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Cells defective in any of the RAD51 paralogs (RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3) are
sensitive to DNA cross-linking agents and to ionizing radiation. Because the paralogs are required for the
assembly of DNA damage-induced RAD51 foci, and mutant cell lines are defective in homologous
recombination and show genomic instability, their defect is thought to be caused by an inability to promote
efficient recombinational repair. Here, we show that the five paralogs exist in two distinct complexes in
human cells: one contains RAD51B, RAD51C, RAD51D, and XRCC2 (defined as BCDX2), whereas the other
consists of RAD51C with XRCC3. Both protein complexes have been purified to homogeneity and their
biochemical properties investigated. BCDX2 binds single-stranded DNA and single-stranded gaps in duplex
DNA, in accord with the proposal that the paralogs play an early (pre-RAD51) role in recombinational repair.
Moreover, BCDX2 complex binds specifically to nicks in duplex DNA. We suggest that the extreme
sensitivity of paralog-defective cell lines to cross-linking agents is owing to defects in the processing of incised
cross links and the consequential failure to initiate recombinational repair at these sites.
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Genome stability requires the efficient repair of double-
strand breaks (DSBs) that arise during DNA replication
or are caused by DNA-damaging agents. Vertebrate cells
use two main mechanisms of repair, known as nonho-
mologous end joining (NHE]J) and homologous recombi-
nation (HR). NHE]J is a relatively simple process that
promotes religation of the broken DNA, whereas ho-
mologous recombination is rather more complex be-
cause it involves interactions with the sister chromatid,
which acts as a template for repair (van Gent et al. 2001).
This requirement means that HR is particularly effective
in S-phase as the DNA undergoes replication (Liang et al.
1998; Takata et al. 1998; Essers et al. 2000), and that
replication-induced breaks are likely to be an important
initiator of HR (Cox et al. 2000).

In the late 1980s, two cell lines (irsl and irs1SF) were
identified that were sensitive to ionizing radiation, UV,
and cross-linking agents (Jones et al. 1987; Fuller and
Painter 1988). The genes responsible for the defects were
cloned by complementation and are known as XRCC2
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and XRCCS3, respectively (Tebbs et al. 1995; Tambini et
al. 1997). Mutant cell lines are deficient in homologous
recombination (Johnson et al. 1999; Pierce et al. 1999),
mildly sensitive (twofold) to ionizing radiation, and
show high levels of chromosomal aberrations both in
control and irradiated cultures (Liu et al. 1998; Cui et al.
1999; Deans et al. 2000), properties that are suggestive of
the accumulation of unrepaired replication-induced
DSBs (Brenneman et al. 2000). The XRCC2 and XRCC3
mutants are unusually sensitive (60-fold to 100-fold) to
damaging agents like cisplatin, nitrogen mustard, or mi-
tomycin C that introduce cross links in DNA.
Sequence analyses of the XRCC2 and XRCC3 genes
revealed that the protein products share significant se-
quence homology with the cellular recombinase RAD51,
and are likely to have arisen through gene duplication
and divergent evolution (Cartwright et al. 1998b; Liu et
al. 1998). It was therefore rather surprising when three
more RAD51 paralogs were identified by database analy-
ses (Albala et al. 1997; Rice et al. 1997; Cartwright et al.
1998a; Dosanjh et al. 1998; Pittman et al. 1998). These
genes are known as RAD51B (also known as RAD51L1,
hREC2, R51H2), RAD51C (RAD51L2), and RAD51D
(RAD51L3 or R51H3). All five RADS51 paralogs have
been disrupted in chicken DT40 cells and mutants
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shown to exhibit similar recombination/repair defective
phenotypes (Takata et al. 2000, 2001). All show reduced
growth rates, exhibit chromosomal instability, and accu-
mulate spontaneous breaks presumably attributable to
an inability to repair broken replication forks. In the
mouse, disruption of RAD51B, RAD51D, or XRCC2 con-
fers embryonic lethality (Shu et al. 1999; Deans et al.
2000; Pittman and Schimenti 2000).

Although no direct homologs of RAD51B, RAD51C,
RADS51D, XRCC2, and XRCC3 exist in simple eukary-
otes, significant homologies exist between the RAD51
paralogs and the yeast RAD55 and RADS57 proteins.
XRCC2 is closest to RAD55, and RAD51D and XRCC3
are closest to RAD57 (Thacker 1999; Tsutsui et al. 2000).
In yeast, defects in RAD55 or RADS7 result in radiation
sensitivity, a phenotype that can be partially comple-
mented by overexpression of RAD51 protein (Hays et al.
1995). Biochemical studies of RAD55 and RAD57 show
that the two proteins form a heterodimer that interacts
with RAD51 and stimulates RAD51-mediated pairing
and strand-exchange reactions (Sung 1997b). The hetero-
dimer is thought to facilitate assembly of the RAD51
nucleoprotein filament that initiates recombination.
The vertebrate RADS51 paralogs may play a similar role,
because the formation of DNA-damage-induced sub-
nuclear RADS51 foci (sites where repair is thought to oc-
cur) is dependent on the functions of the RAD51 paralogs
(Bishop et al. 1998; Takata et al. 2000, 2001; Gasior et al.
2001; Sonoda et al. 2001). Moreover, one of the paralogs,
XRCC3, interacts with RAD51 (Liu et al. 1998; Schild et
al. 2000), and the DNA repair defects associated with
mutations in the RAD51 paralogs can be partially over-
come by RADS51 overexpression (Takata et al. 2001).

