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The Arabidopsis (Arabidopsis thaliana) orthologs of Brca2, a protein whose mutations are involved in breast cancer in humans,
were previously shown to be essential at meiosis. In an attempt to better understand the Brca2-interacting properties, we
examined four partners of the two isoforms of Brca2 identified in Arabidopsis (AtRad51, AtDmc1, and two AtDss1 isoforms).
The two Brca2 and the two Dss1 isoforms are named AtBrca2(IV), AtBrca2(V), AtDss1(I), and AtDss1(V) after their
chromosomal localization. We first show that both AtBrca2 proteins can interact with either AtRad51 or AtDmc1 in vitro, and
that the N-terminal region of AtBrca2 is responsible for these interactions. More specifically, the BRC motifs (so called because
iterated in the Brca2 protein) in Brca2 are involved in these interactions: BRC motif number 2 (BRC2) alone can interact with
AtDmc1, whereas BRC motif number 4 (BRC4) recognizes AtRad51. The human Rad51 and Dmc1 proteins themselves can
interact with either the complete (HsRad51) or a shorter version of AtBrca2 (HsRad51 or HsDmc1) that comprises all four BRC
motifs. We also identified two Arabidopsis isoforms of Dss1, another known partner of Brca2 in other organisms. Although all
four Brca2 and Dss1 proteins are much conserved, AtBrca2(IV) interacts with only one of these AtDss1 proteins, whereas
AtBrca2(V) interacts with both of them. Finally, we show for the first time that an AtBrca2 protein could bind two different
partners at the same time: AtRad51 and AtDss1(I), or AtDmc1 and AtDss1(I).

Mutations in the BREAST CANCER 2 (BRCA2) gene
are responsible for a hereditary form of breast cancer
predisposition in human and are generally associated
with genetic instabilities (Wooster et al., 1995; Scully
and Livingston, 2000). However, the function of Brca2
remained quite obscure until it was found to interact
with Rad51, the eukaryotic RecA homolog, suggesting
a role for Brca2 in homologous recombination and
DNA repair (Sharan et al., 1997). Consistently, brca2
knockout mice show early embryonic lethality associ-
ated with chromosomal rearrangements and breaks
(Yu et al., 2000), a phenotype that is reminiscent of
rad51 knockout mice (Lim and Hasty, 1996; Tsuzuki
et al., 1996), while Rad51 does not organize into foci
following DNA damage in Brca2-deficient cells (Yu
et al., 2000). A similar defect in Rad51 and in Dmc1
(the meiotic RecA homolog in eukaryotes) foci forma-
tion was observed in the meiotically arrested cells of

brca2 knockout mice whose viability was restored by a
human BRCA2 gene (Sharan et al., 2003). While Brca2
was known to localize on the meiotic chromosomes
during the formation of the synaptonemal complex in
human (Chen et al., 1998a), the interaction disclosed
between Brca2 and Dmc1 in Arabidopsis (Arabidopsis
thaliana) helped assign a role for Brca2 at meiosis
(Siaud et al., 2004). Another interactant of Brca2, Dss1,
was uncovered (Marston et al., 1999), the depletion of
which leads to a brca2-like phenotype in Ustilago or
mouse (Kojic et al., 2003; Gudmundsdottir et al., 2004).
Its yeast (Saccharomyces cerevisiae) counterpart, Sem1, is
found associated with the 19S proteasome, but it also
participates in the resistance to genotoxic treatment
(Funakoshi et al., 2004; Krogan et al., 2004), although
no Brca2-like protein can be identified in yeast. These
results converge to underline how characterization of
its partners was key to better understanding the role of
Brca2.

The Brca2 protein thus became subject of intense
examination from both a structural and a biochemical
point of view, especially in view of its connection with
Rad51 and the newly found interactant Dss1 that
could be involved in Brca2 stability. Crystallization
of Rad51 in the presence of a BRC motif (so called
because iterated in the Brca2 protein; Bork et al., 1996)
allowed definition of critical amino acids in BRC that
mimic the Rad51 interface between Rad51 monomers,
suggesting that Brca2 could modulate the association
of Rad51 into a nucleofilament (Pellegrini et al., 2002).
Yang et al. (2002) demonstrated that a DNA-binding
domain is present in the 800-amino acid C-terminal re-
gion of Brca2 that can stimulate Replication Protein A
(RPA)-dependent strand transfer between homologous
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DNA molecules by Rad51; this region could only be
crystallized in the presence of Dss1, which allowed the
authors to define domains in this C-terminal region of
Brca2 that were involved in binding Dss1. Work from
Galkin et al. (2005) also indicates that the BRC motifs
number 3 and number 4 in human Brca2 can form
stable complexes with Rad51-DNA nucleoprotein fil-
aments. They also reveal the regions in Rad51 that are
involved in contacting the BRC motifs. Finally, a full-
lengthUstilago maydis Brca2 ortholog (called Brh2) was
able to stimulate Rad51-mediated recombination
in vitro, acting preferentially at the junction between
single-strand and double-strand DNA (Yang et al.,
2005). Furthermore, addition of Brh2 to RPA-coated
single-stranded regions of double-strand DNA mole-
cules increases the amount of Rad51 incorporation,
thus showing that Brh2 overcomes the inhibition of
filament formation by RPA (Yang et al., 2005). Recent
data show that Dss1 is required for Brh2 to load Rad51
onto RPA-coated single-strand DNA at a duplex junc-
tion (Kojic et al., 2005). Dss1 could thus regulate the
recombination activity of the Brh2/Rad51 complex
in vivo. But no concomitant physical interaction be-
tween either all three Brca2, Rad51, and Dss1, or Brca2,
Dmc1, and Dss1 was evidenced at this time.

