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Figure 4. The structure of the N-terminal domain (NTD) of RAD51. (A) The N-terminal domain of RAD51 within the density. (B) Superposition of the
NTD of human RAD51 (in cyan) with that of yeast Rad51 (PDB:1SZP in pink). Helices 1–5 are indicated by arrows. (C) The top-down view showing the
two NTDs (cyan) from two adjacent protomers (in grey) against the ssDNA (in red ribbon).

pitch is maintained not only in the yeast Rad51 (turquoise,
gold) or human RAD51 (dark blue) filaments, but also in
the crystal structure of a seven-member closed ring (15)
formed by P. furiosus RadA (red). Interestingly, the longer
�-helix interacts directly with ssDNA in our model (Figure
3A and B), suggesting a mechanism whereby the RAD51–
DNA interaction may modulate protomer–protomer spac-
ing and filament pitch.

Disease-associated RAD51 mutations

Two germline mutations affecting human RAD51 have re-
cently been described in a small number of patients suffer-
ing from a Fanconi anemia-like disease (44,45), which man-
ifests with early-onset cancer predisposition coupled to de-
velopmental anomalies such as microcephaly. One mutation
alters Thr131 to Pro (T131P); Thr131 maps to the RAD51
Walker A motif implicated in ATP binding and hydroly-
sis. The second mutation alters Ala293 to Thr (A293T).
Interestingly, both these germline mutations are heterozy-
gous, suggesting that they work in a trans-dominant fash-
ion to derange the normal functions of wild-type RAD51
(44,45). In vitro studies suggest that the T131P mutation
enhances mutant RAD51 ATPase activity, and destabilizes

filament formation by wild-type RAD51, while A293T im-
pairs ATPase activity and DNA binding, and assembles
with wild-type RAD51 in misshapen, unstable filaments
(44,45). Mapping of T131P or A293T onto our model for
the RAD51 presynaptic filament suggests structural fea-
tures that may underlie their abnormal activity. In the yeast
Rad51 filament, it has been suggested that Phe187 (homol-
ogous to Phe129 in human RAD51) contacts His352 (ho-
mologous to human RAD51 His294) from the adjacent pro-
tomer to stabilize the protomer–protomer interface (16).
In our model for the human RAD51 presynaptic filament,
both the T131P and A293T mutants map close to this in-
terface contact (Figure 6A–C). The conformational rigid-
ity of Pro at the 131 position is expected to distort the �-
carbon backbone, which could perturb the orientation of
the Phe129 side chain and its ability to contribute to the
protomer–protomer interface. Substitution of Ala293 with
the longer side chain of Thr may interfere with the orienta-
tion of its adjacent residue, His294, proposed to participate
in the protomer–protomer interface. In both cases, mixed
complexes in which mutant RAD51 interleaves with the
wild-type form are expected to be less stable, and compen-
satory over-expression of the wild-type form (observed in a
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Figure 5. Helical pitch and protomer spacing. (A and B) Dimers A-D and E-F from the yeast Rad51 PDB coordinates (16) were converted to EM density
and low-pass filtered to 8Å then fitted and overlaid in Chimera (34). This shows the rotation of the two large �-helices between adjacent A-D (turquoise)
and E-F (gold) protomer–protomer interfaces. A dimer from our Rad51 ssDNA map was then overlaid (blue) (A) and shows no evidence of the widening
which would be expected to accommodate rotated helices (arrowed in enlarged detail (B)). (C). A difference in protomer spacing can be seen between PDB
coordinates (16) of yeast Rad51 dimers E-F and A-D from a filament with pitch 130Å. A dimer of PDB coordinates fitted to the EM density map of the
human RAD51 presynaptic filament with pitch 103Å shows a narrower spacing than either yeast A-D or E-F. A dimer extracted from archaeal RadA PDB
coordinates (15) shows even narrower spacing consistent with that of a closed ring. PDB coordinates of dimers were fitted in Chimera (34), which returned
RMSD values between HsRAD51 and ScRad51 A-D as 0.976Å and between HsRad51 and ScRad51 E-F as 1.061Å.

patient carrying the T131P RAD51 mutant (44,45)) could
reduce the impact of the mutant protein.

