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The tumor suppressor Brca1 plays an important role in protecting
mammalian cells against genomic instability, but little is known
about its modes of action. In this work we demonstrate that
recombinant human Brcal protein binds strongly to DNA, an
activity conferred by a domain in the center of the Brca1 polypep-
tide. As a result of this binding, Brca1 inhibits the nucleolytic
activities of the Mre11/Rad50/Nbs1 complex, an enzyme impli-
cated in numerous aspects of double-strand break repair. Brca1
displays a preference for branched DNA structures and forms
protein-DNA complexes cooperatively between multiple DNA
strands, but without DNA sequence specificity. This fundamental
property of Brcal may be an important part of its role in DNA repair
and transcription.

he tumor suppressor gene BRCAI was cloned several years

ago through its link to inherited breast cancer (1). Since then,
hundreds of mutations in the BRCAI gene have been found in
affected families. Approximately 50% of inherited breast cancer
cases are estimated to result from BRCAI mutations, and nearly
all families with a history of both ovarian and breast cancer carry
mutations in the gene (2). Studies of mammalian cells deficient
in Brcal have suggested that it is involved in DNA double-strand
break repair, transcription-coupled repair, and cell cycle control,
all of which are important for maintaining genomic stability (for
a review, see ref. 3).

One of the early clues linking Brcal to DNA repair was its
association with Rad51, the primary RecA homolog in eukary-
otic cells (4). The Brcal protein colocalizes with Rad51 in
nuclear dots during S phase and in response to DNA damage,
suggesting that it may also be involved in homologous recom-
bination and recombinational repair. The proliferation defects
and embryonic lethality observed in mice with targeted disrup-
tions of the BRCAI gene (5-9) are very similar to the phenotypes
of mice lacking Rad51 or Brca2, another factor associated with
familial breast cancer (10, 11). All of these embryos are sensitive
to ionizing radiation, exhibit high levels of chromosomal abnor-
malities, and can be partially rescued by p53 mutations.

Recently, Brcal was also found to associate with Rad50, part
of the Mrel1/Rad50/Nbs1(nibrin) complex (M/R/N) (12, 13),
which is known to be involved in both nonhomologous end-
joining and homologous recombination in yeast and vertebrate
cells (14-18). The Nbs1 component of the complex is phosphor-
ylated in response to DNA damage by ATM (19-22), a kinase
that also phosphorylates Brcal after the introduction of double-
strand breaks (23, 24). The Brcal foci, which appear after
ionizing radiation, colocalize, in a subset of the cell population,
with nuclear foci formed by M/R/N (12, 13), again suggesting a
link between Brcal and the cellular response to DNA double-
strand breaks. How these foci form and what draws Brcal to
these foci are unknown.

Another consequence of ionizing radiation is the accumula-
tion of oxidized bases, which are removed preferentially from
transcriptionally active genes in a process known as transcrip-
tion-coupled repair. Brcal-deficient cells exhibit defects in tran-
scription-coupled repair, suggesting a link between Brcal and
base excision repair (25). This link may be manifested through
Brcal association with mismatch repair enzymes which are
required for transcription-coupled repair (12). Alternatively, the
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link to transcription-coupled repair may be through transcrip-
tion, as Brcal has been reported to associate with components
of the RNA polymerase II holoenzyme (26) and the chromatin
remodeling complex SWI/SNF (27).

In addition to direct repair of DNA damage, the cellular
response to DNA-damaging agents relies on checkpoint mech-
anisms to prevent cells with damage from traversing the cell
cycle. Brcal also plays a role in these systems, as evidenced by
the defective G,-M checkpoint in mouse cells lacking exon 11 of
Brcal (28) and by its influence on the expression of several genes
involved in checkpoint functions, including p53, p21, and
GADDA45 (29-32). ATM phosphorylation of the CtIP protein
was recently found to regulate the association between Brcal and
CtIP, which in turn affects GADD45 expression, thus identifying
another link between ATM, Brcal, and cell cycle control (32).