The human BRCA2 gene encodes for a 3,418-amino-
acid-long protein, with eight internal iterated BRC
motifs that are typical of Brca2 proteins and are re-
sponsible for the interaction with Rad51 (Wong et al.,
1997; Chen et al., 1998b). Brca2-related proteins can be
identified in other eukaryotic genomes that are ex-
tremely heterogeneous in their sizes (down to 394
amino acids in Caenorhabditis elegans) and the number
of BRC repeats they contain (from one in C. elegans or
Ustilago to 15 in Trypanosoma Brca2 proteins; Lo et al.,
2003). However, the ability of Brca2 to associate with
Rad51 is conserved in Ustilago, Arabidopsis, and C.
elegans. In Arabidopsis, two proteins of 1,151/1,155
amino acids, with four BRC repeats each, can be
defined: AtBrca2(IV) and AtBrca2(V) that are 94.5%
identical (Siaud et al., 2004; Kojic et al., 2005; Martin
et al., 2005). Studies considering the role of Brca2 in
organisms other than mammals offered interesting
clues about its function in vivo, especially since Brca2-
depleted Ustilago, Arabidopsis, or Caenorhabditis
were viable. Brca2 was thus found to be essential at
meiosis in Arabidopsis and C. elegans, while its muta-
tion led to premeiotic arrest and triggered genomic
rearrangements in Ustilago (Siaud et al., 2004; Kojic
et al., 2005; Martin et al., 2005). An experimental ad-
vantage of these heterologous Brca2 proteins is their
shorter size, compared with the human Brca2, which
facilitates in vitro examination of their activity or po-
tential interactants with a complete protein (Yang et al.,
2005).

With this work, we establish the ability of the
Arabidopsis Brca2 proteins to interact in vitro with
not only Rad51 but also Dmc1, a Brca2 partner that
was only uncovered in Arabidopsis (Siaud et al., 2004).
While the interaction between Brca2 and Rad51 could

be inhibited in the presence of a human BRC repeat,
this was not the case for Dmc1. However, we could
restrict the region of Brca2 involved in the interaction
with Dmc1 to one BRC repeat. We also describe the
ability of the two Brca2 proteins to differentially bind
with the two Dss1 proteins that are present in Arabi-
dopsis. Finally, we show that ternary complexes can
form in vitro that comprise either Rad51 and Brca2(V)/
Dss1, or Dmc1 and Brca2(V)/Dss1.

RESULTS

In a Coimmunoprecipitation Assay, AtBrca2 Interacts
with AtRad51 or AtDmc1

A typical feature of the Brca2 proteins is their ability
to interact with Rad51, which was previously ob-
served for both Arabidopsis Brca2(IV) and Brca2(V)
protein isoforms in a yeast two-hybrid procedure
(Siaud et al., 2004). A truncated 784-amino-acid-long
N-terminal version of AtBrca2(IV), AtBrca2(IV)Nter
(Fig. 1A; previously called AtBrca2(IV)FS by Siaud
et al. [2004]), was also produced in the course of this
work. This shorter AtBrca2(IV) comprises all four BRC
domains, which was found to be sufficient for it to
bind AtRad51 in a yeast two-hybrid assay (Siaud et al.,
2004). This property of AtBrca2 was further examined
by conducting coimmunoprecipitation assays between
the protein products of AtBRCA2 and AtRAD51 in
vitro transcribed and translated with adequate tags
(Fig. 1B). Thus, we could use specific binding of one or
the other target protein. We could then determine
whether it bound a potential interacting partner after
pairwise in vitro incubation. Following incubation
of a c-myc-tagged Brca2 protein in the presence of
hemaglutinin (HA)-tagged Rad51 protein, c-myc anti-
bodies retained a complex that could be separated into
two bands on a SDS-PAGE gel: one bandmigrated at the
c-myc-AtBrca2 expected size [126.6 kD or 127.2 kD for
AtBrca2(IV) and AtBrca2(V), respectively, plus 2.3 kD
due to the c-myc tag], while the other band migrated at
the HA-AtRad51 expected size (39.3 kD; Fig. 1C, lanes 3
and 5). Incubation of the truncated c-myc-AtBrca2(IV)Nter
protein (85.6 kD) with HA-tagged AtRad51 similarly
led to coimmunoprecipitation of both proteins in the
presence of anti-c-myc antibodies (Fig. 1C, lane 4).
Reciprocally, the same result was obtained if HA
antibodies were used to bind the resulting complex
following in vitro incubation. When c-myc-tagged
Brca2 or HA-tagged Rad51 were subjected to, respec-
tively, HA antibodies or c-myc antibodies, no protein
was found to be retained following SDS-PAGE migra-
tion of the reaction product and autoradiography. Faint
bands of smaller sizes, whichwere not seen after in vitro
protein synthesis (Fig. 1B), could also be detected that
may correspond to protein degradation occurring in the
course of the coimmunoprecipitation experiment. Al-
together, our data indicate that each AtBrca2 protein, as
well as the truncated AtBrca2(IV)Nter, can coimmuno-
precipitate with AtRad51 (Fig. 1B).
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Using the yeast two-hybrid procedure, we previ-
ously identified AtDmc1 as a new Brca2-interacting
partner. The interaction between the in vitro translated
AtBrca2(IV) or (V) and AtDmc1 was similarly con-
firmed by coimmunoprecipitation. Following incuba-
tion of a c-myc-tagged Brca2 protein in the presence of
HA-tagged Dmc1 protein, c-myc antibodies retained a
complex comprising two proteins that migrated on a
SDS-PAGE gel at the sizes predicted for c-myc-AtBrca2
and HA-AtDmc1 (39.5 kD; Fig. 1C, lanes 6 and 8). In a
similar assay, AtBrca2(IV)Nter coimmunoprecipitates
with AtDmc1, thus restricting the Dmc1-interacting
domain of AtBrca2 to its N-terminal region, in which
the BRC motifs are located (Fig. 1C, lane 7). Neither
AtRad51 nor AtDmc1 interacted with c-myc-AtBr-
ca2(V)Cter, a C-terminal version of AtBrca2(V) in

which the BRC motifs region was eliminated (Fig. 1,
A and C, lanes 9 and 10). The interactions between
AtBrca2 and AtRad51 or between AtBrca2 and AtDmc1
were evidenced in the absence of any other Arabidop-
sis proteins, and were not affected by a DNase or
RNase treatment prior to the incubation step (data not
shown).