Somatic RAD51 mutations affecting three adjacent
residues (Asp149, Arg150 and Gly151) have recently been
reported in patients with breast cancer (46). These mu-
tations are positioned in a Schellman loop motif on the
external surface of the conserved catalytic core domain,
which when mapped on our model (Figure 6D), faces exter-
nally away from the protomer–protomer interface and the
DNA binding region, and distant from the binding sites for
BRCA2 BRC repeats. Thus, these mutations seem unlikely
to directly affect RAD51 filament assembly but may instead
alter its interactions with accessory proteins.

Modelling potential interactions of the RAD51 presynaptic
filament with the BRC repeats of BRCA2

Indeed, RAD51 assembly and disassembly in human cells
is controlled by its physical interactions with several regula-
tory partners. One key partner is the breast cancer tumour
suppressor, BRCA2, which performs several duties in this
context. Human BRCA2 binds directly to RAD51 via eight
evolutionarily conserved motifs of ∼35 residues (the BRC
repeats), which are conserved in both their sequence as well
as their spacing within an ∼1000 amino acid region encoded
by BRCA2 exon 11 (47). The BRCA2–RAD51 interaction
promotes the localization of the protein complex to its site

of function in the cell nucleus, via sequential masking of nu-
clear export signals that exclude the unbound protein part-
ners (48). Within the nucleus, BRCA2 targets RAD51 to
sites of DNA damage where it assembles in microscopic foci
(49–53). Biochemically, the interaction of BRC repeats with
RAD51 is critical in directing RAD51 filament assembly
during homologous recombination. At sub-stoichiometric
concentrations, BRC repeats promote the nucleation and
stabilize the binding of RAD51 on ssDNA to form the
presynaptic filament (2,5), whilst inhibiting the RAD51–
dsDNA interaction (2,5). These opposing activities pro-
mote the stepwise completion of RAD51-mediated recom-
bination from presynaptic filament assembly on ssDNA, to
postsynaptic engagement with dsDNA (2,5). However, at
higher concentrations approaching or exceeding 1:1 molar
ratios in vitro, BRC repeats prevent RAD51 assembly on
DNA, and can disassemble preformed RAD51 filaments
(54).

The structural basis for the differing effects of BRC re-
peats on RAD51 assembly remains unclear. We previously
solved the crystal structure (PDB: 1N0W) of a monomeric
fusion between the human BRC4 repeat and the core cat-
alytic domain of RAD51 (11). This structure predicts that
a �-strand region surrounding the BRC4 residues Phe and
Ala in the motif Phe-X-X-Ala (where X is any amino
acid) structurally mimics RAD51 residues essential for the
protomer–protomer interface, based on structural homol-
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Figure 6. Mapping of disease-associated point mutations onto the presynaptic filament structure. (A) For simplicity, three adjacent protomers shown here
are coloured in yellow, cyan and orange, with ssDNA shown in blue ribbon. Residues A293 and T131 are coloured in red and residue H294 and F129 in
green. (B) A close view at the residue A293. (C) A close view at the residue T131. (D) Mapping of mutations affecting Asp149, Arg150 and Gly151 on the
EM map. These residues are situated on the outer surface of the RAD51 filament, distant from the protomer–protomer interface and the ATPase sites,
and are unlikely to affect filament assembly.

ogy to the ADP-bound RecA filament (14). This prediction
is supported when BRC4 (red) is overlaid onto three adja-
cent protomers (yellow, cyan and orange) in our model for
the RAD51 presynaptic filament (Figure 7A). BRC4 con-
tacts the middle RAD51 protomer (cyan). The previously
observed 3–5 �-hairpin motif in BRC4 which serves to ap-
pose the Phe-X-X-Ala module against cognate residues on
the core catalytic domain of RAD51 is positioned at the
interface with the yellow protomer (Figure 7B), where it
structurally mimics a corresponding structure from the N-
terminal region of RAD51. Binding of the BRC4 repeat’s
Phe-X-X-Ala module at this site might therefore prevent
RAD51 filament assembly, or promote filament disassem-
bly, as suggested by experimental data (11,54,55).