At the present time, very little is known about the
cellular functions of the RAD51 paralogs. A number of
protein—protein interactions have been shown, suggest-
ing that the five proteins might function as a complex
(Schild et al. 2000). Biochemical studies indicate that the
individual proteins suffer insolubility problems in isola-
tion, but it has been possible to purify RAD51D (Bray-
brooke et al. 2000) and a complex containing RAD51C-
XRCC3 (Kurumizaka et al. 2001; Masson et al. 2001).
RAD51ID was shown to bind single-stranded DNA
(ssDNA) and have a DNA-stimulated ATPase activity.
Similarly, the RAD51C-XRCC3 complex bound ssDNA
and was shown to promote DNA-DNA interactions re-
sulting in DNA annealing. At the present time, however,
it is not known which RADS51 paralog complexes repre-
sent the biologically relevant forms of the protein that
are found in vivo.

In this work, we show that the RADS51 paralogs are
found in two distinct complexes in human cells. One
complex contains RAD51B, RAD51C, RAD51D, and
XRCC2 (here called the BCDX2 complex), whereas the
second contains RAD51C with XRCC3. The nature of
these complexes has been confirmed by overexpression
of all five proteins using baculovirus systems, and both
complexes have been purified to homogeneity. We de-
scribe the properties of the BCDX2 complex and show
that it binds specifically to single-stranded DNA, and to
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single-stranded regions in duplex DNA, suggestive of a
presynaptic role in recombination. Most importantly,
BCDX2 binds to nicks in duplex DNA, leading us to
propose that BCDX2 is capable of the specific recogni-
tion of incised cross links, thereby providing the neces-
sary link between incision by nucleotide excision repair
enzymes and recombinational repair.

Results

The RADS51 paralogs form two distinct
protein complexes

In previous studies, yeast two-hybrid systems were used
to show a series of interactions between the human
RADS51 paralogs, including (1) RAD51B with RAD51C,
(2) RAD51C with XRCC3, (3) RAD51C with RAD51D,
(4) RAD51D with XRCC2, and (5) XRCC3 with RAD51
(Dosanjh et al. 1998; Liu et al. 1998; Braybrooke et al.
2000; Schild et al. 2000). To determine whether these
interactions are representative of those that take place in
human cells, all five RAD51 paralog genes were cloned
from a human ¢cDNA library into baculovirus vectors,
and monoclonal (mAbs) and polyclonal (pAbs) antibodies
were raised against the purified denatured proteins. The
pAbs were then used to immunoprecipitate potential
RADS51 paralog complexes from HeLa cell-free extracts,
and the interacting proteins were identified by Western
blotting using mAbs.

In the most striking experiment, shown in Figure 1, we
observed that anti-RAD51D pAbs pulled down endog-
enous RAD51D together with RAD51B, RAD51C, and
XRCC2. The interactions were strong and complex for-
mation was resistant to 1.25 M NaCl (Fig. 1, lanes c-f).
There was, however, no evidence that the fifth paralog,
XRCC3, was part of this complex. The failure to detect
XRCC3 in this complex was not simply due to a problem
of detection (e.g., low amounts of protein or antibody
affinity), because anti-RAD51C pAbs pulled down en-
dogenous RAD51C and XRCC3 under identical condi-
tions (Masson et al. 2001). Preimmune sera failed to pull
down any of the RAD51 paralogs (Fig. 1, lane b).

These results lead us to suggest that there are two
distinct complexes containing the RAD51 paralogs in
HeLa cells: one complex containing RAD51B, RAD51C,
RAD51D, and XRCC2 (the BCDX2 complex), and a sec-
ond complex containing RAD51C and XRCC3. This
finding was supported by pull-down experiments using
RAD51B or XRCC2 pAbs that again brought down
RAD51B, RAD51C, RAD5ID, and XRCC2, but not
XRCC3 (data not shown). As expected, RAD51C pAbs
pulled down all five paralogs. Using anti-RAD51 pAbs,
we failed to pull down any of the RAD51 paralogs from
HeLa extracts, and RAD51 was not found in association
with the BCDX2 and RAD51C-XRCC3 complexes, as
determined in RAD51C pAb pull downs (data not
shown).

To provide further evidence for the specific nature of
the RAD51C-XRCC3 interaction, S$f9 insect cells were
multiply infected with baculovirus encoding all five
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Figure 1. Interactions between the RAD51 paralogs in HeLa
cell-free extracts. Coimmunoprecipitation of endogenous
RAD51B, RAD51C, RAD51D, and XRCC2 from HeLa cell-free
extracts. Protein complexes were precipitated using preimmune
serum (PI; lane b) or anti-RAD51D pAbs (lanes ¢—f). The com-
plexes were washed in buffer containing NaCl, as indicated, and
visualized by Western blotting using anti-RAD51B, anti-
RADS51C, anti-RAD51D, anti-XRCC2, or anti-XRCC3 mAbs, as
indicated. (Lane a) Marker proteins (RAD51By;.,, RAD51Cy;410,
RADS51Dy,;6, XRCC2, XRCC3,,;56)- The His-tagged controls mi-
grate more slowly than the endogenous human proteins.

paralog proteins, one of which (XRCC3) carried a histi-
dine tag at the N terminus. Protein extracts were loaded
onto a Talon affinity column, which retained XRCC3-
His, and associated proteins, while allowing nonas-
sociated proteins to flow through. We found that the
column bound XRCC3-his, and RAD51C (Fig. 2, lanes
h-j), but not RAD51B, RAD51D, and XRCC2, all of
which were present in the flow through (Fig. 2, lane a).
A significant portion of the RAD51C, however, ap-
peared with RAD51B, RAD51D, and XRCC2 in the
column flow through, again supporting the notion
that RAD5I1C is involved in two complexes: one con-
taining BCDX2 and the other containing RAD51C and
XRCC3.