AtRad51 and AtDmc1 Interact Together or with
Their Human Counterparts in Homotypic or

Heterotypic Combinations

Following incubation of AtRad51 and AtDmc1 in
various pairwise combinations, we also established
that these proteins could interact in vitro in homotypic
or heterotypic combinations. These interactions had

Figure 1. In vitro protein synthesis and coimmuno-
precipitation assays of the AtRad51, AtDmc1, and
AtBrca2 proteins. A, The AtBrca2 proteins (both
share the same structure) compared to the HsBrca2
protein. The BRC motifs are presented as black bars.
The box represents a conserved sequence between
human and Arabidopsis proteins, and the vertical
gray bars indicate the nuclear localization signal
(NLS). B, Autoradiography of the products of the
coupled transcription-translation reaction. Lane 1,
c-myc-AtBrca2(IV); lane 2, c-myc-Nter-AtBrca2(IV);
lane 3, c-myc-AtBrca2(V); lane 4, HA-AtRad51; lane
5, HA-AtDmc1; lane 6, c-myc-AtRad51; lane 7,
c-myc-AtDmc1. C, Autoradiography after coimmu-
noprecipitation assays. Lanes 1 and 2, Controls. HA-
AtRad51 is not retained when precipitated with
anti-c-myc antibodies (lane 1); neither is HA-AtDmc1
(lane 2). Lanes 3 to 5, HA-AtRad51 retained by
c-myc-AtBrca2(IV) (lane 3), c-myc-AtBrca2(IV)Nter
(lane 4), and c-myc-AtBrca2(V) (lane 5). Lanes 6 to 8,
HA-AtDmc1 retained by c-myc-AtBrca2(IV) (lane 6),
c-myc-AtBrca2(IV)Nter (lane 7), and c-myc-AtBrca2(V)
(lane 8). Lanes 9 to 11, HA-At-Rad51 (lane 9) or HA-
AtDmc1 (lane 10) precipitated by anti-HA antibodies
does not retain c-myc-AtBrca2(V)Cter (lane 11).
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previously been observed using the yeast two-hybrid
procedure but required further examination (Siaud
et al., 2004). Upon binding of the c-myc-taggedAtRad51
onto the Sepharose column, HA-tagged AtRad51
could be coimmunoprecipitated, and, similarly, a
c-myc-tagged AtDmc1 allowed coimmunoprecipita-
tion of HA-AtDmc1, evidence of their polymerization
properties. After immunoprecipitation and SDS-PAGE
analysis of the eluate, only one band was visible
around 39 kD. The presence of both tagged proteins
in this unique band was ascertained by western blot,
using anti-tag antibodies (data not shown). A similar
approach was used to analyze the ability of AtRad51
and AtDmc1 to assemble in vitro. HA-tagged Dmc1
retained c-myc-tagged AtRad51 in the presence of
anti-HA antibodies, and, reciprocally, c-myc-AtDmc1
retained HA-AtRad51. AtRad51 and AtDmc1 are very
similar in term of molecular mass (37.3 kD and 37.5 kD
respectively). Nevertheless, their migration patterns
can be distinguished, which allowed us to ascertain
their assembly in a heterotypic fashion (Fig. 2A).

A yeast two-hybrid assay was performed to inves-
tigate the ability of the human Rad51 and Dmc1 pro-
teins to recognize and interact with the Arabidopsis
proteins. Interactions were effective between AtRad51
and either HsRad51 or HsDmc1 (Fig. 2B), suggesting
enough conservation among species to allow heterol-
ogous interactions.

The Interaction between AtBrca2 and AtRad51 or

AtDmc1 Occurs in the BRC Domains Region, and
the Interaction between Brca2 and Rad51 Is
Conserved among Species

In mammals, the BRC repeats are involved in the
interaction of Brca2withRad51 (Wong et al., 1997; Chen
et al., 1998b;Davies et al., 2001;Galkin et al., 2005). Since
an interaction between Brca2 and Dmc1 has never been
described in any other organism than Arabidopsis (to
our knowledge), there is no clue about the region of
Brca2 that is involved inbinding toDmc1.However, the
conserved protein structure between Dmc1 and Rad51
(Chen et al., 1999) led us to examinewhether Brca2 and
Dmc1 could, as in the case of Rad51, interact via the BRC
domains region. A 734-bp region was defined between
nucleotides (nts) 175 and 909 of theAtBRCA2(IV) cDNA,
comprising all four BRC repeats, and cloned in frame
with the Gal4 activation domain (AD) and binding
domain (BD) of the yeast vectors pGAD424 and pGBT9
(Fig. 3A). In a yeast two-hybrid assay, this BRC repeats-
containing regionwas sufficient to allow binding of not
only AtRad51 or AtDmc1, but also HsRad51 and
HsDmc1 (Fig. 3D).

