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The breast cancer susceptibility proteins, BRCA1 and BRCA2, are encoded by tumor
suppressor genes whose mutation results in half of the genetically predisposed cancers of the
breast and ovary.1 BRCA2 and RAD51 are directly involved in DNA repair by homologous
recombination (HR), a cellular process that accurately repairs double-stranded DNA breaks
(DSB). RAD51 protein promotes the homology search and DNA strand exchange steps that
are central to repair by HR.2

The finding that BRCA2 interacts with RAD51 provided the first evidence for involvement
of BRCA2 in DNA repair.3 Human BRCA2 is 3,418 amino acids in size and contains
several functional domains (Fig. 1A). The N-terminal region harbors interaction sites for
PALB2,4 and EMSY,5 and a transactivation domain.6 Located in the central portion of the
protein are eight BRC repeats, each about 35 amino acids in length. BRCA2 binds RAD51
primarily through these conserved motifs (Fig. 1B); this interaction is required for formation
of RAD51 foci at DNA breaks in vivo.7 Downstream of the BRC repeats, there is a binding
site for DMC1, the meiotic homolog of RAD51, implicating BRCA2 function in meiosis as
well.8,9 In addition to the BRC repeats, there is an unrelated RAD51 binding sequence at the
C-terminus of BRCA2; its phosphorylation by a cyclin-dependent kinase appears to regulate
the interaction with RAD51, suggesting a cell cycle-dependent response to DNA damage.10

The C-terminal region of BRCA2 also contains a conserved DNA binding domain11 (Fig.
1C) and a binding site for DSS1 protein,12 a regulator of BRCA2. At the extreme C-
terminus, there are three nuclear localization signals (NLS)11 (Fig. 1A).

Although first identified in humans, BRCA2 homologs exist in many eukaryotes, including
microbes, worms, plants and flies. The counterpart in Ustilago maydis is Brh2, and it can
load RAD51 onto single-stranded DNA (ssDNA) at the junction with double-stranded DNA
(dsDNA).13 One or more BRC repeats are present in every ortholog of BRCA2, and
interestingly, the number can vary up to 15.14 In humans, the BRC-repeat domain spans
~1,200 amino acids, and at least 6 of the 8 BRC repeats directly interact with RAD51, with
BRC4 having the highest affinity for RAD51.3 Mutations in individual BRC repeats that
weaken RAD51 binding are associated with breast cancer progression (Breast Cancer
Information Core Database, http://research.nhgri.nih.gov/bic/), highlighting the importance
of the RAD51-BRCA2 interaction.

A seminal paper describing the crystal structure of RAD51-BRC4 revealed an important
aspect of this interaction: BRC4 adopts a structure that mimics the interface of an adjacent
RAD51 monomer.15 A stretch of highly conserved residues in the BRC repeat contact
RAD51 via anti-parallel β-strand pairing (Fig. 1B). Consistent with the structure,
overexpression of BRC4 in vivo blocks formation of RAD51 foci after exposure to ionizing
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radiation.15,16 Because RAD51 associates with BRC4 as a monomer in vitro,17 these
collective results led to the conclusion that the BRC repeats block RAD51 nucleoprotein
filament formation and that RAD51 polymerization is required for nuclear focus formation.
14,15

However, these facts were seemingly contradictory: BRCA2 was a positive regulator of
RAD51-promoted HR, but the BRC repeats reduced formation of RAD51 foci in vivo.
Furthermore, a fusion of BRC4 tethered to RPA DBD was functional in vivo, implying that
the BRC repeats needed to be targeted to the DNA in the cell.18 In vitro studies were equally
confusing: the BRC repeats could apparently disrupt RAD51 nucleoprotein filaments,17,19

but the region containing BRC repeats 1-8 could stimulate RAD51-mediated DNA strand
exchange.20

A recent study literally throws light on these puzzling results. Using both optical trapping to
visualize individual RAD51 nucleoprotein filaments and ensemble studies, the BRC repeats
were shown to modulate the DNA binding preferences of RAD51.21 In addition, whereas
previous in vitro studies focused primarily on RAD51 nucleoprotein filaments formed on
dsDNA,17,19 Carreira et al. examined the effects of the BRC repeats on RAD51 binding to
both ssDNA and dsDNA.21 Strikingly, they found that either BRC4 alone or a region
containing BRC repeats 1 through 8 stimulate the binding of RAD51 to ssDNA.
Furthermore, BRC4 blocks ATP hydrolysis by RAD51, permitting accumulation of the
active ATP-bound nucleoprotein filament. A potential explanation for this finding resides in
the structural observation that the nucleotide-binding site of BRC4-bound RAD51 adopts a
more closed conformation than that of RAD51 alone,15 suggesting that BRC4 could lock-
down the ATP-bound state. This behavior may be a general property of the BRC repeats
because the repeat from the BRCA2 homolog of Caenorhabditis elegans also inhibits ATP
hydrolysis by RAD51.22 Moreover, human BRC4 stabilizes the inactive ADP form of the
RAD51 nucleoprotein filament, yet permits exchange of ADP for ATP within the filament
to result in a net accumulation of the active ATP-bound form of the RAD51-ssDNA
complex.21 Thus, the first important finding from this new study is that the BRC repeats
promote assembly of the active form of RAD51 nucleoprotein filaments on ssDNA.