To provide more direct evidence for the two com-
plexes, extracts from Sf9 cells multiply infected with
pBAC51B, pBAC51C,..,,, pBAC51D, pBACX2, and
pPBACX3,,;.c Were passed through a Superdex 200 gel fil-
tration column. The five paralog proteins eluted with a
broad profile, with the bulk of the RAD51B, RAD51D,
and XRCC2 present in fractions 22/23 (Fig. 3A). A con-
siderable amount of the RAD5IC also eluted in these
fractions, and in addition RAD51C was found in frac-
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tions 24/25, where it coeluted with XRCC3. These re-
sults are consistent with the presence of two overlapping
peaks, confirming the presence of the two complexes
indicated schematically in Figure 3B.

The protein peak containing the BCDX2 complex
(fractions 22/23) showed a molecular mass correspond-
ing to ~180 kD. Because the calculated molecular mass
of BCDX2 is 146 kD, and we have not observed self-
associations between any of the RADS51 paralogs, these
results most likely indicate a 1:1:1:1 stoichiometry of
the four subunits. The gel filtration profile of the
RAD51C,,;410-XRCC34,;46 complex (calculated molecular
mass 85 kD) was indicative of a heterodimer between the
proteins. In the experiment shown in Figure 3A very
little monomeric protein was detected, except for some
RADS51D, which eluted in fraction 29. The elution pro-
file of the complexes was essentially the same in buffer
containing 1.0 M NaCl, indicative of stable interactions
between the RAD51 paralogs (data not shown).

Dissection of interactions within the BCDX2 complex

To analyze protein-protein interactions within the
BCDX2 complex we used a similar approach to that
shown in Figure 2. Sf9 cells were infected with various
baculovirus combinations, and in each case one of the
expressed proteins was histidine-tagged for absorption to
Talon. Proteins that interacted with the single tagged
paralog were then identified by Western blotting. We
found that RAD51B (Fig. 4A) and RAD51D (Fig. 4B) were
individually bound by RAD51C,;,,,, and that RAD51B
and RADS5ID could be bound simultaneously by
RAD51C,;.10 (Fig. 4C). In the absence of RAD51C, how-
ever, interactions between RADS51B, ;. and RAD51D
were not observed (Fig. 4D). Similarly, we failed to detect
interactions between XRCC2,;, and RADS5IB or
RAD5IC in the absence of RAD51D (Fig. 4E), whereas
RAD51C,,.,,, RAD51B, RAD51D, and XRCC2 all inter-
acted together and were bound by Talon (data not
shown).
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Figure 2. Specific interactions between XRCC3 and RAD51C.
Sf9 cells were coinfected with pBAC51B, pBAC51C, pBAC51D,
pBACX2, and pBACX3, ;.. Following protein expression, ex-
tracts were loaded onto a Talon column to bind XRCC3-His,
and associated proteins, which were subsequently eluted and
identified by Western blotting using mAbs. (Lane a) Flow
through; (lane b) 30 mM imidazole wash; (lanes c—j) fractions
4-18.
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Figure 3. Complex formation by the RAD51 paralogs. (A) Gel filtration analysis of RAD51 paralog complexes. Extracts from Sf9 cells
infected with pBAC51B, pBAC51C, .0, PBAC51D, pBACX2, and pBACX3,,;c Were analyzed by gel filtration as described in Materials and
Methods. (B) Diagrammatic representation of two distinct complexes as indicated by the data presented in Figures 1 and 2 and part A.

Together, these results indicate that the architecture
of the BCDX2 complex is as follows: RAD51B interacts
specifically with RAD51C, which in turn interacts
with RAD51D, and RAD51D interacts with XRCC2 (as
indicated in the diagram of Fig. 3B). When RAD51 was
expressed in the presence of RAD51B, RAD51C,;.;0,
RADS51D, XRCC2, and XRCC3, and extracts were ap-
plied to a Talon column, the RAD51 was found in the
column flow through (data not shown). The lack of direct
interaction between RADS51 and BCDX2 confirmed
our earlier immunoprecipitation analyses using HeLa
extracts.

Purification of the two RADA51 paralog complexes

The BCDX2 complex was purified to homogeneity fol-
lowing coexpression of RADS5IB.,., RAD5I1C,;. 0,
RAD51D, and XRCC2 in Sf9 cells (Fig. 5A). The presence
of all four subunits, which copurified with an apparent
1:1:1:1 stoichiometry at each chromatographic step,
was confirmed using mAbs (Fig. 5B). In contrast to
the individual subunits, which were generally insoluble
when expressed on their own, the coexpression of
the proteins resulted in a higher level of solubility. The

RAD51C},;410-XRCC34,;46 complex was also purified fol-
lowing coexpression in Sf9 cells (Fig. 5C). Both com-
plexes were free of endo- and exonuclease activities, as
monitored by the release of acid-soluble counts from 5’-
32P-end-labeled single- and double-stranded oligonucleo-
tide substrates (data not shown). Elsewhere, we report
the visualization of the RAD51C-XRCC3 complex and
describe its ssDNA-binding properties (Masson et al.
2001). In the following sections, we describe the proper-
ties of the novel BCDX2 complex.

