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Filaments from Disassembly by BRC Repeats
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Abstract

BRCAZ2 is essential for DNA repair by homologous recombination via its interaction with RAD51,
mediated by short motifs in the middle and at the C-terminus of its sequence. Here we report that a
conserved 36-residue exon 27 sequence of human BRCA2 (BRCA2gq, 27) interacts with RAD51
through the specific recognition of oligomerised RAD51 ATPase domains. BRCAZ2g4qn 27 binding
stabilizes the RAD51 nucleoprotein filament against disassembly by BRC repeat 4. The protection
is specific for RAD51 filaments formed on single-stranded DNA and is lost when BRCA2gyon 27
is phosphorylated on Ser3291. We propose that productive recombination results from the
functional balance between the different modes of interaction with RAD51 of the BRC repeat and
exon 27 regions of BRCA2. Our results further suggest a mechanism whereby CDK
phosphorylation of BRCAZ2g,q, 27 at the G»-M transition alters the balance in favor of RAD51
filament disassembly, thus terminating recombination.
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The inheritance of a mutated copy of the BRCAZ gene confers a high lifetime risk of
developing breast, ovarian and other cancers1,2. This risk is explained by the fundamental
role that the BRCA2 tumor suppressor plays in preserving the integrity of our DNA.
BRCAZ2-deficient cells are defective in DNA repair3,4 and show an accumulation of
chromosomal breaks5,6. BRCAZ2 has an essential role in the repair of double-strand (ds)
DNA breaks by homologous recombination, via its ability to regulate the RecA-related
recombinase RAD516-9. BRCA2 targets RAD51 to the site of damaged DNA and promotes
formation of the RAD51-single stranded (ss) DNA nucleoprotein filament, the molecular
species that performs the reactions of homology search and strand exchange underlying
homologous recombination10-13. However, the precise mechanism by which BRCA2
directs RAD51-mediated homologous recombination upon DNA damage remains to be
elucidated14.

The remarkable size of the human BRCAZ2 protein (3,418 amino acids) has so far precluded
investigation of its recombination function /in vitro. Studies have instead concentrated on the
regions of BRCAZ2 that are known to function in homologous recombination (Figure 1a).
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Exon 11 of the BRCAZ gene codes for a large central region of the protein that houses eight
~35 amino acid BRC repeats, six of which are known to bind RAD5115-17. Another
RAD51-binding motif is present in the extreme C-terminus of BRCAZ2, coded for by exon
27 (BRCA2g4gn 27)- BRCA2g,qn 27 is highly conserved in vertebrate BRCA2 proteins and is
unrelated in sequence to the BRC repeats7,18. A large conserved C-terminal portion of
BRCAZ2 can bind single-stranded DNAL0; recent evidence indicates that this C-terminal
domain localizes the BRCA2-RAD51 complex to ds-ssDNA junctions that are created at
double-strand break loci in order to initiate nucleoprotein filament formation12.

The rationalization of BRCAZ2's activity in DNA repair requires a detailed functional
understanding of RAD51-binding by the BRC repeat and exon 27 regions. Proteins of the
RecA/RAD51/RadA family of recombinases assemble spontaneously in homo-oligomeric
forms consisting of rings or filaments19-25 (Figure 1b). Individual BRC repeats can disrupt
RAD51 oligomers and RAD51 nucleoprotein filaments through the formation of a 1:1
complex between monomeric RAD51 and the BRC repeat8,16,26 (Figure 1c). Intriguingly,
BRC repeats interrupt RAD51 oligomerisation via a mechanism that mimics the mode of
RAD51 self-association26. Potential roles for the disruptive function of BRC repeats include
sequestration and transport of RAD51 to the site of DNA damage, remodeling of RAD51
oligomers into nucleoprotein filaments and disassembly of established nucleoprotein
filaments11,12. Biochemical evidence for a further role of the BRC repeats in recombination
has emerged through observations that under certain conditions BRC repeats can associate
with RAD51 nucleoprotein filaments27, and that a large BRCA2 segment spanning all eight
BRC repeats (BRCA2gRc1-g) can stimulate RAD51-mediated strand exchange in vitroll.
Taken together, these observations provide a multi-faceted picture of BRC repeats'
involvement in the process of recombinational repair. The ability of individual BRC repeats
and the BRCA2gRc1-g region to interact with RAD51 in ways that can interfere or be
compatible with filament assembly11,16,27 (ORD & LP, unpublished observations)
suggests that the different binding modes must be strictly controlled in cells during the
different stages of the repair process. How the appropriate balance between the multiple
functions of BRC repeats is achieved during recombination-mediated repair remains
unknown.

The presence of a RAD51-binding site within the C-terminal exon 27 region of BRCA2 was
originally identified by yeast two-hybrid analysis and later confirmed biochemically7,18,28
(Figure 1d). Exon 27 deletion induces an increased tumor incidence and reduced lifespan in
mice29,30, hypersensitivity to DNA cross-linking agents and failure of RAD51 foci
formation in cells31. These studies indicate that the exon 27 region is functionally relevant
to the essential role of BRCAZ2 in preserving the integrity of the genome. Recent evidence
shows that amino acid serine 3291 within exon 27 undergoes CDK-dependent
phosphorylation at the G,-M phase transition and dephosphorylation upon DNA damage28.
The finding that Ser3291 phosphorylation abrogates RAD51 binding as cells progress into
mitosis suggests that the BRCA2 exon 27-RAD51 interaction is relevant to homologous
recombination and that its disruption contributes towards the termination of
recombination28. However, the lack of information regarding the mode of RAD51-binding
by the exon 27 region of BRCAZ2 currently restricts our understanding of its function.