To further extend our understanding of the Brca2-
interacting properties, we examined whether a BRC
motif peptide could prevent AtBrca2 from interacting
with either Rad51 or Dmc1. In human breast cancer

Figure 2. A, AtRad51-AtDmc1 heterodimers as-
sembly. Lane 1, c-myc-AtRad51 retained by HA-
AtDmc1. Lane 2, c-myc-AtDmc1 retained by
HA-AtRad51. B, Yeast two-hybrid assays for in-
teractions between AtRad51 or AtDmc1 and
HsRad51 or HsDmc1. 2LT, 2LTH13AT, and
2LTA correspond to dropout media without L,
Leu; T, Trp; H, His; or A, Ade. The2LTH medium
was supplemented with 5 mM 3-amino-triazole
(3AT). Several dilutions of diploid strains were
realized before spotting on media. Yeasts con-
taining both vectors grow on 2LT; positive inter-
actions appear as white spots on 2LTH13AT.
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cells, expression of BRC motifs can disrupt the forma-
tion of Brca2-Rad51 complexes (Chen et al., 1999).
Similarly, incubation of the BRC motif number 3
(BRC3), from the human Brca2, with Rad51 prevents
nucleoprotein filament formation by Rad51 (Davies
et al., 2001). We used this same human BRC3 motif in

our experiments (Fig. 3B). The interactions observed
between AtBrca2 and HsRad51 or a four-BRC motifs
region (Fig. 3D) and either HsRad51 or HsDmc1 sug-
gested that conservation of the BRC motifs allowed
their binding to heterologous proteins, and, conse-
quently, that a human BRC motif could eventually

Figure 3. Interactions between AtRad51, AtDmc1, and AtBrca2 reside in the BRC motifs. A, Representation of the BRC motif
combinations as they were cloned into the yeast two-hybrid vector pGBT9. Position of each BRC domain is indicated on the
right. B, Sequence alignment of the AtBrca2 BRC motifs used in the yeast two-hybrid experiments and of the HsBRC3 peptides
used for the competition assay. HsBRC3m(T1430A) and HsBRC3m(D1420Y) carry a Thr-to-Ala or a Asp-to-Try mutation;
AtBRC2(IV) m and AtBRC4m carry the same Thr-to-Ala mutation as HsBRC3m(T1430A). C, Lanes 1 to 5, Coimmunoprecipitation
assay between HA-Rad51 and AtBrca2(IV), using anti-HA antibodies. HA-AtRad51 was preincubated with different amounts of
the HsBRC3 domain, 0 mg (lane 1), 1 mg (lane 2), and 5 mg (lane 3), or with 5 mg of the mutated HsBRC3motifs (D1420Y) (lane 4)
or (T1430A) (lane 5). Lane 6, Coimmunoprecipitation assay between HA-AtDmc1 preincubated with 5 mg of HsBRC3 domain
and AtBrca2(IV). D, Yeast two-hybrid assays for interactions between combinations of the Arabidopsis BRC motifs and AtRad51,
AtDmc1, HsRad51, or HsDmc1. 2LT and 2LTH13AT correspond to dropout media without L, Leu; T, Trp; H, His. 2LTH
mediumwas supplemented with 5 mM 3-amino-triazole (3AT). Yeasts containing both vectors were grown as patches and replica
platedwith velvet on2LTand2LTH13AT. Plates were scanned and the final picture was obtained by assembling squares of each
growth area. Regular growth appears as white squares on 2LT; positive interactions appear as white squares on 2LTH13AT.
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perturb the interactions between AtBrca2 and AtRad51
or AtDmc1.

The human BRC3 peptide was thus introduced
in the coimmunoprecipitation assays in an attempt to
compete out the interaction between AtRad51 or
AtDmc1 and AtBrca2. In these experiments, 35S-Met-
radiolabeled AtBrca2(IV) was used as a substrate for
HA-AtRad51 (or HA-AtDmc1) binding.WhenAtRad51
was preincubated with no (Fig. 3C, lane 1) or 1 mg
(Fig. 3C, lane 2) of the human BRC3 peptide prior to
the addition of AtBrca2, we obtained two bands after
elution, SDS-PAGE migration, and visualization by
autoradiography. These bands corresponded to the
AtBrca2(IV) and the HA-tagged AtRad51 predicted
sizes. However, when AtRad51 was preincubated with
5 mg of the BRC3 peptide, no AtBrca2 binding could be
detected. Only one band at the predicted size for HA-
AtRad51 was eluted in this assay, proving that the
ability of AtBrca2 to bind AtRad51 was abolished. This
amount of BRC3 corresponds to a 10-fold molar excess
of peptide over AtRad51 and AtBrca2 (Fig. 3C, lane 3).
In human, mutations of BRC3 in key positions prevent
its binding with HsRad51 (Davies et al., 2001). Five
micrograms of the mutated T1430A and D1420Y BRC3
peptides did not prevent the interaction between
AtRad51 and AtBrca2 (Fig. 3C, lanes 4 and 5). In a
similar assay, preincubation of HA-AtDmc1 with 5 mg
of the wild-type HsBRC3 motif did not affect binding
of HA-AtDmc1 to AtBrca2.

We thus examined whether any of the Arabidopsis
Brca2 single BRC motifs could bind AtRad51 or
AtDmc1 in a yeast two-hybrid assay. As in human,
the BRC motifs in AtBrca2 were numbered after their
order of occurrence in the Arabidopsis protein (Fig.
3A), which does not mean that their sequence is closer
to similarly numbered motifs of the human protein.
The two BRC2 motifs are divergent, thus both were
tested, while BRC1, BRC3, and BRC4 are identical in
AtBrca2(IV) and AtBrca2(V) (Fig. 3B). An interaction
was clearly evidenced between BRC2 of AtBrca2(IV)
and AtDmc1 (but not AtRad51), or BRC4 and
AtRad51. These interactions were eliminated when a
Thr-to-Ala amino acid change was introduced at a key
position (Fig. 3, B and D). The motifs involved in the
fixation of Rad51 (BRC4) or Dmc1 (BRC2) are the
minimum sufficient domains we could define for this
interaction. When combined with other domains, an
interaction is thus also obtained. We examined differ-
ent combinations of the BRC repeats (Fig. 3D) and
evidenced that the BRC1-BRC2 combination binds
AtDmc1 and HsRad51. BRC2-BRC3, BRC3-BRC4,
and BRC1-BRC2-BRC3 bind AtRad51, AtDmc1, and
HsRad51 aswell. Autoactivation of the BRC21 BRC31
BRC4 combination in the absence of any partner pre-
vents interpretation of data with this particular con-
struct. As previously mentioned, the whole four-motif
region of Brca2 (BRC1-BRC2-BRC3-BRC4) is required
for the interaction with HsDmc1. Not surprisingly, this
last combination also interacts with AtRad51, AtDmc1,
and HsRad51 (Fig. 3D).