DNA binding and ATPase activity of BCDX2

When purified BCDX2 complex was incubated with
single-stranded DNA (100 nucleotides in length), we ob-
served the formation of protein-DNA networks that
failed to enter polyacrylamide gels (Fig. 6A, lanes b-f).
We concluded that BCDX2 bound preferentially to
single-stranded DNA, because little binding to duplex
DNA was observed under the same conditions (lanes
h-1). Quantification by Phosphorlmager analysis indi-
cated that only 1.5% of the input duplex DNA was
bound compared with 78% for the ssDNA at 100 nM
BCDX2 (Fig. 6B). The BCDX2 complex bound 5’- or 3'-
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Figure 4. Dissection of the interactions between RAD51C, RAD51B, RAD51D, and XRCC2. Sf9 cells were infected with the
indicated baculovirus and extracts were loaded onto a Talon column to bind the single His-tagged protein and associated proteins. The
interacting proteins were eluted and identified by Western blotting using mAbs. The column flow through (FT), wash (W), and eluting
fractions (4-20) are indicated. A summary of interactions is shown diagrammatically at the right. (A) Sf9 infected with pBAC51Cy,410
and pBAC51B. (B) pBAC51C,;510 with pBAC51D. (C) pBAC51C,,;410 expressed with both pPBAC51B and pBAC51D. Blot probed with
RAD51C mADs (top panel), and with RAD51B and RAD51D mADbs (lower panel). (D) pPBAC51By,;,c with pPBAC51D. (E) pPBACX2,,;46 With
both pBAC51B and pBAC51C. Blot probed with RAD51B and XRCC2 mAbs (upper panel), and with RAD51C and XRCC2 mAbs (lower

panel).

tailed linear DNA substrates at a level that was interme-
diate of that observed with single- and double-stranded
DNA (Fig. 6A, lanes n—r and t-y, respectively; Fig. 6B).
The BCDX2 complex did not bind synthetic Holliday
junctions (data not shown).

The DNA-binding properties of BCDX2 are therefore
similar to those shown by the RAD51C-XRCC3 com-
plex and by RAD52 protein, which also aggregate ssDNA
(Benson et al. 1998; Masson et al. 2001). ssDNA binding
by BCDX2 was dependent on the presence of Mg?*, but
was ATP-independent. Optimal binding was observed at
2.5 mM Mg(OAc),. Inclusion of 150 mM NaCl or 10 mM
EDTA abolished DNA binding completely (data not
shown).

Because the RAD51B, RAD51C, RAD51D, and XRCC2
amino acid sequences contain Walker motifs (Walker et
al. 1982) and are predicted to bind ATP (Thacker 1999),
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the BCDX2 complex was assayed for its ability to hydro-
lyze ATP in the presence and absence of DNA. ATPase
activity, stimulated by the presence of ssDNA, was ob-
served at a very low level (Fig. 6C). Indeed, in the pres-
ence of ssDNA the turnover rate was estimated to be
0.005-0.01 ATP/min per BCDX2 complex, which is ap-
proximately one order of magnitude lower than that ob-
served with RAD51 (Baumann et al. 1996). Although the
ATPase activity was extremely low, it is likely to be an
intrinsic property of the protein complex because the
activity coeluted with BCDX2 at the final stages of pro-
tein purification.

Electron microscopic visualization of BCDX2

The first step in the repair of a DSB by homologous re-
combination involves exonuclease resection to expose
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Figure 5. Purification of two distinct complexes containing the RAD51 paralogs from baculovirus-infected insect cells. (A) Purifi-
cation of a complex containing RAD51B, RAD51C, RAD51D, and XRCC2 (BCDX2). The complex was purified from Sf9 cells infected
with pBAC51By,;.,, PBAC51C;;410, PBAC51D, and pBACX?2, as described in Materials and Methods. Proteins were visualized by
SDS-PAGE followed by Coomassie blue staining. (Lane a) Molecular mass markers; (lanes b,c) 2.0 and 3.5 ng of protein. (B) Western
blot of purified BCDX2 complex using mAbs raised against RAD51B, RAD51C, RAD51D, and XRCC2. (C) Purified RAD51C-XRCC3
complex. Proteins were purified from Sf9 cells infected with pBAC51C,,;5; and pPBACX3,,;46 and visualized by SDS-PAGE followed by
Coomassie blue staining. (Lane a) Molecular mass markers; (lane b) 3 ng of RAD51C-XRCC3 complex.

single-stranded tails that can act as an initiation site for
the recruitment of recombination proteins. Because the
RADAS5]1 paralogs are required at an early step in recom-
binational repair, the interaction of BCDX2 complex
with resected DSBs was analyzed by electron micros-
copy. For these experiments, linear plasmid DNA mol-
ecules were resected by exonuclease treatment to pro-
duce 1.3-kb-long 3’-single-stranded tails. The BCDX2
complex bound specifically to the tailed regions, such
that the single-stranded region became bound by
BCDX?2, whereas the duplex DNA remained essentially
protein-free (Fig. 7A, BCDX2 indicated by the white ar-
row). Similarly, BCDX2 bound to an internal 1.3-kb
single-stranded gap present within a circular duplex
DNA molecule (Fig. 7B). We did not observe the binding
of BCDX2 to linear duplexes that had not undergone re-
section (Fig. 7C).