Here we report an experimental investigation of the interaction between a highly conserved
exon 27 sequence of human BRCA2 (amino acids 3270-3305; 36 residues) and RAD5L1. In
the rest of the paper, the BRCA2 exon 27 oligopeptide used here will be called simply
BRCA2gyqn 27. We find that BRCA2g,q, 27 Specifically recognizes and interacts with
RAD51 oligomers and RAD51 nucleoprotein filaments. BRCA2gyqn 27 protects RAD51
nucleoprotein filaments formed on ssDNA from disruption by the BRC repeats and this
protective effect is lost upon Ser3291 phosphorylation. Taken together, these observations
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suggest that BRCA2g,qn 27 modulates BRC repeat function in order to maintain active
nucleoprotein filaments during recombination-mediated DNA repair. Phosphorylation of
BRCA2g,qn 27 at the Go-M transition might terminate recombination by altering the balance
in favor of the BRC repeat-dependent disassembly of RAD51 nucleoprotein filaments. Our
findings provide a novel insight into the molecular mechanism whereby BRCA2 regulates
the recombination-mediated repair of DNA double-strand breaks by RAD51.

BRCAZ2Egyon 27 binds to oligomeric RAD51

The function of the human BRCA2g,qn 27 Sequence was investigated using the well-
characterized ability of BRC4 to disrupt RAD51 oligomers and RAD51 nucleoprotein
filaments as a useful control16,26. RADS51 interactions were initially confirmed through
streptavidin pull-down experiments of human RAD51 using biotinylated BRCA2gyon 27,
BRCA2gxon 27-ph (@ BRCA2E40n 27 Sequence phosphorylated at residue Ser3291) and BRC4
peptides. Whilst BRCA2g,qn 27 and BRC4 were able to bind RAD51, no interaction was
detected between BRCAZ2Egyon 27-ph and RADS51 (Figure 2a). No interaction was observed
with the £. coli RAD51-orthologue RecA protein, thus confirming the specificity of the
BRCAZ2g40n 27 binding (data not shown). These results recapitulate previous findings28 and
confirm that the BRCA2 sequences chosen for this study are suitable for investigation of
their complexes with RAD51.

BRC repeats are able to interfere with the oligomeric state of RAD51 by mimicking
RADS51's self-association mechanism16,26. The lack of sequence similarity between
BRCAZ2g,qn 27 and the BRC repeat sequences suggests that their specific recognition of
RADA5L1 is achieved via radically different mechanisms. We tested the effect of
BRCA2g,qn 27 0N the oligomeric state of RAD51 by native gel electrophoresis. In isolation,
recombinant RAD51 migrates as a single band corresponding to oligomeric species of net
negative charge (Figure 2b). Pre-incubation of RAD51 with an equimolar amount of BRC4
caused a shift to a new species with reduced electrophoretic mobility, consistent with
formation of a 1:1 BRC4-RAD51 complex (Figure 2b). The diminished mobility of the
complex relative to free RAD51 is explained by the positively charged nature of the BRC4
peptide. In contrast, BRCA2g,qn, 27 had no effect upon the mobility of RAD51 (Figure 2c),
suggesting that BRCA2g4on, 27 binding does not alter the oligomeric state of RAD51. A
fluorescently-labeled version of the BRCA2gyqn 27 sSequence (FI-BRCA2gyqn 27) Was used
for direct visualization of BRCA2gq, 27 binding to RADS51. Isolated FI-BRCA2gyq, 27 did
not alter its position during gel electrophoresis (Figure 2d). However, the addition of
RADS51 caused an increase in the electrophoretic mobility of FI-BRCA2g,qn, 27 to the
position of the RAD51 oligomer (Figure 2d), indicative of complex formation between
BRCA2g,qn 27 and RADS51.

To confirm these findings, BRCA2-RAD51 complexes were visualized through chemical
cross-linking using BS® (Figure 3a). RADS51 cross-linking produced molecular species
corresponding to a series of multimers (Figure 3b), in agreement with its native oligomeric
state. When pre-incubated with BRC4 a single new species was observed, corresponding to
a 1:1 BRC4-RADS51 complex (Figure 3c), in keeping with the known functionality of BRC
repeats16,26. Conversely, pre-incubation with FI-BRCA2g4qn 27 permitted the cross-linking
of RADS51 oligomers. In addition, new species corresponding to the BRCAZ2gyqn 27 peptide
cross-linked to one or two RAD51 protomers were detected (Figure 3d). UV-visualization of
FI-BRCA2gon 27 confirmed its cross-linking to the full spectrum of RAD51 oligomeric
species (Figure 3e). These observations suggest that BRCA2gyqn, 27 interacts with RAD51
through a novel mechanism, distinct from that of the BRC repeats.
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Specific recognition of oligomeric RAD51 by BRCAZ2gxon 27

The evidence so far indicated that BRCAZ2g4qn 27 is capable of interacting with RAD51
without interfering with its oligomeric state. We next set out to investigate whether
BRCAZ2g4qn 27 binding actually relies on the oligomeric form of RAD51, or if

BRCAZ2g40n 27 €an bind to a single RAD51 protomer. This is particularly relevant if we
consider that cellular RAD51 is likely to exist as either oligomers or monomers bound to the
BRC repeats of BRCA213.