Brcal is clearly an important component of the mammalian
response to DNA damage; however, very little is known about
the mechanisms of its action in DNA repair. In this work we
demonstrate that Brcal inhibits the exonuclease activities of the
M/R/N complex. This inhibition is a result of very strong,
sequence-nonspecific DNA binding by Brcal protein, mediated
by a domain in the center of the Brcal polypeptide. Both the
full-length protein and the isolated DNA-binding domain exhibit
a preference for branched DNA structures; this property may
underlie the observed correlation of this protein with double-
strand break repair.

Materials and Methods

Protein Expression and Purification from Insect Cells. Full-length
human Brcal was expressed with the use of the transfer vector
pDC218, which was made by cloning full-length BRCAI into
pUNI15 and then transferred to a baculovirus vector by plasmid
fusion (33). Baculovirus made from pDC218 was used to infect
600 ml of Sf21 cells, and the culture was harvested after 48 h and
frozen in liquid nitrogen. The cell pellet was thawed and
resuspended in buffer A (50 mM Tris-HCI, pH 7.4/500 mM
NaCl/10% glycerol/5 mM DTT). Cells were lysed by homoge-
nization and brief sonication in the presence of 0.5% Tween-20
and protease inhibitors (Roche Molecular Biochemicals), then
centrifuged at 100,000 X g for 2 h at 4°C. The supernatant was
loaded onto FLAG antibody resin (Sigma) and washed exten-
sively with buffer A and then with buffer B (50 mM Tris-HCI, pH
7.4/10 mM NaCl/10% glycerol/5 mM DTT). Brcal was eluted
with 5 mg/ml FLAG peptide (Sigma) in buffer C (25 mM
Tris'HCl, pH 7.4/100 mM NaCl/10% glycerol/5 mM DTT/
0.1% Tween-20). Fractions containing Brcal were dialyzed
against buffer C for 2 h; aliquots were frozen in liquid nitrogen
and stored at —80°C.

Protein Expression and Purification from Escherichia coli. pDC78, -79,
-80, -81, -99, and -208 were transformed into the BL21 DE3 E.
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Fig.1. Brcalinhibits M/R/N nuclease activity. (A) Recombinanthuman Brca1
containing a FLAG affinity tag, purified from insect cells, was separated by
SDS/PAGE and stained with Coomassie blue. The full-length protein, as well as
the truncated product (see text), is shown in the lane marked Brca1. Sizes of
molecular weight markers in lane M.W. are as indicated. Western blots of the
Brcal preparation with antibodies specific for the N-terminal FLAG tag or
amino acids 1005-1313 of Brca1l are shown at the right. (B) Nuclease assays
were performed with =25 ng of M/R/N or 25 ng of Mre11 per reaction, as
indicated, with varying amounts of Brca1: 20 ng, lanes 3 and 7; 40 ng, lanes 4
and 8, and 80 ng, lanes 5 and 9. The double-stranded DNA substrate was
labeled with 32P at the 5’ end of the strand with a recessed 3’ end. The
substrate was incubated for 15 min at 37°C with Brca1, and then the Mre11 (or
M/R/N, as indicated) was added, and the reaction continued for another 25
min before separation on a denaturing polyacrylamide gel.

coli strain (Novagen). Cells were induced with 0.2 mM isopropyl
B-D-thiogalactoside for 2 h at 37°C, harvested, and frozen at
—80°C. After thawing, each pellet was resuspended in 50 mM
TrissHCI (pH 8.0) containing 10% sucrose. The mixture was
adjusted to contain 10 mM DTT, 10 mM EDTA, 0.1 mg/ml
lysozyme, and 1 mM PMSF and incubated on ice for 15 min. The
lysed cells were adjusted again to contain 0.5 M KCl and 1%
Tween-20 and incubated on ice for 15 min before centrifugation
at 100,000 X g for 1 h. Each supernatant was loaded onto ~1 ml
glutathione S-transferase (GST)-Sepharose (Amersham Phar-
macia) and washed with buffer D (25 mM Tris-HCI, pH 8.0/10
mM KCl/10% glycerol/2 mM DTT/1% Tween-20). The fusion
proteins were eluted with 10 mM reduced glutathione in buffer
D containing 0.1% Tween-20 and dialyzed for 2 h against the
same buffer before freezing in liquid nitrogen.