Two Isoforms of the Dss1 Protein Are Encoded in the

Arabidopsis Genome That Interact in a Specific
Manner with Each AtBrca2 Proteins

Two potential Dss1-encoding sequences were iden-
tified in the Arabidopsis genome named AtDSS1(I)
(At1g64750) and AtDSS1(V) (At5g45010) after their
chromosomal localization. Both AtDSS1 genomic DNA
sequences comprise two exons and one 550-nt-long
intron. Using specific primers, two different AtDSS1
cDNAs were isolated via reverse transcription-PCR
that correspond to either the chromosome I (222 nt) or
the chromosome V (219 nt) DSS1 cDNAs, thus reveal-
ing that both genomic sequences are transcriptionally
active. These cDNAs share 90.7% identity and encode,
respectively, for 74-amino-acid- (I) and 73-amino-acid-
long (V) putative proteins, which are 88% identical to
each other and show high conservation with their
human, fungus, and yeast counterparts (Fig. 4A).

The AtDSS1 coding sequences were fused in frame
to the AD and BD of the yeast two-hybrid vectors
pGADT7 and pGBKT7. Potential interactions were
examined between the two AtBrca2 and AtDss1 cod-
ing sequences following their introduction in pairwise
combinations into the same yeast reporter strains.
The assay indicated potential interactions between
AtBrca2(V) and AtDss1(I) or AtDss1(V), and also
between AtBrca2(IV) and AtDss1(I). No interaction
was observed between AtBrca2(IV) and AtDss1(V), or
between Nter-AtBrca2(IV) and AtDss1(I) or AtDss1(V)
(Fig. 4B). We analyzed the in vitro interactions between
the corresponding proteins in a coimmunoprecipitation
assay (Fig. 4C). When coimmunoprecipitation was re-
alized with c-myc-AtBrca2(V) and HA-AtDss1(I) or
(V) in the presence of anti-c-myc antibodies (Fig. 4C,
lanes 1 and 2), two bands were eluted, one at the
predicted size for c-myc-AtBrca2(V) and one at 11 kD
[either HA-AtDss1(I) or (V)]. When we immunopreci-
pitated c-myc-AtBrca2(IV) and HA-AtDss1(I) in the
presence of anti-c-myc antibodies, we eluted two
bands around 129 and 11 kD (Fig. 4C, lane 5), whereas
we obtained only one band around 129 kD when
we immunoprecipitated c-myc-AtBrca2(IV) and HA-
AtDss1(V) in the presence of anti-c-myc antibodies
(Fig. 4C, lane 6). When the assay was performed with
c-myc-AtBrca2(IV)Nter and HA-AtDss1(I) or (V) in
the presence of anti-c-myc antibodies, only one band at
88 kD [c-myc-AtBrca2(IV)Nter] was obtained (Fig. 4C,
lanes 3 and 4). These results indicate that AtBrca2(V) is
able to interact with both AtDss1(I) and (V), whereas
AtBrca2(IV) only interacts with AtDss1(V) in vitro.
The Nter-truncated version of AtBrca2(IV) is unable to
interact with AtDss1(V), indicating that amino acids
that are key to binding Dss1 must be present beyond
amino acid 784 in AtBrca2.

AtBrca2(V) Is Able to Form a Three-Partner Complex

A coimmunoprecipitation assay was performed af-
ter incubating together all three in vitro-translated
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proteins: AtBrca2(V), HA-AtRad51, and AtDss1(I). HA
antibodies were used to bind the interacting complex.
SDS-PAGE analysis of the reaction products indicated
three well defined bands that migrated at the expected
sizes for AtBrca2(V), HA-taggedAtRad51, andAtDss1(I)
(Fig. 5, lane 1). Since the AtRad51 protein alone had
proven unable to bind AtDss1(I) (Fig. 5, lane 3),
AtBrca2(V) and AtDss1(I) were thus both retained by
HA-AtRad51 binding in this particular assay. Follow-

ing the same experimental strategy, we also obtained
evidence that AtBrca2(V) is able to bind both AtDmc1
and AtDss1(I) (Fig. 5, lane 2). AtDss1 and AtDmc1
cannot directly interact (as shown in Fig. 5, lane 4). Our
results establish that AtBrca2(V) can interact with both
Rad51 and Dss1(I) or both Dmc1 and Dss1(I) in a
tripartite complex.

This tripartite interaction is not observed in the
presence of the truncated AtBrca2(V)Cter form.