RADS51 oligomerisation depends upon the insertion of hydrophobic residues from the inter-
domain linker of one protomer into matching pockets on the ATPase domain of the adjacent
protomer19,26 (Figure 4a). Substitutions that invert the chemical nature of interface
residues, such as mutation of Phe86 to glutamic acid (F86E), prevent RAD51
oligomerisation and thus create a constitutively monomeric form of RAD51. Indeed, an
F86E RAD51 mutant fused to the Green Fluorescent Protein fails to oligomerise /in vivo,
whilst retaining an ability to bind BRCA213,26.

In order to determine whether the binding surface of BRCAZ2gyqn, 27 is contained within a
single RAD51 protomer or spans adjacent protomers, we tested the ability of BRCA2gyon 27
to interact with a RAD51 mutant bearing the F86E substitution. As expected, the F86E
RAD51 protein was retained on streptavidin beads when pre-incubated with biotinylated
BRC4 (Figure 4b). However, the F86E RAD51 protein did not bind to BRCA2g4qn 27 above
the level of the control (Figure 4b). We confirmed these results using a GST-F86E RAD51
fusion protein, as we found that the presence of the tag improved the reduced stability of the
mutant monomeric RAD51. As expected, BRC4 was able to bind to the GST-F86E RAD51
protein (Figure 4c). However, both BRCA2g4qn 27 and BRCA2g,on 27-ph failed to interact
with the monomeric form of RAD51 (Figure 4c), whilst retaining binding to a GST-wild
type RAD51 fusion protein (Figure 4d). This evidence indicates that BRCA2gyon 27
specifically recognizes the RAD51 oligomer and is incapable of associating with monomeric
RAD51.

RADS51 ATPase domain is sufficient for BRCA2gqn 27 binding

RAD51 is a two-domain protein formed by a smaller, helical N-terminal domain linked to a
larger, evolutionarily conserved, C-terminal ATPase domain. The dependency of the
specific recognition by BRCA2gyqn 27 0n the oligomeric state of RAD51 suggests that the
interaction is mediated by the ATPase domain. We designed an N-terminally truncated
version of RAD51 (residues 80-339; Lys80 RAD51), that lacked the N-terminal domain but
retained the linker region and ATPase domain necessary for self-association. The Lys80
RAD51 protein could be selectively precipitated by spermidine in a similar way to full-
length RAD51 (data not shown) and its oligomeric status was confirmed by gel filtration
analysis (Figure 4e). The interaction of BRC4 with the Lys80 RAD51 protein was not
affected, as would be expected since the BRC4 binding site is located in the ATPase domain
(Figure 4f). We found that BRCAZ2g4qn 27 retained its ability to interact with the Lys80
RAD51 protein, and that the interaction was abrogated by the Ser3291 phosphorylated form
of BRCA2gyon 27 (Figure 4f). Thus, the N-terminal domain of RAD51 is not required for the
interaction with the exon 27 region of BRCAZ2. Taken together, the evidence demonstrates
that the interaction with BRCAZ2gyq, 27 is mediated by oligomeric ATPase domains of
RADS51.

BRCAZ2g4on 27 binds to the RAD51 nucleoprotein filament

The effect of BRCA2gyqn 27 0N the RAD51 nucleoprotein filament was tested by
electrophoretic mobility shift assay (EMSA) (Figure 5a). Adding increasing amounts of
BRCA2g,qn 27 to @a RADSL1 filament formed on ¢ X174 virion ssDNA caused a minor
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retardation in mobility of the RAD51-DNA complex, with an upward smearing of the band
(Figure 5b). As observed for free RAD51, the effect of BRCA2gyon 27 0n the mobility of the
RAD51-DNA complex was only slight. Thus, BRCA2gqn 27 binding does not eliminate the
filament structure, in contrast to the ability of BRC4 to depolymerise RAD51 filaments.

As the large size of the X174 virion sSSDNA might have masked the mobility shift induced
by BRCA2gyn 27, We tested the effect of BRCAZ2gyon 27 upon RAD51 filaments formed on
a shorter, linear poly(dT) ssSDNA substrate. As observed for the ¢X174 virion sSDNA,
BRCAZ2g4on 27 induced a slight retardation and upward smearing of the RAD51—poly(dT)
complex (Figure 5c). In addition, we tested the effect of BRCA2gyqn 27 0n RAD51 bound to
a 24 base-pair dsDNA substrate with a 24-base 3'-ssDNA tail, which mimics the ds-ssDNA
junction formed at damaged loci /n vivo. In order to form a stable complex with DNA, we
used a RADS51 protein bearing a 1287T mutation that is known to increase the affinity
towards DNA of yeast Rad5132. BRCAZ2gqn, 27 induced a clear retardation in the mobility
of the RAD51-DNA complex (Figure 5d), thus demonstrating BRCAZ2gyqn 27 binding to the
nucleoprotein filament.