However, in our model for the active presynaptic fila-
ment of RAD51 bound to the non-hydrolyzable ATP ana-
logue AMP-PNP, the binding site for the Phe-X-X-Ala
module is buried in the RAD51 protomer–protomer inter-
face, and therefore likely to be inaccessible for BRC repeat
binding. This prompted us to speculate whether changes in
protomer–protomer interface geometry associated with the
transition from the extended helical conformation of ac-
tive, ATP-bound filaments to the compact conformation of
inactive, ADP-bound filaments might expose this binding
site. To test this notion, we structurally aligned a monomer
from the crystal structure of inactive, ADP-bound RecA

(40) (PDB: 1XMS) to a RAD51 monomer from our active
presynaptic filament using Chimera (34). The monomeric
structures of the proteins superimpose to within 2Å over a
180 residue region comprising RecA residues 37–268 and
RAD51 residues 99–334. As expected, residues 1–99 in the
N-terminal region of RAD51 do not correspond to RecA,
and were omitted from the analysis. We then used this
alignment to create a comparative model for an inactive
ADP-bound filament of RAD51 using the MODELLER
v9.14 software suite (38,39). The best of 5 possible mod-
els was chosen from an assessment of the DOPE statis-
tical potential (41) to represent the inactive ADP-bound
filament of RAD51. Supplementary Figure S8 shows the
superposition of the inactive RAD51 filament model (6
monomers in red, marked IA-IF) over our presynaptic fil-
ament structure (monomers in green, marked AA-AF). In-
terestingly, the inactive filament model predicts that suc-
cessive RAD51 monomers are rotated by ∼15◦, displacing
the protomer-protomer interface (Figure 8, compare panel
A with B). Whilst the BRC4 peptide from our RAD51-
BRC4 monomeric structure (PDB: 1N0W) clashes with the
RAD51 protomer-protomer interface in the active RAD51
filament, the relative rotation of RAD51 protomers in the
inactive RAD51 filament model exposes the binding site
for the Phe-X-X-Ala module from BRC4, enabling free ac-
cess (Figure 8, compare panel A with B). These observa-
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Figure 7. Modelling BRC4 binding to the RAD51 presynaptic filament. For simplicity, three adjacent protomers shown here are coloured in yellow, cyan
and orange respectively with ssDNA shown in blue ribbon. (A) Two distinct modules in BRC4 (red) bind to two different sites of the presynaptic filament,
one at the interface between the cyan and yellow protomers, the other between the NTD of the cyan protomer and the core catalytic domain of the orange
protomer. (B) A close view at the interface (black dashed circle) between two adjacent RAD51 protomers (yellow and cyan) disrupted by BRC4 (red)
binding. The Phe-X-X-Ala module lies adjacent to the 3:5 �-hairpin structure assumed by the BRC4 backbone (red), where it is predicted to disrupt the
interface. (C) A close view (black dashed circle) showing the second BRC4 binding site and its predicted clash with the NTD of the cyan protomer where
it clasps the adjacent orange protomer. The Leu-Phe-Asp-Glu module is positioned below the �-helical region in BRC4 (red).

tions suggest a hypothetical mechanism wherein changes
in RAD51 protomer–protomer interface geometry that oc-
cur during the transition from extended, active ATP-bound
RAD51 filaments to compact, inactive filaments following
ATP hydrolysis may uncover a filament-inhibitory binding
site for the Phe-X-X-Ala module from BRC repeats to pro-
mote RAD51 filament disassembly.

In addition to effects on RAD51 disassembly, experi-
mental data suggest that the BRC repeats when present in
sub-stoichiometric concentrations can promote presynap-
tic RAD51 filament formation (2,5) by mechanisms whose
structural basis remains unclear (56). Indeed, we observe
that a second module in BRC4 binds to a distinct site on

the core catalytic domain of the cyan RAD51 protomer, dis-
tant from the protomer–protomer interface in our filament
model (Figure 7A and C). The module Leu-Phe-Asp-Glu in
BRC4 which engages this second binding site is conserved
in other BRC repeats (11,55), and short peptides contain-
ing this module alone are capable of binding to RAD51
in vitro (55). These considerations raise the possibility that
BRC repeat binding to promote assembly of the presynap-
tic RAD51 filament may occur exclusively via this second
binding site, which is compatible with filament formation
(Figure 7C). Interestingly, in our filament model the bind-
ing of BRC4 to this second binding site is predicted to dis-
place the N-terminal region of the corresponding RAD51
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Figure 8. Re-orientation of RAD51 subunits during transition to an inactive filament may expose a filament-inhibitory binding site for the Phe-X-X-Ala
module in the BRC repeats. Comparative modelling of the active presynaptic RAD51 filament using inactive ADP-bound RecA as a template was carried
out as described in ‘Materials and Methods’ section to create a hypothetical model for an inactive RAD51 filament. Close similarity has been shown
between the crystal structures of active versus ADP-bound RecA protomers (50) (RMSD < 0.8Å), and between the core catalytic domains of RecA and
RAD51 (11) (RMSD < 1Å). Our modelling of the inactive RAD51 filament using RecA as a template therefore makes the minimal assumption that the
structural changes underlying the active-inactive transformation are also similar. (A) Two protomers from our EM structure for the active presynaptic
RAD51 filament are displayed, one in blue ribbon representation and another in green surface representation. A region of ∼99 residues from the N-
terminus of both protomers was omitted, as described in the text, because this region is absent from RecA. BRC4 is shown as an orange ribbon. The
cartoon below the structural model represents the relative orientation of the two RAD51 protomers in the active filament, which obscures the binding site
for BRC4. (B) Two protomers from our comparative model for the inactive RAD51 filament are displayed with BRC4 using the same colour code as in
the previous panel. Rotation of the protomers by ∼15◦ from their counterparts in the active filament exposes the BRC4 binding site (cartoon). This new
conformation is free of apparent atomic clashes, speaking to its plausibility.