Figure 4. Interactions between the
AtBrca2 and the AtDss1 proteins. A,
Alignment of the Dss1 orthologs. Stars
indicate amino acids that were defined
to contact Brca2 (Yang et al., 2002).
Amino acids positions conserved in
three or more of the five sequences
aligned are in gray. The only two differ-
ent key amino acids positions between
AtDss1(I) and (V) are underlined. B,
Yeast two-hybrid assay withBRCA2(IV),
AtBRCA2(IV)Nter, and BRCA2(V) fused
to the BD of pGBT9, and DSS1(I) or
DSS1(V) bound to the ADof pGAD424.
Serial dilutions of yeast diploid strains
containing combinations of the indi-
cated ADandBDprotein fusionswhere
spottedon2LT,2LTH, and2LTA (drop-
outmediawithout L, Leu; T, Trp; H,His;
or A, Ade). C, Coimmunoprecipitation
assay between the AtBrca2 and AtDss1
proteins. Lanes 1 to 2, HA-AtDss1(I)
(lane 1) and (V) (lane 2) retained by
c-myc-AtBrca2(V). Lanes 3 to 4, HA-
AtDss1(I) (lane 3) and (V) (lane 4) re-
tained by c-myc- AtBrca2(IV)Nter.
Lanes 5 to 6, HA-AtDss1(I) (lane 5) and
(V) (lane 6) retained by and c-myc-
AtBrca2(IV).
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When HA-AtRad51, c-myc-AtDss1(I), and c-myc-
AtBrca2(V)Cter were immunoprecipitated using anti-
HA-antibodies, only one band around 37 kD was
eluted (Fig. 5, lane 7). Similar results were obtained
with HA-Dmc1, c-myc-AtDss1(I), and c-myc-AtBr-
ca2(V)Cter (Fig. 5, lane 8). We previously observed
that AtBrca2(V)Cter can bind AtDss1(I) or (V) (Fig. 5,
lanes 5 and 6), thus indicating that this truncated
version of AtBrca2 is still partially functional. These
experiments clearly show that AtRad51 or AtDmc1
cannot directly interact with AtDss1, but that a three-
partner complex can exist in the presence of a full-
length AtBrca2 protein.

DISCUSSION

In this work, we have examined in vitro the inter-
actions of the Arabidopsis Brca2 proteins with four of
their key partners: Rad51, Dmc1, and Dss1 (two iso-
forms). We first confirmed that AtBrca2 is able to bind
AtRad51 and AtDmc1 efficiently in vitro. The interac-
tion between AtBrca2 and AtDmc1, in particular,
which has never been described in any other species
than Arabidopsis, had only been observed in a yeast
two-hybrid assay and thus remained to be established
at the protein level (Siaud et al., 2004). The role of
Brca2 at meiosis, as it has now been unveiled in mouse,
Arabidopsis, and Caenorhabditis (Chen et al., 1998;
Sharan et al., 2003; Siaud et al., 2004), could be con-
sidered the only result of its interaction with Rad51,
since this protein not only plays a role in somatic DNA
double-strand break repair but also at meiosis. How-
ever, its interaction with Dmc1, whose function is
strictly restricted to meiotic recombination (Bishop
et al., 1992; Couteau et al., 1999), definitely points to a
specific involvement of Brca2 in this specialized divi-
sion where elaborate chromosome transactions take
place. Brca2 thus appears as a general organizer in all

homologous recombination events that take place in
somatic or meiotic cells, Rad51 and Dmc1 being the
operators that will drive homologous recombination
into specific outcomes.

In a yeast two-hybrid assay, we could establish that
Brca2 binds to AtDmc1 via the same four-BRC-motifs-
containing region that is involved in AtRad51 bind-
ing. While we determined that the BRC3 motif of
human Brca2 was able to compete the binding of
AtRad51 to AtBrca2 and that, like in human, a single
mutation at a key position of HsBRC3 suffices to
prevent this effect, the Brca2/Dmc1 interaction was
not similarly affected. It was only after the examina-
tion of every single Arabidopsis BRC motif in a
genetic assay that we could determine that the
BRC2 motif of AtBrca2(IV) is specifically involved
in an interaction with AtDmc1 but not with AtRad51.
Our data thus establish that this activity of the BRC
motifs, i.e. binding of recombination proteins, is al-
together largely conserved, since a human motif can
be responsible for destabilizing the interaction be-
tween the two Arabidopsis Brca2 and Rad51 proteins,
but also specific, since the same AtBrca2 BRC motif
that interacts with AtDmc1 does not recognize AtRad51.
The C-terminal region of the human Brca2 protein was
also recently shown to bind Rad51 in a manner that is
regulated through cyclin-dependent kinase (CDK)-
dependent phosphorylation (Esashi et al., 2005). In our
hands, the C-terminal region of in vitro-synthesized
AtBrca2 did not seem to bind AtRad51 or AtDmc1, but
one cannot exclude potential in vivo regulations that
would affect the binding abilities of AtBrca2. The
AtBrca2 proteins align very poorly with this region
of HsBrca2. Nevertheless, S/TP potential CDK target
motifs and cyclin-binding motifs can be identified that
are scattered in the C-terminal region of both AtBrca2
proteins, which may thus be subject to the same
regulation.

Figure 5. Three-partner interaction between
AtRad51 or AtDmc1 and AtBrca2/AtDss1. Lane 1,
c-myc-AtDss1(I) and c-myc-AtBrca2(V) retained by
HA-AtRad51. Lane 2, c-myc-AtDss1(I) and c-myc-
AtBrca2(V) retained by HA-AtDmc1. Lane 3, c-myc-
AtDss1(I) is not retained by HA-AtRad51 alone. Lane
4, c-myc-AtDss1(I) is not retained by HA-AtDmc1.
Lane 5, c-myc-AtBrca2(V)Cter is retained by HA-
AtDss1(I). Lane 6, c-myc-AtBrca2(V)Cter is retained
by HA-AtDss1(V). Lane 7, Neither c-myc-AtDss1(I)
nor c-myc-AtBrca2(V)Cter is retained by HA-AtRad51
alone. Lane 8, Neither c-myc-AtDss1(I) nor c-myc-
AtBrca2(V)Cter is retained by HA-AtDmc1 alone.
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In human, while BRC3 interacts specifically with
HsRad51, no interaction could be detected between
BRC3 and Dmc1 or any of the Rad51-like proteins
(Xrcc2, Xrcc3, Rad51B, Rad51C, and Rad51D; Davies
et al., 2001). Yet, the interaction observed between the
four-BRC motifs region of AtBrca2 and the human
Dmc1 suggests that the human Brca2 could be in-
volved in Dmc1 binding, although in a manner that
would be more species specific than in the case of
Rad51 binding. Since eight BRC motifs are present in
the human protein, of which six were shown to bind
Rad51 (Wong et al., 1997), it is possible that the
remaining two, or combinations of the eight BRC
repeats, are involved in binding another partner such
as Dmc1, or that some motifs could bind both proteins.
It has been reported that, in the absence of Brca2,
Rad51 and Dmc1 do not organize into chromosome-
associated foci in mouse meiocytes at the prophase
I stage. A sole role for Rad51 to bring Dmc1 into
the meiotic apparatus in eukaryotic meiosis cannot
be experimentally examined in the absence of viable
rad51 mutants in mouse, or considering how heavily
affected early meiosis is in Arabidopsis rad51 mutants
(Lim and Hasty, 1996; Li et al., 2004). However, the
mouse data possibly indicates a requirement for Brca2
to directly drive not only Rad51 but also Dmc1 into
the recombination apparatus at meiosis in mammals
(Sharan et al., 2003).Whether themammalian Brca2 and
Dmc1 proteins do interact will thus merit closer exam-
ination. In particular, some of the sterilities in human
could be related to Brca2 mutations that are not in-
volved into hereditary breast cancer pathologies, if they
were to only affect the ability of Brca2 to bind Dmc1.
We examined the interaction between AtBrca2 and

