2 shown as sticks 

(right). c, Surface electrostatic representations of the indicated complexes with ssDNA 

shown as spheres. ssDNA-interacting residues labeled with black text, residues from the 

BCDX2 basic patch not directly contacting ssDNA labeled with gray text. Subunit identity 
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for the BCDX2 complex is appended to the amino acid label (e.g. R255 of RAD51D 

as R255.D). d, ssDNA from BCDX2 and RAD51-bound complexes shown as sticks in 

the same view as panel c. e, Structure-based sequence alignment of RAD51 and BCDX2 

ssDNA binding sites. Residues are labeled as indicated in the legend on the right. f, 
ssDNA binding by the BCDX2 subcomplexes at indicated concentrations was assessed by 

electrophoretic mobility shift assays using an 80-mer substrate. The graph shows results 

from three independent experiments. g, ssDNA binding by the BCDX2 comparing WT and 

DNA binding mutants in RAD51D or XRCC2 were analyzed as in panel f at the indicated 

protein concentrations.
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Fig. 5 |. Characterization of BCDX2 recombination mediator activity
a, Kymographs of a single ssDNA molecule showing GFP-BC + DX2 (10 nM each; 

green) binding and dissociating from mCherry-RPA-ssDNA (magenta) with 2.5 mM ATP. b, 

Normalized GFP signal intensities for GFP-BC + DX2 or BC + GFP-DX2 on RPA-ssDNA 

(unlabeled or mCherry-tagged, as indicated) with 2.5 mM ATP; for all experiments error 

bars represent 95% confidence intervals (CI). c, Rates of BCDX2 dissociation from RPA-

ssDNA. d, Representative kymographs showing mCherry-RPA exchange with unlabeled 

RPA without BCDX2 or with GFP-BCDX2 (10 nM each; merged). e, Quantification 

Rawal et al. Page 43

Nature. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of mCherry RPA signal under the indicated conditions (with and without mCherry-RPA 

exchange). Data are represented as mean normalized mCherry signal intensity. f, Rates 

of mCherry-RPA exchange with unlabeled RPA with and without 10 nM BCDX2. g, 

Representative kymographs showing GFP-BC + DX2 (10 nM each; green) binding to 

mCherry-RPA-ssDNA (magenta) followed by injection of 500 nM Rad51 + 2.5 mM ATP. h, 

Quantification mCherry-RPA dissociation during RAD51 filament assembly with or without 

BCDX2. Data represented the mean normalized mCherry signal intensity. i, Rates of RPA-

mCherry dissociation from ssDNA during RAD51 filament assembly. j-k, Representative 

kymographs of single ssDNA molecules (j) showing the indicated GFP-BCDX2 variant (10 

nM each protein complex) in the presence of 2.5 mM ATP binding to and dissociating 

from a mCherry-RPA-ssDNA. The graph (k) shows quantification of GFP-BCDX2 binding 

to the mCherry-RPA-ssDNA. The kymograph and graph for GFP-BC + DX2 (+ATP) were 

reproduced from Figs. 5a and b, for comparison. Data are represented as mean normalized 

GFP signal intensity; error bars represent 95% CI. Data were derived using three flow 

cells per reaction condition. l-m-n, Box plots depict (l) number of RAD51 nucleoprotein 

filaments per frame, (m) number of junctions formed by filaments per frame and (n) length 

of filaments in nanometers measured by negative stain electron microscopy in absence or 

presence of BCDX2 and CDX2. The p-values for the significance of differences in median 

values were calculated by the Mann-Whitney-Wilcoxon test.
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Fig. 6 |. SPR analysis and AlphaFold modeling of BCDX2/RAD51 interactions
a-c, Sensorgram from SPR experiments of RAD51 binding to (a) BCDX2, (b) BC, and (c) 

DX2. d, Sensorogram from SPR experiments of RPA binding to BCDX2. Two replicates 

of experimental responses of RAD51 binding at different concentrations are shown by 

color coded lines. e, AlphaFold modeling of the indicated complexes. Two potential RAD51/

RAD51B binding modes are presented; mode 1 in which the surface harboring the primary 

ATP binding site of RAD51B interacts with RAD51, and mode 2 in which the surface 

harboring the secondary ATP binding site of RAD51B interacts with RAD51. RAD51/
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RAD51 interface from the presynaptic complex (PDB: 7EJC) is shown for comparison. 

Buried surface area (calculated using PISA) of the indicated regions are presented to the 

right of the model/structure. f, BCDX2/RAD51 model 1 in which the ATPase domain 

of RAD51B (secondary ATP binding surface) packs against RAD51C, and RAD51 packs 

against the primary ATP binding surface of RAD51B (mode 1). g, BCDX2/RAD51 model 2 

in which a flexible RAD51B ATPase domain can engage RAD51 through binding modes 1 

and/or 2. A cartoon schematic is shown at the bottom.
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Fig. 7 |. Structural and functional analysis of cancer patient-derived BCDX2 subunit mutations
a, The overall BCDX2/ssDNA structure is shown as a semitransparent cartoon 

representation with amino acids of cancer patient-derived BCDX2 subunit mutations shown 

as solid spheres. b, ssDNA binding by the WT and indicated mutant BCDX2 complexes 

were assessed by electrophoretic mobility shift assays using an 80mer substrate and 

measurements for three independent experiments plotted. c, Representative kymographs of 

single ssDNA molecules (top) showing the indicated GFP-BCDX2 variant (10 nM each 

protein complex) in the presence of 2.5 mM ATP binding to and dissociating from a 

mCherry-RPA-ssDNA. The graph (bottom) shows quantification of GFP-BCDX2 binding 

to the mCherry-RPA-ssDNA. The kymograph and graph for GFP-BC + DX2 (+ATP) were 

reproduced from Figs. 5a and b, for comparison. Data are represented as mean normalized 

GFP signal intensity; error bars represent 95% CI. Data were derived using three flow 
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cells per reaction condition. d, Histograms depicting ATP hydrolysis with 1 μM WT and 

indicated mutant BCDX2 complexes with or without ssDNA after 60 min incubation and 

measurements for three independent experiments were plotted. p-values were calculated as 

indicated as in Fig. 3c. e-f-g, Box plots depict (e) number of RAD51 nucleoprotein filaments 

per frame, (f) number of junctions formed by filaments per frame and (g) length of filaments 

in nanometers measured by negative stain electron microscopy in absence or presence of 

WT BCDX2 (reproduced from Fig. 5l–m–n, for comparison) or BCDX2 with RAD51C 

mutants R258H and R312W. p-values were calculated as in Fig 5l–m–n.
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