To further confirm the interaction of BRCA2gyon, 27 With the RAD51 filament, EMSA was
performed using the fluorescein-labeled FI-BRCAZ2gyqn 27 (Figure 5e). Isolated FI-
BRCAZ2g4on 27 did not display an appreciable electrophoretic mobility. The addition of
increasing amounts of RAD51 induced a mobility shift of FI-BRCA2gqn, 27 to the position
of the RAD51 oligomer (Figure 5e). Likewise, the addition of preformed RAD51-poly(dT)
filament to FI-BRCAZ2gyon 27 induced a change in its mobility to the position of the RAD51-
DNA complex (Figure 5e). No mobility shift was observed upon the addition of DNA alone.
These findings confirm that BRCA2g4on 27 Can associate with the RAD51 oligomer and the
RADS51 nucleoprotein filament.

BRCA2g4on 27 protects RAD51 filaments from BRC4 disassembly

The fact that the exon 27 and BRC repeat sequences of BRCA2 have different modes of
interaction with RAD51 suggests that they might play complementary roles in regulating
RADS51 activity during homologous recombination. We tested this hypothesis by incubating
with BRCAZ2g4on 27 @ RADS51 nucleoprotein filament formed on ¢X174 virion sSDNA, prior
to the addition of BRC4 (Figure 6a). Interestingly, BRCAZ2g,on, 27 €xerted a moderate but
clear effect in preventing the disruption of the RAD51 nucleoprotein filament by BRC4
(Figure 6b). Furthermore, the protection was lost when the nucleoprotein filament was
incubated with BRCAZ2g4qn 27-ph (Figure 6¢), suggesting that the observed effect is a
consequence of the specific interaction between BRCA2gyqn 27 and RAD51.

The protection afforded by BRCAZ2gqn, 27 against BRC4-dependent dissolution of the
RAD51-¢X174 virion ssSDNA filament was not complete and required an excess of
BRCAZ2gyqn 27 Over BRCA4. In order to minimize possible effects due to the secondary
structure of the DNA substrate, we chose to repeat the experiment using the poly(dT)
template. Strikingly, we found that BRCAZ2gq, 27 completely protected the RAD51-
poly(dT) filament from an equimolar amount of BRC4 (Figure 6d). Pre-incubation with
BRCAZ2g40n 27-ph Provided no protection (Figure 6e), confirming that the observed effect
depends on the specific RAD51 recognition by BRCA2gyn, 27. Moreover, BRCA2gyqon 27
exerted a protective effect upon a nucleoprotein filament formed between the ds-ssDNA
substrate and 1287T RAD51 (Figure 6f), which was also lost upon Ser3291 phosphorylation
(Figure 6Q).

The protecting function of BRCA2gqn 27 Was further tested through visualization of the
nucleoprotein filament between RAD51 and poly(dT) by electron microscopy (Figure 7a).
The presence of BRCA2gyqn 27 did not cause disruption of the nucleoprotein filaments or
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macroscopic modification of its overall morphology (Figure 7b), suggesting that
BRCA2g,qn 27 does not alter its conformation. In contrast, the addition of BRC4 completely
depolymerised the RAD51 nucleoprotein filaments (Figure 7c), as previously reported16.
Upon pre-incubation with BRCAZ2g,qn, 27, the disruptive effect of BRC4 was entirely
prevented and the RAD51 nucleoprotein filaments preserved their native morphology
(Figure 7d). Thus, we have demonstrated by EMSA and electron microscopy that
BRCAZ2g4on 27 protects RAD51-poly(dT) ssDNA nucleoprotein filaments from the known
disruptive effect of BRC repeats.

BRCAZ2g4on 27 protection is unique to RAD51-ssDNA filaments

We further dissected the specificity of the observed protective function of BRCAZ2gygn 27: in
the absence of DNA, BRCA2gqn 27 Was unable to prevent the conversion of oligomeric
RAD51 to the 1:1 RAD51-BRC4 complex form (Figure 8a). The protective effect conferred
upon RAD51—poly(dT) filaments was maintained when ATP was replaced by the non-
hydrolysable nucleotide analogue AMP-PNP, indicating that the BRCAZ2gyq, 27 function is
independent of ATP hydrolysis (Figure 8b; compare with Figure 6d). However, we observed
no protective effect of BRCAZ2gyqn 27 When pre-incubated with RAD51 filaments containing
either circular ¢X174 dsDNA or a linear, 1.2kbp dsDNA (Figure 8c, d). As RAD51 ATPase
activity is known to be differentially activated by sSDNA and dsSDNA33, we tested the effect
of BRCA2gygn 27 0n RADS1 filaments formed on the linear 1.2kbp dsDNA substrate in the
presence of the non-hydrolysable nucleotide analogue AMP-PNP (Figure 8e). Whilst higher
concentrations of BRC4 were required to dissolve the RAD51-dsDNA filaments in the
presence of AMP-PNP, pre-incubation with BRCAZ2gyqn, 27 only mildly potentiated this
effect (Figure 8e). Our data thus show that, whilst BRCAZ2gyqn, 27 can interact with RAD51
in the absence of DNA, its protective effect against disruption by BRC repeats is specific to
nucleoprotein filaments formed on ssDNA. The specific action of BRCAZ2gyqn, 27 towards
RADS51 complexes containing sSDNA is particularly interesting as the RAD51 filaments
formed on ssDNA are thought to be the active filament form in recombination-mediated
repair.