another of its essential partners, Dss1. Key Dss1-
interacting domains were defined in the C-terminal
region of the human Brca2 that are found mostly
conserved in the AtBrca2 proteins (Yang et al., 2002).
Our data indicate that while AtBrca2(V) interacts with
both AtDss1(I) and (V), AtBrca2(IV) only interacts
with AtDss1(I). This result suggests a high specificity
of this latter pair of partners: Not only are the two
Arabidopsis Brca2 proteins very conserved (94.2%
identities) but also the two Dss1 proteins that diverge
by nine residues, of which only four are nonconser-
vative changes (Fig. 4A). Moreover, of the 25 amino
acids of Dss1 that were determined to be involved in
contacting Brca2 (Yang et al., 2002), only two differ
between AtDss1(I) and AtDss1(V). Consistently, while
Brca2 is able to bind Rad51 proteins from other species
(our data; see also Yang et al., 2005), this is not true for
Dss1 recognition: No heterologous interaction could
be observed between the yeast or the mouse Dss1
orthologs and the two AtBrca2 proteins (data not
shown). Thus, in the absence of AtDss1, no heterolo-
gous Dss1 proteins were involved in stabilizing
AtBrca2 in our experiments, whether in yeast two-
hybrid assays or during in vitro synthesis in reticulo-
cyte lysates from rabbit. The 50 amino acids that are
theoretically required for the human Brca2 protein to

bind HsDss1 are more or less conserved but strictly
identical in the two Arabidopsis forms of Brca2, thus
suggesting that the specificity of the AtBrca2/AtDss1
interactions also resides in other as yet undefined
residues.

Finally, although the ability of Brca2 to associate
with either Rad51 or Dss1 has been documented in
different organisms and is clearly conserved in Arabi-
dopsis, we also establish that AtBrca2 can exist in a
three-partner complex, interacting simultaneously
with AtRad51 and AtDss1, or with AtDmc1 and
AtDss1. This result indicates that AtBrca2, AtRad51
or AtDmc1, and AtDss1 could interact in vivo to form
a ternary complex, whether it be transitory or not, in
which AtBrca2 is either stabilized or activated by Dss1
(as shown in Kojic et al., 2005), possibly at the same
time as it binds AtRad51 or AtDmc1. Experiments by
Kojic et al. (2005) indicate that the interaction with
Dss1 is required to ensure Brh2 function. In mamma-
lian cells, following DNA damage, Brca2 and Rad51
colocalize into nuclear foci that are thought to repre-
sent sites of DNA repair by homologous recombina-
tion. Upon Dss1 depletion, these Rad51 foci no longer
assemble, which indicates a role for Dss1 in enabling
Brca2 to bring Rad51 to the sites of DNA lesions
(Gudmundsdottir et al., 2004). Our in vitro evidence of
a ternary Brca2/Dss1/Rad51 complex supports this
view. Actually, in Ustilago, the Dss1 requirement could
be bypassed upon deletion of the Brh2 C-terminal
region or its replacement by a DNA-binding domain
from RPA70, suggesting that this region of Brh2
negatively regulates its function (Kojic et al., 2005).
However, establishing the exact sequence of events
that govern the organization of the complex formed by
Brca2 and its partners (stoichiometry, dynamics of the
complex assembly, and precise regulation of each part-
ner) will need further study. Our data indicate that
these interactions do not necessarily occur sequen-
tially but may also occur concomitantly.

MATERIALS AND METHODS

Dss1 and BRC Repeats cDNA Cloning

One microgram of total RNA extracted from a 2-d freshly subcultured cell

suspension of Arabidopsis (Arabidopsis thaliana) was reverse transcribed by

the MMLV reverse transcriptase with oligo(dT) primers and in the presence

of dNTPs in a final volume of 20 mL. PCR was performed, using Dss1(I)- or

(V)-specific primers (I-Nter ATCGTGAATTCATGGCGGCAGAACCGAAGG-

CAGCG; I-Cter GCTTAGTCGACTTATTTCTTGTCAGTACCATTCTC; V-Nter

ATCGTGAATTCATGGCGGCAGAACCCAAGGCAGCT; V-Cter GCTTA-

GTCGACTCATTTCTTCTCACTAGCATTC) with Pfx DNA polymerase

(Invitrogen). PCR products were cloned in frame with the BD and AD

domains of pGBKT7 (EcoRI and SmaI sites) and pGADT7 (EcoRI and SalI sites;