In contrast to stabilizing and activating the RAD51-ssDNA filaments, previous reports
showed that the BRC repeats disrupt RAD51 nucleoprotein filaments on duplex DNA when
ATP hydrolysis is occuring.17,19 These findings led to the misconception that the BRC
repeats disassemble such filaments. However, single-molecule visualization revealed that,
instead of dissociating RAD51 nucleoprotein filaments, the BRC repeats block RAD51
nucleoprotein filament formation on dsDNA by slowing nucleation.21 In the ensemble
studies, filaments were seen to dissociate, but only when filament turnover was permitted.
Thus, the BRC repeats were not disassembling the filaments but rather were preventing their
re-assembly by blocking subsequent nucleation. Therefore, the second important finding
from this new study is that the BRC repeats prevent RAD51 assembly onto dsDNA. A
recent study on the BRC repeats of BRCA2 support these conclusions and further extend the
findings.23

Several variables determine whether a BRC repeat stabilizes or destabilizes a RAD51-DNA
complex: the specific BRC repeat, its concentration, the nucleotide cofactor, whether ATP
hydrolysis is occurring, and the DNA species (ssDNA or dsDNA). Appreciating this
complex regulatory behavior and the dynamic aspects of the RAD51 filaments permits
reconciliation of seemingly conflicting reports on BRC repeat activity and function.

The ability of the BRC repeats to differentially promote formation of RAD51 complexes
with ssDNA, but block formation of complexes with dsDNA, can facilitate the appropriate

Carreira and Kowalczykowski Page 2

Cell Cycle. Author manuscript; available in PMC 2011 March 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



loading of RAD51 onto ssDNA, rather than dsDNA, at DSBs. Indeed, the functional
relevance of this differential modulation was validated when the BRC repeats were shown to
stimulate RAD51-promoted DNA strand exchange in vitro.20,21 Collectively, these findings
define the BRC repeats of BRCA2 as regulators of RAD51 DNA-binding selectivity.

The proposed role for BRCA2 in HR places BRCA2 at the ssDNA-dsDNA junction of a
DSB where it targets RAD51 to assemble into a nucleoprotein filament on the ssDNA to
form a crucial intermediate in the repair of a DSB. So how does BRCA2 achieve this
targeting? It is reasonable to assume that the DNA binding domain (Fig. 1C) provides the
specificity for binding to the ssDNA/dsDNA junction.13 However, RAD51 nucleoprotein
self-assembly is slow due to a rate-limiting nucleation step that requires 2–3 monomers to
initiate filament formation.24 The BRC repeats can serve as a nucleation site by binding at
least 2–3 RAD51 molecules, and by correctly orienting them for efficient nucleus formation
(Fig. 1D). Although, in principle one BRC repeat bound to a dimeric form of RAD51 could
suffice,13,25 the use of more BRC repeats could greatly increase the probability of
nucleation and/or enhance the stability of the nascent filament. Additionally, the extra
repeats may help enforce targeting RAD51 to the ssDNA at the junction, rather than to the
dsDNA, by slowing or preventing assembly into the dsDNA region. Finally, by locally
inhibiting ATP hydrolysis by the nascent RAD51 nucleus, the turnover of this unstable but
key intermediate is blocked, further ensuring the likelihood of filament growth away from
the BRCA2 binding locus. The realization that BRCA2 is a multi-domain multi-functional
protein, which acts in concert with other regulatory proteins such as DSS1, illuminates
another layer of complexity in the regulation of HR. Further clarification must await
experiments with the full-length BRCA2 protein to more clearly understand how BRCA2
exerts its control on the formation of RAD51-DNA complexes and their function in
recombinational DNA repair.
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Figure 1.
(A) Schematic representation of BRCA2 protein showing its functional domains. H, helical
domain; OB, oligonucleotide-binding fold; NLS, nuclear localization signal. (B) Molecular
surface and ribbon representation of RAD51 bound to BRC4 (PDB code 1n0w). RAD51 is
shown in blue and BRC4 in orange. The highly conserved interacting region of BRC4 is
highlighted in red. (C) Illustration of the DNA binding domain structure of mouse BRCA2
DBD-DSS1 (PDB code 1MIU). The helical domain is shown in yellow, and OB 1, 2 and 3
are shown in red, blue and orange, respectively. DSS1 protein is shown in green. (D) Model
for the function of BRCA2 in the repair of DNA breaks. Through its DNA binding domain,
BRCA2 targets RAD51 to the dsDNA-ssDNA junction of a resected DSB. Using its BRC
repeats, BRCA2 directs RAD51 onto the ssDNa and blocks assembly onto dsDNa. This
interaction likely provides a nucleus for nascent ATP-RAD51 filament formation.
Subsequent growth of the nucleoprotein filament from this nucleus will displace RPA.
Eventually, the RAD51-ssDNA filament will pair with an intact copy of the chromosome to
continue the steps of DNA repair (not shown).

Carreira and Kowalczykowski Page 5

Cell Cycle. Author manuscript; available in PMC 2011 March 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