DISCUSSION

The BRCA2 tumor suppressor protein contains two distinct regions, unrelated by amino acid
sequence and distant in location, that possess the ability to bind RAD51. Whereas the
interaction between RAD51 and the BRC repeat sequences in the central region of BRCA2
has been well characterized, much less is known about the mode of interaction of RAD51
with the C-terminal binding site coded within the exon 27 of BRCA2, BRCA2gyqn 27. Here
we have provided a first account of the mechanism by which BRCA2gqn, 27 interacts with
RADS51. We find that a 36 amino-acid sequence within a highly conserved region of exon 27
specifically recognizes and interacts with RAD51 oligomers and RAD51 nucleoprotein
filaments: unlike the BRC repeats, BRCA2gyqn 27 does not bind to a monomeric RAD51
mutant and is unable to interfere with the oligomeric state of RAD51. Furthermore, we show
that the ATPase domain of RAD51 is sufficient for the interaction with BRCA2gyon 27,
whereas the N-terminal domain is not required for binding. These observations can be
integrated in a model in which BRCA2g,qn, 27 0ccupies the groove formed by adjacent
protomers of oligomeric RAD51 assemblies, making specific contacts with the ATPase
domains of neighboring subunits. The observation that mutations of Ser3291 to alanine and
glutamic acid abrogate RAD51 binding implicates the hydroxyl moiety of the serine in a
crucial hydrogen bonding interaction, possibly required in order to maintain the exon 27
conformation necessary for RAD51 binding.

The conservative mode of RAD51 binding by BRCA2g,qn 27 contrasts with the ability of
BRC repeats to disrupt RAD51 oligomers and nucleoprotein filaments through the formation
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of 1:1 BRC:RAD51 complexes8,16,26. Thus, BRCA2 can bind RAD51 in multiple ways:
via the disruptive action of BRC repeats with a potential RAD51 remodeling function,
through a non-disruptive association of the BRC repeats with RAD51 filaments, and via the
conservative interaction of the exon 27 region that stabilizes the RAD51-ssDNA
nucleoprotein filament. We have further defined a functional interplay between RAD51-
binding modes by demonstrating that BRCAZ2g4qn 27 can protect RAD51 nucleoprotein
filaments from disassembly by BRC repeats. The effect is specific to SSDNA as free RAD51
and RAD51 filaments formed on dsDNA experience no protection upon binding to
BRCA2g,qn 27. These observations suggest that once the BRC repeats have remodeled free
oligomeric RAD51 into RAD51 nucleoprotein filaments, BRCAZ2g4qn 27 Might stabilize and
protect the filaments from subsequent BRC repeat-dependent disruption. Interestingly,
whilst BRC repeats have been identified in BRCA2 molecules from a wide range of
eukaryotes, the C-terminal RAD51-binding motif is specific to vertebrate BRCA2
sequences. It is possible that the BRCA2g,on 27 Sequence of vertebrate proteins might have
evolved to protect RAD51 nucleoprotein filaments from the disruptive effects of their BRC
repeats. In this respect, it will be interesting to compare the disruptive potency towards
RAD51 nucleoprotein filaments of vertebrate BRC repeats with that of the single BRC
repeat found in primitive BRCA2 proteins lacking the BRCA2gyq,, 27 RAD51-binding motif.

Homologous recombination is active during the S- and G,-phases of the cell cycle and is
terminated at the G,-M transition in order to prepare for cellular entry into mitosis. As
phosphorylation of Ser3291 at the G,-M transition abrogates the ability of BRCA2gyq 27 tO
bind RADS51, it has been proposed that this phosphorylation event is in part responsible for
terminating recombination prior to mitosis28. Here, we present a mechanistic explanation
for this observation. It has previously been reported that BRC repeats may interact with
RADS51 in ways that can interfere or be compatible with its oligomeric state, and that both
binding modes are likely to be relevant to recombination-mediated repair. Within the context
of the housing exon 11 sequence, BRCA2gRrc1-g can stimulate strand exchange through a
direct association with the RAD51 filament11. However, when present in excess, individual
BRC repeats16,27 and the BRCA2gRrc1-g region (ORD & LP, unpublished observations)
can disrupt RADS51 filaments. Remodeling cellular RAD51 into nucleoprotein filaments
likely represents an important function of the BRC repeats, but it also raises the possibility
that the BRC repeats may inadvertently disrupt RAD51 filaments that are engaged in repair.
This highlights a requirement for a cellular mechanism that permits remodeling of free
oligomeric RADS51 at the onset of repair, but protects established RAD51 filaments during
active repair. The work presented here suggests that the exon 27 region of BRCA2 may
fulfill such protective function: we find that BRCAZ2gqn, 27 exercises a specific stabilizing
effect on RAD51-ssDNA filaments against interference from BRC repeats. At the G,-M
transition, CDK phosphorylation removes the ability of BRCA2gyq 27 to preserve the
integrity of RAD51-ssDNA filaments from BRC repeat-dependent depolymerisation. We
propose that this shift in balance between the disruptive and protective functions of BRCA2
induces filament disassembly upon cellular entry into mitosis, thus terminating
recombination.

Protein Expression and Purification

Full-length human RAD51, Glul8 1287T RAD51 and Lys80 RAD51 were expressed in
BL21(DE3) cells as untagged polypeptides and purified by a previously published
method34. GST-RAD51 and GST-F86E RAD51 were expressed in pGAT3 vectors35 in
BL21(DE3) cells and purified by Ni-NTA (Qiagen). The GST-tag was removed from GST-
F86E RAD5L1 by incubation with TEV protease (Invitrogen); F86E RAD51 was
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subsequently purified by incubation with Ni-NTA resin (Qiagen). Mutations were
introduced to the RAD51 sequence by site-directed mutagenesis (Stratagene).