CLONTECH). The BRCmotifs, in single or multiple combinations, were isolated

by performing PCR reactions with different sets of primers using BRCA2(IV)

or BRCA2(V) cDNAs as a matrix (Siaud et al., 2004): BRC1 (B1F GTG-

GAATTCCGGGAAGAAGCGATGCCTGGG 3 B1R GTGCTGCAGGGGAA-

TTGAGCAATTTGTGTT), BRC2 (B2F GTGGAATTCAGACAAGTGGATACA-

GCTGAA 3 B2R GTGCTGCAGTCCACTCTCCCTGGGAAGAACGTT), BRC3

(B3F GTGGAATTCAGGGAGAGTGGATTTGGAGTT 3 B3R GTGCTGCA-

GAGACGACTGGTTCACATGGTT), BRC4 (B4F GTGGAATTCTTAAATC-

CATCTTTAAAGGTG 3 GTGCTGCAGTTGATCACCTCCAGCTACATC),
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BRC1 1 BRC2 (B1F 3 B2R), BRC2 1 BRC3 (B2F 3 B3R), BRC3 1 BRC4

(B3F 1 B4R), BRC1 1 BRC2 1 BRC3 (B1F 3 B3R), BRC2 1 BRC3 1 BRC4

(B2F 3 B4R), and BRC1 1 BRC2 1 BRC3 1 BRC4 (B1F 3 B4R). Mutations

were introduced in motifs BRC2 and BRC4 using the following primers:

B2F(m) GTGGAATTCAGACAAGTGGATACAGCTGAAACTTTGCCAATG-

TTCAGGGCGGCCT and B4F(m) GTGGAATTCTTAAATCCATCTTTAAA-

GGTGCCTCCAACAAAGTTTCAGGCTGCTGGT, which turned a consensus

Thr into Ala.

Yeast Two-Hybrid Assay

PCR products previously described were cloned in frame with the DB and

AD of pGBT9 (EcoRI and PstI sites) and verified by sequencing. HsRad51 and

HsDmc1 were provided by S. West (Masson et al., 1999). AtRAD51, AtDMC1,

AtBRCA2(IV), AtBRCA2(IV)Nter, and AtBRCA2(V) cDNAs sequences were

introduced in pGAD424 and pGBT9 (CLONTECH), and yeast two-hybrid

assays were conducted as described (Siaud et al., 2004).

In Vitro Synthesis of the Proteins

The BRCA2(IV), BRCA2(V), and AtBRCA2(IV)Nter cDNA sequences in

plasmids pGAD424 and pGBT9 (CLONTECH) were used as matrix to in vitro

transcribe and translate the relevant proteins. Primer pairs were designed to

PCR amplify a fragment containing the expression domain of the vectors,

adding a HA tag (pGAD-HA-up AAAATTGTAATACGACTCACTATAG-

GGCGAGCCGCCACCATGTACCCATACGACGTTCCAGATTACGCTCCA-

CCAAACCCAAAAAAAGAG and pGAD-HA-do ACTTGCGGGGTTTTT-

CAGTATCTACGAT) or a c-myc tag (pGBT9-c-myc-up AAAATTGTAA-

TACGACTCACTATAGGGCGAGCCGCCACCATGGAGGAGCAGAAGCTG-

ATCTCAGAGGAGGACCTGGGTCAAAGACAGTTGACTGTATCG and

pGBT9-c-myc-do TACCTGAGAAAGCAACCTGACCTACAGG) 3# to the

cDNAs. Primer was designed to amplify BRCA2 cDNA from the 1,070th bp

to the end, to delete the N-terminal region containing the BRC domains

(pGBT9-cmyc C-ter: AAAATTGTAATACGACTCACTATAGGGCGAGCCGC-

CACCATGGAGGAGCAGAAGCTGATCTCAGAGGAGGACCTGAACTTG-

GAGAACCTAGCTTCAGGGGGT). When used with the pGBT9-c-myc-do

oligonucleotides, the amplified fragment contains the expression domain of

pGBT9 and a c-myc tag in frame with the truncated BRCA2 cDNA. RAD51,

DMC1, DSS1(I) and (V), and each AtBRCA2 cDNA sequence cloned into

plasmids pGADT7 and pGBKT7 (CLONTECH) were used asmatrix to in vitro

produce the proteins. Primer pairs were designed to amplify the cDNAs

(pGADT7do, AAGTGAACTTGCGGGGTTTTTCAGTATCTACG, and pGBKT7do,

CATAAGAAATTCGCCCGG, plus the left border of the vector [pGADT7up,

TATTCGATGATGAAGATACCCCACAAACC, or pGBKT7up, TCATCGG-

AAGAGAGTAG]). PCR was conducted with Pfx DNA polymerase (Invitro-

gen). Coupled transcription/translation was performed for each protein with

the PCR products as a matrix in the presence of 35S Met (15.1 mCi/ reaction;

Redivue, Amersham; TNT T7 Quick for PCR DNA kit, Promega). Translation

products were analyzed by SDS-PAGE. To eliminate DNA or RNA, 5 mL of

the translation products were treated with DNaseI (Invitrogen) or RnaseA

(Qiagen).

Coimmunoprecipitation Assays

Coimmunoprecipitation was conducted with the Matchmaker kit

(CLONTECH), using anti-c-myc or anti-HA antibodies and protein A

beads, as recommended. Results were analyzed after SDS-PAGE on a 12%

acrylamide gel by autoradiography performed with a Molecular Imager

Fx Pro (Bio-Rad).

In Vitro Competition Assay

Human BRC3 wild-type and mutant peptides were provided by S. West

(Davies et al., 2001). The lyophilized peptides were resuspended in fresh

phosphate-buffered saline, and their concentration was estimated after hot

NaOH hydrolysis. In vitro-translated HA-AtRad51 was preincubated for

45 min at room temperature with 0, 1, 3, or 5 mg of human BRC3 peptide. Then

AtBrca2 was added, and the mix was further incubated at room temperature

for 1 h. Coimmunoprecipitation was then performed using the HA antibodies

as recommended by CLONTECH. The assay results were analyzed by SDS-

PAGE and autoradiography.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers AJ619975 [for Dss1(I)] and AJ619976 [for

Dss1(V)].
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