The formation of DNA-damage-induced RAD51 foci is
dependent on the presence of the RAD51 paralogs, lead-
ing to the suggestion that the proteins may be involved
in the recruitment or stabilization of RADS51 filaments
at the sites of DNA damage (Bishop et al. 1998; Takata et
al. 2000, 2001; Gasior et al. 2001). We therefore analyzed
the assembly of RAD51 and BCDX2 complexes at single-
stranded gaps in duplex DNA. When subsaturating con-
centrations of RAD51 were added to preformed com-
plexes of BCDX2 on gapped circular DNA, we observed
that 75% of the molecules observed by electron micros-
copy showed RADS5I1 filaments in the proximity of
BCDX2 (Fig. 7D).

BCDX?2 binds to nicks in duplex DNA

Although cells defective in any of the RADS51 paralogs
show a mild ionizing radiation sensitivity, the same cell
lines are exquisitely sensitive to DNA cross-linking
agents, which suggests a role for the paralogs in the re-
pair of DNA cross links (Jones et al. 1987; Tambini et al.

1997; Liu et al. 1998; Takata et al. 2001). The mechanism
of cross-link repair in vertebrate systems is presently un-
known, but it is thought that incised cross links are ei-
ther directly or indirectly channeled toward recombina-
tional repair (Bessho et al. 1997; De Silva et al. 2000). We
therefore determined whether the BCDX2 complex
could bind to nicks in duplex DNA. Using circular or
linear duplex DNA molecules containing a single site-
specific nick, we observed by electron microscopy the
binding of a single BCDX2 complex to each DNA mol-
ecule (Fig. 8B,C). Indeed, >80% of the nicked molecules
that were well spread showed evidence of a bound
BCDX2 complex. Under the same reaction conditions,
BCDX2 failed to bind intact duplex DNA (Fig. 8A; data
not shown). These studies are consistent with a specific
role for BCDX2 in the recognition of nicks during cross-
link repair, an interaction that is likely to be important
in the initiation of recombination at these sites.

Discussion

Biochemical studies of human and yeast proteins in-
volved in homologous recombination are beginning to
provide new insights into how mitotic cells repair DNA
double-strand breaks (van Gent et al. 2001). Recombina-
tional repair is clearly a highly conserved process, as first
indicated by the discovery that human RADS5] is struc-
turally related to bacterial RecA and yeast RAD51
(Ogawa et al. 1993; Story et al. 1993; Benson et al. 1994),
and that it has similar biochemical activities in terms of
DNA interactions and the initiation of strand exchange
(Sung 1994; Sung and Robberson 1995; Baumann et al.
1996; Baumann and West 1997). The in vitro activities of
RADS51, however, are considerably reduced in compari-
son with RecA, indicating a need for other protein co-
factors and greater mechanistic complexity. It has been
shown that yeast RADS51 is stimulated by RAD52 (Sung
1997a; New et al. 1998; Shinohara and Ogawa 1998),
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Figure 6. DNA-binding and DNA-stimulated ATPase activities of BCDX2 complex. (A) DNA-binding reactions containing ssDNA,
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indicated.

RADS54 (Petukhova et al. 1998, 1999; Mazin et al. 2000;
Solinger et al. 2001), RAD55/57 (Sung 1997b), and RP-A
(Sung 1994; Sigurdsson et al. 2001). Less is known about
possible stimulatory factors for human RADS51 protein,
although enhanced activity has been observed in the
presence of RAD52 and RP-A (Baumann and West 1997;
Benson et al. 1998; Mcllwraith et al. 2000).

The vertebrate RADS51 paralogs are related to yeast
RAD55/57 by sequence similarity and by functional re-
lationships, leading to the view that the paralogs might
also play a role in RAD51-mediated reactions. For ex-
ample, (1) XRCC2- (irsl) and XRCC3-defective (irsSF)
cells show a significant (100-fold and 25-fold, respec-
tively) decrease in the frequency of DSB repair by ho-
mologous recombination (Johnson et al. 1999; Pierce et
al. 1999). (2) The formation of DNA-damage-induced
RADA51 foci is abolished in irs1 (O’Regan et al. 2001) and
irs1SF cells (Bishop et al. 1998), and in chicken DT40
cells lacking RAD51B, RAD51C, RAD51D, XRCC2, or
XRCC3 (Takata et al. 2001). (3) The radiation sensitivity
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of the DT40 mutant cell lines can be partially comple-
mented by overexpression of RAD51 (Takata et al. 2001).
Like yeast RAD55/57, it is possible that the vertebrate
RADS51 paralogs facilitate the formation of RAD51 nu-
cleoprotein filaments on ssDNA, an important early step
in the initiation of recombination (Sung 1997b).