Peptide Synthesis

Peptides containing N-terminal biotin or fluorescein labels were synthesized by solid phase
peptide synthesis (Alta Bioscience, University of Birmingham). BRCAZ2gyqn, 27 COrresponds
to ALDFLSRLPLPPPVSPICTFVSPAAQKAFQPPRSCG (human BRCA2 residues
3,270-3,305, BRCAZ2g4qn 27-ph CONtains a phosphorylated serine residue at position 3291,
BRC4 corresponds to EKIKEPTLLGFHTASGKKVKIAKESLDKVKNLFDE (human
BRCAZ2 residues 1,514-1,548). During early experimental work, the two cysteine residues of
BRCAZ2g4qn 27 Were found to be highly susceptible to oxidation, which could be remedied
by the presence of 20 mM DTT.

Biotin-Streptavidin Pull-down Assay

Biotinylated peptides at 0.1, 1 and 10 .M were incubated with 1 .M RAD51 (RAD51,
GST-RAD51, GST-F86E RAD51, F86E RAD51 and Lys80 RAD51) in 50 mM Tris pH
8.0, 150 mM NaCl, 1% (v/v) Triton X-100, 10 mg mi~1 BSA, 20 mM DTT at 4°C for 3
hours. 100 I streptavidin-iron oxide particles (Sigma-Aldrich) were equilibrated in this
buffer and incubated with the protein-peptide complexes at 4°C for 3 hours. Complexes
bound to the streptavidin-iron oxide particles were immobilized using a magnetic separation
unit, thoroughly washed in 50 mM Tris pH 8.0, 500 mM NacCl, 1% (v/v) Triton X-100, 20
mM DTT and suspended in SDS-PAGE loading buffer. Samples were analyzed by SDS-
PAGE and western blot using 2 g rabbit polyclonal anti-RAD51 (H-92) I1gG (for full length
or GST-F86E RADS51) or goat anti-RAD51 (1-20) 1gG (for Lys80 RAD51-AN) (Santa Cruz
Biotech), and 2 g alkaline phosphatase conjugated anti-rabbit 1gG or anti-goat 19G
(Promega). Blots were developed using SigmaFAST™ BCIP/NBT (5-bromo-4-chloro-3-
indolyl phosphate/nitroblue tetrazolium).

Gel Filtration Analysis

300 .l samples containing 10 M Lys80 RAD51, 10 M Lys80 RADS51 incubated with 100
LM BRC4, and 10 M BRC4-Ser97 RADS51 fusion protein (as previously described26).
Samples were loaded onto a Superdex 200 10/300 GL column (Amersham) equilibrated in
20 mM Tris pH 8.0, 150 mM KCI, 2 mM DTT. Control runs were performed using gel
filtration standards (Bio-Rad). Following isocratic elution, 1 I of each fraction was dotted
onto nitrocellulose membrane (Invitrogen) and RAD51 was detected with 0.4 g goat anti-
RAD51 (C-20) IgG (Santa Cruz Biotech) and 0.08 g HRP-conjugated anti-goat 1gG
(Promega), using the ECL advance detection system (Amersham).

Native Gel Electrophoresis

20 .M RADS51 was incubated with 0, 2, 20 and 200 M BRC4 or BRCAZ2gyqp 27 in 20 mM
Hepes pH 7.5, 150 mM KCI, 20 mM DTT for 15 min at 4°C. Similarly, 11 .M FI-
BRCA2gyqn 27 Was incubated with 0, 1.1, 5.5, 11, 55 and 110 oM RAD51 in 20 mM Hepes
pH 7.5, 150 mM KCI, 20 mM DTT for 15 min at 4°C. Samples were analyzed on a 1% (w/
v) agarose gel in 0.5x TBE at 35 mV for 90 min at 4°C. The FI-BRCAZ2g4qn 27 peptide was
visualized by exposure to UV radiation, and proteins were detected by staining with
coomassie. For the protection experiments in the absence of DNA, 11 oM RAD51 was
incubated with 110 wM BRCA2gyqn 27 0f BRCAZ2gy(n, 27-ph Prior to the addition of 0, 1.1,
3.3,11, 33 and 110 uM BRC4. Samples were analyzed on a 0.3% (wi/v) agarose gel in 1x
TBE at 20 mV for 4 hours at 4°C.
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Chemical Cross-Linking

Proteins and peptides were dialyzed in 20 mM Hepes pH 7.5, 150 mM KCI, 20 mM DTT.
20 .M RADS51 was incubated with 100 uM BRC4 or 100 uM FI-BRCA2gyq,, 27 for 30 min
at 4°C. Complexes were cross-linked by incubation with 0, 0.02, 0.2, 1, 2, 5 or 10 mM BS3
(Sigma-Aldrich) at room temperature for 30 min. Cross-linking was terminated by adding 80
mM Tris pH 8.0 for 15 min and analyzed by SDS-PAGE. The FI-BRCAZ2g4qn 27 peptide was
detected by exposing the gel to UV radiation, protein was detected by staining with
SimplyBlue™ SafeStain (Invitrogen).