protomer (cyan), suggesting a feature of BRC repeat-bound
RAD51 filaments (57).

Collectively, these considerations suggest a hypothetical
model for the structural mechanism by which two modules
in the BRC repeats of the BRCA2 tumour suppressor en-
gage distinct binding sites on RAD51 filaments to control
filament formation and disassembly during different steps
in HR. We speculate that the BRC repeats may promote fil-
ament formation via interactions involving one conserved
module, Leu-Phe-Asp-Glu, whose binding is not expected
to perturb the inter-protomer interface (Figure 7C). By con-
trast, the binding site for a second conserved module, Phe-
X-X-Ala, in BRC repeats is positioned at the protomer–
protomer interface and possesses filament-inhibitory po-
tential (Figure 7B). This filament-inhibitory binding site is
obscured in our structure for the active RAD51 presynaptic
filament with 103Å pitch (Figure 7A), but structural mod-
elling suggests that it is uncovered by inter-protomer ro-
tation in more compact, inactive filaments (Figure 8). By
analogy, we speculate that the filament-inhibitory binding
site may also be accessible in RAD51-dsDNA filaments,
which may assume a conformation with decreased pitch
(19,58). Thus, changes in inter-protomer geometry induced
by decreased filament pitch may potentiate the disassembly
of inactive filaments, or selectively inhibit RAD51-dsDNA
filament assembly, via the Phe-X-X-Ala module in BRC re-
peats.

Superposition (Figure 9A and B) of the core catalytic do-
main of BRC4-bound monomeric RAD51 (grey) onto a sin-

gle RAD51 protomer (cyan) from the presynaptic RAD51
filament model on ssDNA (red) reveals that the short �-
helix spanning residues Ser223 to Arg229 moves outward
away from ssDNA in the filament (arrow in Figure 9A). The
helical region is distant from the sites for BRC repeat bind-
ing, but lies adjacent to the L2 loop involved in DNA bind-
ing, suggesting that its outward displacement may help to
accommodate ssDNA in the presynaptic filament.

SUMMARY

In summary, the findings we report here represent a high-
resolution, near-atomic model for a helical nucleoprotein
filament of a eukaryotic RAD51 protein bound to DNA
resolved by electron cryo-microscopy. Our work enhances
structural insights from previously reported structures for
bacterial RecA bound to DNA (12), and for different forms
of RAD51 without DNA (16), to reveal several novel struc-
tural features of potential biological importance. In particu-
lar, as discussed in the foregoing, our results suggest a mech-
anism whereby the RAD51–DNA interaction modulates
the helical twist and rise of RAD51 protomers assembled in
a filament, help to explain how disease-associated RAD51
mutations affect filament assembly, and rationalize poten-
tial structural differences between inhibitory or stabilizing
interactions of the BRC repeats of BRCA2 with RAD51
filaments. Moreover, our work exemplifies the power of
electron cryo-microscopy in resolving the structure of or-
dered but anisotropic assemblies of relatively small proteins
like RAD51, which are often refractory to crystallographic
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Figure 9. BRC4-bound and ssDNA-bound RAD51. (A) The front view of a superposition of a RAD51 monomer from our presynaptic filament model
(cyan) on BRC4-bound, N-terminally truncated RAD51 derived from 1N0W (grey). The black arrow highlights the movement of a short �-helix between
the two structures. (B) The side view of (A).

characterization unless artificially tethered into isomorphic
assemblies by the creation of extended fusion proteins (12).
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