To help define the cellular roles of the five vertebrate
RADS5I1 paralogs, we first analyzed their ability to form
complexes in HeLa cells. Two distinct complexes were
observed: one comprising RAD51B, RAD51C, RAD51D
with XRCC2 (BCDX2), and the other RAD51C-XRCC3.
The presence of RAD51C in both complexes and the
overall architecture of the BCDX2 complex were con-
firmed using baculovirus expression systems. It is highly
unlikely that the interactions we describe are mediated
by the presence of DNA because the complexes were
stable to high salt. Elsewhere, we and others have re-
ported the properties of the RAD51C-XRCC3 complex:
the two subunits are present in a 1:1 stoichiometry, bind
preferentially to single-strand DNA, and promote ATP-
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Gapped circular duplex

Figure 7. Interaction of BCDX2 complex with single-stranded regions in duplex DNA. (A-C) Electron microscopic visualization of
complexes formed between BCDX2 and tailed duplex DNA (A) or gapped circular duplex DNA (B). The bound single-stranded regions
are indicated by white arrows. (C) Control indicating the failure of BCDX2 to bind linear duplex DNA. (D) Juxtaposition of BCDX2
complex and RAD51 on gapped circular DNA. The DNA was preincubated with BCDX2 complex (90 nM) for 5 min and then
supplemented with RAD51 (0.3 uM). After 5 min at 37°C, the products were visualized by electron microscopy. The white arrow
indicates a RAD51 filament, and the black arrow indicates the BCDX2-DNA complexes.

independent DNA aggregation reactions that can lead to
the annealing of complementary DNAs (Kurumizaka et
al. 2001; Masson et al. 2001).

Although we do not exclude the possibility that the
paralogs may participate in a number of protein subcom-
plexes, this paper provides the first description of the
larger BCDX2 complex. Analyses of the architecture of
the complex showed that RAD51B and RAD51C formed
a heterodimer that is unable to interact with XRCC2 in
the absence of RAD51D, corroborating interactions seen
in yeast two-hybrid systems (Schild et al. 2000). The
complex showed an M, of ~180,000, in which we believe
that the four subunits are present in a 1:1:1:1 stoichiom-
etry. The BCDX2 complex binds preferentially to ssDNA
and, like RAD51C-XRCC3 and RAD52, promotes DNA
aggregation. Recently, using the DT40 system, it was
shown that a conditional mutant in RAD52 and XRCC3
is nonviable, whereas either of the single mutants grow
reasonably well, indicating that RAD52 and the RAD51
paralogs play overlapping, but nonreciprocal roles in
DSBR (Fujimori et al. 2001). Because RAD52 is known to
stimulate RADS5]1 in vitro (Benson et al. 1998; Shinohara

and Ogawa 1998; Baumann and West 1999), in part by
overcoming inhibitory effects of RP-A (Sung 1997a;
New et al. 1998), it is possible that the two paralog com-
plexes play a related role through their ssDNA-binding
properties.

Previously, it was shown that the RAD51 paralogs can
interact with RADS51 (Liu et al. 1998; Schild et al. 2000).
In immunoprecipitation studies carried out in HeLa ex-
tracts under stringent conditions, however, we failed to
detect direct interactions with RADS51, leading us to in-
fer that the observed interactions may be DNA-medi-
ated. In support of this proposal, using limiting amounts
of RAD51, we found that RAD51 colocalized to the
gapped region of a circular plasmid that had been preb-
ound by the BCDX2 complex. A role for the RAD51 para-
logs in either the stabilization or recruitment of RAD51
nucleoprotein filaments would be consistent with the
observed lack of RADS5I foci following DNA damage in
all paralog mutants so far examined (Bishop et al. 1998;
O'Regan et al. 2001; Takata et al. 2001).

The BCDX2 complex, like RAD51 (Baumann et al.
1996), was shown to promote ATP-hydrolysis in a reac-
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Figure 8. Interaction of BCDX2 complex with nicks in duplex
DNA. Binding reactions contained linear duplex, nicked linear
duplex, or nicked circular plasmid DNA, as indicated. Protein—
DNA complexes were analyzed by agarose gel electrophoresis
(A) or by electron microscopy (B,C). White arrows indicate the
binding of BCDX2 to the single nick present in each DNA sub-
strate. The bar represents 100 nm.

tion that was stimulated by the presence of ssDNA.
Similar DNA-binding and ATP-hydrolytic properties
have been reported for RAD51D alone (Braybrooke et al.
2000). The function of the BCDX2 ATPase is presently
unknown because DNA binding appears to be unaffected
by the absence of ATP. Moreover, it was recently shown
that the substitution of highly conserved residues in the
P-loop motif of XRCC2 had little effect on its ability to
complement the MMC, X-ray, or genetic instability phe-
notype of an XRCC2-deficient cell line (O’Regan et al.
2001). Taken together, these studies indicate that the
mutation of one ATP-binding subunit may not compro-
mise the function of the multi-subunit complex as a
whole.

During the course of these studies, we made the strik-
ing observation that the BCDX2 complex binds to nicks
in duplex DNA. To our knowledge, this is the first report
of nick binding by any recombination protein. The in-
teraction of the paralogs with nicks may be important for
the repair of DNA cross links because it has been shown
that hamster cell lines defective in XRCC2 and XRCC3
are extremely sensitive (60-fold to 100-fold, respectively)
to cross-linking agents such as cisplatin, nitrogen mus-
tard, or mitomycin C (Jones et al. 1987; Fuller and
Painter 1988; De Silva et al. 2000). In Escherichia coli
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and Saccharomyces cerevisiae, cross links are repaired
by interlinked nucleotide excision repair (NER) and ho-
mologous recombination processes (Jachymczyk et al.
1981; Sladek et al. 1989; Van Houten 1990). In bacteria,
the first step in cross-link repair involves incision on
either side of the cross link by NER enzymes, followed
by exonucleolytic processing to create a gap that serves
as a substrate for recombination with homologous du-
plex DNA. The ensuing strand exchange reaction then
transfers in an undamaged strand at the site of the lesion,
to allow a second round of NER leading to complete
removal of the cross link.