Electrophoretic Mobility Shift Assay (EMSA)

RAD51 was incubated with X174 virion sSDNA (NEB), X174 dsDNA (NEB), poly(dT)
ssDNA (observed length: 174-213 bases; GE Healthcare) and 1.2kbp linear dSDNA
substrates (described in Supplementary Methods online; concentrations provided in figures)
in 50 MM TEA pH 7.5, 2 mM ATP (or 0.5 mM AMP-PNP), 0.5 mM MgCly, 2 mM DTT for
15 min at 4°C. BRCA2gyon 27 (or FI-BRCA2gyon 27)0r BRC4 were added (concentrations
provided in figures) for a further 15 min at 4°C. For protection experiments, the protein—
DNA complexes were incubated with BRCAZ2gyon 27 0r BRCAZ2g4on 27-ph for 15 min at 4°C
prior to the addition of BRC4 and further incubation for 15 min at 4°C (concentrations
provided in figures). Filaments containing X174 ssSDNA, ¢X174 dsDNA or 1.2kb dsSDNA
were analyzed by electrophoresis on a 0.3% (w/v) agarose gel in 1x TBE at 20 mV for 4
hours at 4°C. Filaments containing poly(dT) ssDNA were analysed on a 0.5% (w/v) agarose
gel in 1x TBE at 20 mV for 4 hours at 4°C. DNA was detected by incubation with SYBR
Gold (Invitrogen), and protein was detected by Coomassie staining; FI- BRCA2gyon 27 Was
detected by exposure to UV.

Similar assays were performed using Glu18 1287T RAD51 and ds-ssDNA (a 24bp dsDNA
with 24-base 3'-overhang; described in Supplementary Methods) using a modified method

(concentrations provided in figures): protein~-DNA complexes were formed in 40 mM Tris
pH 7.5, 2 mM ATP, 1 mM MgClI, and samples were analyzed on a 1% (w/v) agarose gel in
0.5x TBE at 30 mV for 2 hours at 4°C.

Electron microscopy

11 uM RADS51 was incubated with 32 .M poly(dT) ssDNA in 50 mM TEA pH 7.5, 2 mM
ATP, 0.5 mM MgCly, 2 mM DTT for 15 min at 4°C. 110 uM BRCA2gyq,, 27 0f BRC4 were
added for a further 15 min at 4°C; in protection experiments, 110 M BRC4 was added
following a 15 min incubation with 110 M BRCAZ2gyqn 27. Negative staining was
performed using 0.1% (w/v) uranyl acetate, and grids were viewed in a CM-100
transmission electron microscope (Philips).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Structure and function of BRCA2 and RAD51 proteins. (a) Schematic diagram of the human
BRCAZ2 protein. The RAD51-binding regions in the middle and C-terminus of the protein,
as well as its DNA-binding domain, are indicated. (b) Recombinases of the RecA/RAD51/

RadA family oligomerise to form rings or filaments. Representative examples of both

arrangements are shown, as observed in the crystal structures of Pyrococcus furiosus RadA

(PDB entry 1PZN) and Methanococcus voltae RadA (pdb entry 2F1H), respectively

(adjacent subunits are shown in orange and blue). In the oligomeric forms, the recombinase

protomers associate through an evolutionarily-conserved mechanism. (c) BRC repeat
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binding can disrupt RAD51 oligomers and nucleoprotein filaments, by sequestering RAD51
in a monomeric form. (d) Multiple sequence alignment of the RAD51-binding sequence
coded by exon 27 of vertebrate BRCA2 (absolutely conserved residues are shown in red and
partially conserved residues in yellow; numbering refers to the human BRCA2 sequence).
The RAD51-binding sequence overlaps with a cyclin-binding motif that enables CDK-
dependent phosphorylation of residue Ser3291 at the G,-M phase transition of the cell cycle.
The extent of the BRCAZ2g,q, 27 Sequence used in this work is indicated. Please note that the
schematic diagrams shown in this and subsequent figures are meant to illustrate the overall
effect of BRCA2 peptides upon RAD51 oligomerisation. However, they are not intended to
represent the actual number of protomers present in oligomeric RAD51 or the stoichiometry
of the BRCAZ2gyon 27-RAD51 interaction.
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Figure 2.

BRCAZ2g4qn 27 binds to oligomeric RAD51. (a) Streptavidin pull-down of RAD51 with
biotinylated BRCA2g4on 27, BRCA2g4on 27-ph @and BRC4 peptides, visualized by anti-
RADS51 western blot. RAD51 binds to BRC4 and BRCA2g4qn 27 but not to the
BRCAZ2g4on 27 phosphorylated on Ser3291. (b) Native gel electrophoresis of RAD51 upon
addition of increasing amounts of BRC4. (c) Native gel electrophoresis of RAD51 upon
addition of increasing amounts of BRCAZ2g,qn 27. (d) Native gel electrophoresis of
fluorescein-labeled FI-BRCA2gyqn27 Upon addition of increasing amounts of RAD51. A
molar excess of RAD51 (lane 7) induces a complete shift of FI-BRCA2g4qn 27 to the
position of oligomeric RAD51. The intermediate mobility of FI-BRCA2g,qn 27 in the
presence of lower amounts of RAD51 (lanes 5-6) likely corresponds to RAD51—
BRCA2g,qn 27 complexes that have wholly or partially dissociated during electrophoresis.
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Figure 3.