In vertebrate systems, the mechanism of cross-link re-
pair is less clear. Whereas there is again a clear involve-
ment of NER enzymes, in growing cells there appears to
be a dose-dependent induction of DSBs (De Silva et al.
2000), which presumably arise from arrested replication
forks. The requirement for the RAD51 paralogs in cross-
link repair, together with the demonstration that the
BCDX2 complex binds nicks, leads us to propose that the
RADS51 paralogs bind incised cross links and mediate
their progression into recombination pathways. The pre-
cise mechanism remains to be determined, but is likely
to involve the targeting of RAD51 and/or other recom-
bination enzymes to single-stranded DNA, leading to the
initiation of recombination.

Materials and methods

Baculovirus expression vectors

The RAD5IB, RAD51C, RAD51D, XRCC2, and XRCC3
genes were PCR-amplified from a human testis cDNA library
and cloned into pET1la, pET15b, pET16b, and pET28c
(Novagen). In these constructs, the genes were untagged, or
linked to N-terminal hexa- or decahistidine tags. The paralog
genes from the resultant clones were then subcloned into
pFASTBACI to produce pBAC51B, pBAC51B,;,, pBAC51C,
PBAC51Cy;.10, PBAC51D, pBAC51Dy,,., pBACX2, pBACX2,.c,
and pBACX3, ;.. The nomenclature used in the naming of the
baculoviruses reflects the protein encoded by the virus (e.g.,
PBAC51By,;,s expresses RAD51B, ;. protein). The nucleotide se-
quences of RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3
were confirmed to be identical to published sequences.

Proteins

Recombinant BCDX2 complex was purified from five 1.25-L
spinner flasks of Sf9 cells (1.25 x 10° per milliliter) coinfected
with pBAC51B,,, (multiplicity of infection, m.o.i. = 10),
pBAC51C, ;9 (m.0.i.=10), pBAC51D (m.o..=20), and
PpBACX2 (m.o.i. = 20) baculoviruses at 27°C for 4 d. Cells were
harvested, frozen in dry ice/ethanol, and stored at -20°C. The
cell paste was resuspended in 250 mL of phosphate (P) buffer (50
mM NaPO, at pH 7.0, 0.5 M NaCl, 10% glycerol, 0.02% triton
X-100) containing 5 mM imidazole and protease inhibitors. The
suspension was lysed using a Dounce homogenizer (20 strokes),
sonicated, and then homogenized a second time. Insoluble ma-
terial was removed by centrifugation (twice at 35,000 rpm for 1
h in a Beckman 45 Ti rotor). The supernatant was loaded on a
20-mL Talon column (Clontech) and washed stepwise with P
buffer containing 30 mM (100 mL), 40 mM (100 mL), and 50 mM



(50 mL) imidazole. The BCDX2 complex was then eluted with
a 200-mL linear gradient of 0.05-1.0 M imidazole in P buffer.
The proteins were identified by SDS-PAGE, pooled, dialyzed
against H buffer (50 mM NaPO, at pH 7.6, 150 mM NaCl, 10%
glycerol), and loaded on a 20-mL HiPrep 16/10 Heparin FF col-
umn (Pharmacia). The column was washed with 100 mL of H
buffer containing 0.2 M NaCl, before a linear gradient of 0.2-1.5
M NaCl was applied. Coeluting BCDX2 proteins were pooled
and loaded on a 1-mL HiTrap Chelating column (Pharmacia;
pre-equilibrated with NiSO, and P buffer containing 5 mM im-
idazole) using a Pharmacia Acta FPLC system. The column was
washed with P buffer containing 30 mM imidazole, and the
proteins were eluted using a linear gradient of 0.03-1 M imid-
azole in P buffer. Fractions containing BCDX2 complex were
pooled, dialyzed for 90 min against 2 L of buffer (20 mM Tris-
HCI at pH 7.5, 0.25 M NaCl, 10% glycerol, 1 mM DTT)
in Slide-A-Lyzer dialysis cassettes (Pierce) and stored in aliquots
at -80°C.

RAD51C-XRCC3 complex (Masson et al. 2001) and RAD51
protein (Baumann et al. 1997) were purified as described. Re-
striction enzymes were purchased from NEB and used as de-
scribed by the manufacturer.

Gel filtration

Extracts were prepared from Sf9 cells coinfected with pBAC51B,
PBAC51C, 5410, PBAC51D, pBACX2, and pBACX3, ;.. Protein (2
mg) was applied to a 24-mL Superdex 200 HR 10/30 column
(Pharmacia) equilibrated with 20 mM Tris-HCl at pH 7.5, 0.5 M
NaCl, 10% glycerol, and 1 mM DTT. Fractions (total 72; 500 puL
volume) were collected and analyzed by SDS-PAGE followed by
Western blotting with mAbs. The gel filtration standards (Bio-
Rad) were bovine thyroglobulin (670 kD), bovine gamma globu-
lin (158 kD), chicken ovalbumin (44 kD), horse myoglobin (17
kD), and vitamin B-12 (1.35 kD).