Cross-linking of RAD51, RAD51-BRC4 and RAD51-BRCA2gy4qn 27 cOMplexes. (a)
Complexes between RAD51 and BRC4 or BRCA2gyn 27 Were cross-linked by BS3 and the
resulting species were analyzed by SDS-PAGE. (b) The native oligomeric state of RAD51 is
evident through the formation of several multimeric species. (c) An excess of BRC4
disassembles the RAD51 oligomer through the formation of a 1:1 complex between one
BRC4 peptide and a RAD51 protomer. (d) SDS-PAGE of the cross-linked complex between
RADS51 and FI-BRCAZ2gqn 27 Visualized by Coomassie staining. (€) SDS-PAGE of the
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cross-linked complex between RAD51 and FI-BRCA2gyqn 27, exposed to UV radiation to
visualize the fluorescein-labeled peptide.
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Figure4.

BRCAZ2g40n 27 binding requires an oligomeric RAD51 assembly. (a) The conserved
oligomerisation interaction between the linker region of one protomer and the ATPase
domain of the adjacent protomer is visualized in this view of two adjacent subunits of the
Pyrococcus furiosus RadA ring structure (PDB entry 1PZN). Mutation of the interface
residue Phe86, equivalent to Phe96 of P. furiosus RadA, provides a constitutively
monomeric form of human RAD51. Furthermore, a construct of RAD51 containing residues
80-339 (Lys80 RADS51) lacks the N-terminal domain but retains the integrity of the
oligomerisation interface. Streptavidin pull-downs of (b) F86E RAD51, (¢) GST-F86E
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RAD51 fusion protein, and (d) GST-RAD51 fusion protein with biotinylated

BRCAZ2gxon 27, BRCA2Exon 27-ph and BRC4 peptides, visualized by anti-RAD51 western
blot. (e) Gel filtration analysis of Lys80 RAD51, and Lys80 RAD51 incubated with excess
BRC4, visualized by an anti-RAD51 dot-blot of eluted fractions. A control gel filtration run
was performed using the previously described BRC4-S97 RAD51 fusion protein26, which
approximates a monomeric complex between BRC4 and Lys80 RAD51. The elution
positions of gel filtration standards are shown adjacent to the dot-blot. (f) Streptavidin pull-
down of Lys80 RAD51 with biotinylated BRCA2gygn 27, BRCA2gxon 27-ph and BRC4
peptides, visualized by anti-RAD51 western blot.
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Figureb5.

BRCAZ2g4qn 27 binds to RADS51 nucleoprotein filaments. (a) Electrophoretic mobility shift
assay testing the effect of BRCAZ2gyqn 27 Upon RADS51 nucleoprotein filaments formed on
(b) ¢X174 virion ssDNA, (c) poly(dT) ssDNA, and (d) ds-ssDNA. In the case of the ds-
ssDNA substrate, the 1287T RAD51 protein was used. In each case, the RAD51
nucleoprotein filaments were also incubated separately with BRC4, as a control. (€)
Electrophoretic mobility of fluorescein-labeled FI-BRCA2gyqn 27 Upon the addition of
RAD51, preformed nucleoprotein filaments between RAD51 and poly(dT) ssDNA, and
poly(dT) ssDNA.
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Figure6.

BRCAZ2g40n 27 protects RAD51 nucleoprotein filaments. (a) Electrophoretic mobility shift
assay testing the ability of BRCA2gyon 27 and BRCA2g4on 27-ph t0 protect RAD51
nucleoprotein filaments from disruption by BRC4. (b) Protection assay of RAD51 filaments
formed on ¢X174 virion ssDNA using BRCA2gyqn, 27 and (¢) BRCAZ2ggn, 27-ph. Lanes
where the effect of BRCA2gyon 27 and BRCA2g4qn 27-ph iS Visible are highlighted by grey
boxes. (d) Protection assay of RAD51 filaments formed on poly(dT) ssDNA using
BRCAZ2gxon 27 and (€) BRCAZ2g4on 27-ph- (f) Protection assay of filaments formed between
1287T RADS51 and ds-ssDNA using BRCA2gyn 27 and (g) BRCA2gxon 27-ph-
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Figure7.

Electron microscopy of RAD51 nucleoprotein filaments. (a) RAD51-ssDNA filaments
formed between RAD51 and poly(dT). (b) Incubation of pre-formed RAD51-poly(dT)
filaments with BRCA2gyqn, 27. (€) Incubation of pre-formed RAD51-poly(dT) filaments
with BRC4. (d) Incubation of RAD51—-poly(dT) complexes with BRCA2gyqn, 27 prior to the
addition of BRCA4.
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Figure8.

BRCAZ2g4qn 27 protection is specific for ssDNA and independent of ATP hydrolysis.
Electrophoretic mobility shift assay testing the ability of BRCA2g,qn, 27 to protect (a) the
RAD51 oligomer in the absence of DNA, and nucleoprotein filaments formed between
RAD51 and (b) poly(dT) ssDNA in the presence of AMP-PNP, () ¢X174 dsDNA in the
presence of ATP, (d) 1.2kbp linear dSDNA in the presence of ATP and (e) 1.2kbp linear
dsDNA in the presence of AMP-PNP. The dependence on nucleotide hydrolysis of the
BRCAZ2g40n 27 protection effect can be assessed by comparing panel b with Figure 6d.
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