Antibodies

All antibodies were raised against recombinant denatured pro-
tein as described (Masson et al. 2001). The monoclonal antibod-
ies 1H3 (RAD51B), 2HI1 (RAD51C), 5B3 (RAD51DJ, 7B7
(XRCC2), and 10F1 (XRCC3) specifically recognized the corre-
sponding protein and not the other paralogs. Similarly, the pAb
raised against RAD51D was specific for RAD51D and failed to
recognize RAD51B, RAD51C, XRCC2, and XRCC3. The anti-
RAD51 mAb (14B4) was purchased from Abcam.

Immunoprecipitation

HeLa S3 cell pellets were resuspended in lysis buffer (50 mM
Tris-HCI at pH 7.5, 0.5 M NaCl, 0.5% NP-40) containing pro-
tease inhibitors, incubated for 30 min on ice, and then lysed by
sonication. Insoluble material was removed by high-speed cen-
trifugation. Protein complexes in the supernatant (equivalent to
~2, % 107 cells) were pulled down at 4°C for 1.5 h using preim-
mune serum or pAbs raised against RAD51D cross-linked to
Aminolink beads (Pierce). Complexes were washed four times
in lysis buffer containing salt as indicated, and visualized by
Western blotting using mAbs.

Protein interaction analyses

Spinner flasks (1.25 L) of Sf9 cells (1.25 x 10° cells/mL) were
infected with the indicated baculoviruses (m.o.i = 10 for the
His-tagged viruses and m.o.i. = 20 for untagged viruses) at 27°C
for 4 d. Cells were harvested, frozen in dry ice/ethanol, and
stored at -20°C. The cell paste was resuspended in 60 mL of P
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buffer containing 5 mM imidazole and protease inhibitors. The
suspension was lysed using a Dounce homogenizer (20 strokes),
sonicated, and then homogenized a second time. Insoluble ma-
terial was removed by centrifugation (35,000 rpm for 1 h in a
Beckman 45 Ti rotor). The supernatant was loaded on a 5-mL
Talon column and washed with 70 mL of P buffer containing 30
mM imidazole. Bound protein was eluted with a 40-mL linear
gradient of 0.05-1.0 M imidazole in P buffer (40 fractions were
collected), and analyzed by Western blotting using mAbs.

DNA

pPB4.3 (4270 bp) form I DNA (Baumann and West 1997) was
prepared using QIAGEN Plasmid Mega kits followed by cesium
chloride gradient purification. pPB4.3 ssDNA was prepared by
standard protocols. pPB4.3 gapped circular DNA or pPB4.3
tailed DNA (both containing a 1.3-kb region of ssDNA) were
prepared as described (Davies et al. 2001). Circular pPB4.3 con-
taining a site-specific nick was prepared by annealing heat-de-
natured Ncol-linearized DNA (150 ng) with ssDNA (200 ng).
Nicked circular duplex DNA was purified by gel electrophore-
sis, electroeluted, and repurified using Qiaquick DNA purifica-
tion columns (QIAGEN). Nicked linear duplex DNA was pro-
duced by treatment of the nicked circular DNA with Xmnl.
DNA concentrations are expressed in moles of nucleotides, un-
less indicated otherwise.

DNA-binding assays

Binding assays (10 pL) contained oligonucleotide DNA sub-
strates (10 nM) and the indicated amounts of BCDX2 complex
in binding buffer [20 mM triethanolamine-acetate at pH 7.5, 2
mM ATP, 1 mM Mg(OAc),, 1 mM DTT, 100 pg/mL BSA]. After
5 min at 37°C, the indicated amount of BCDX2 was added (in 2
pL), and incubation was continued for a further 10 min. Protein—
DNA complexes were analyzed by 6% PAGE using TBE buffer
followed by autoradiography. The 5'-3?P-labeled 100-mer and
complementary oligonucleotides used in the preparation of the
various substrates are described elsewhere (Masson et al. 2001).

In binding reactions with plasmid DNA substrates, the indi-
cated amounts of BCDX2 were incubated with nicked or linear
duplex DNA (0.5 pM). Protein-DNA complexes were analyzed
by agarose gel electrophoresis followed by autoradiography.

ATPase assays

Reactions (50 pL) contained excess pPB4.3 ssDNA or form I
dsDNA (150 uM), 0.24 uM BCDX2 in 50 mM triethanolamine-
acetate at pH 7.5, 1 mM Mg(OAc),, 1 mM DTT, and 100 pg/mL
BSA supplemented with 50 nCi [«-*2P]JATP (3000 Ci/mmole).
Aliquots (5 pL) were removed at the indicated times, stopped by
addition of EDTA, and the percentage ATP hydrolyzed was de-
termined by thin layer chromatography.

Electron microscopy

Reactions contained 5 pM DNA and 0.25 pM BCDX2 in 20 mM
triethanolamine-acetate at pH 7.5, 2 mM ATP, 1 mM
Mg(OAc),, and 1 mM DTT. Incubation and visualization of pro-
tein-DNA complexes were carried out as described (Masson et
al. 2001). In some reactions, the DNA was prebound by BCDX2
before addition of RAD51. BCDX2-RAD51-DNA complexes
were fixed with 0.2% glutaraldehyde and visualized as de-
scribed.
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