Antibodies. The Western blots shown in Fig. 14 used antibodies
directed against the FLAG epitope (Sigma) or amino acids
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Fig. 2. Brcal binds DNA. (A) Gel mobility shift assays were performed with
full-length Brca1 (lanes 2-6) or the isolated truncated product (lanes 7-9).
Approximately 10 ng of protein was added in lanes 2 and 7, 20 ng in lanes 3
and 8, and 40 ng in lanes 4-6 and lane 9. The proteins were mixed with a
32p-|labeled double-stranded DNA substrate and incubated for 10 min at room
temperature before electrophoresisina0.7% 1/2X TBE (90 mM Tris/64.6 mM
boric acid/2.5 mM EDTA, pH 8.3) agarose gel. In lanes 5 and 6, 100 ng of two
different antibodies directed against Brcal was also included in the binding
reaction. (B) Gel mobility shift assays were performed as in A, except with
fragments of Brca1 expressed in E. coli as GST fusion proteins. Approximately
300 ng of each fragment was incubated with the DNA substrate per reaction.
The amino acid endpoints of each Brca1 fragment are shown above the lanes.
(C) Schematic representation of the Brca1 polypeptide and the regions cov-
ered by the various fragments expressed in E. coli. The DNA-binding activity of
the fragments is indicated in the right column, with ++ denoting the highest
level of binding, and + indicating partial levels of binding. The Rad50 binding
domain shown for comparison at the bottom is from yeast two-hybrid data by
Zhong et al. (13).

1005-1313 of human Brcal (Ab-4; Oncogene Science). The gel
mobility shift assays shown in Fig. 24 included Ab-4 as well as
an antibody directed against the N-terminal region of Brcal
(Ab-1, Oncogene Science).

DNA Substrates. In Figs. 1B, 24 and B, 34, and 4A4, lanes 1-3,
the double-stranded oligonucleotide substrate was composed
of TP74 and TP124 (34); TP74 was labeled with 32P at the 5’
end. The gel shift substrate used in Fig. 3 was composed of
DARA40 (labeled with 32P at the 5’ end) annealed with DG113
(35). The branched oligonucleotide substrate used in Fig. 3B,
lanes 7 to 9 in Fig. 44, and Fig. 4B was composed of DG26
(GGCTTAGACACTGTGCACAGTGCTACAGACTGGA-
ACAAAAACCCTGCAG), DG81 (CTGCAGGGTTTTT-
GTTCCAGTCTGTAGCACTGTGGAAGACAGGCCAG-
ATC), and DG27 (CACAGTGTCTAAGCC); DG26 was
labeled with 32P at the 5’ end. The Y-structure substrate used
in lanes 4-6 in Fig. 44 was composed of DG26 annealed to
DG81; DG26 was labeled with 3?P at the 5’ end. The 4-way
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Fig. 3. The isolated DNA-binding domain of Brca1 exhibits activities similar
to those of the full-length protein. (A) Nuclease assays were performed as in
Fig. 1B, except with the Brca1 fragments added to the reactions with M/R/N
protein. Approximately 80 ng of each of the fragments was added to the DNA
before incubation with M/R/N. (B) Gel mobility shift assays were performed
as in Fig. 2 A, except here comparing titrations of full-length Brca1 with the
452-1079 Brca1 fragment. Amounts of full-length protein added were 6.3 ng
(lane 2), 12.5 ng (lane 3), 25 ng (lane 4), and 50 ng (lane 5). Amounts of
452-1079 fragment added were 30 ng (lane 6), 62.5 ng (lane 7), 125 ng (lane
8), 250 ng (lane 9), and 500 ng (lane 10). The DNA substrate in this experiment
was a 32P-labeled branched DNA with a 3’ flap, and all reactions contained 2
mM MgCl,.

junction used in Fig. 4, A and B, was composed of TP9 (36)
annealed to TP 303 (TGCATGCTGAGACTTCTCATTACA-
CAGTGCTACAGACTGGAACAAAAACCCTGCAG),
TP305 (GACCTGGCACGTAGGACAGCATGGGATCTG-
GCCTGTCTTACAGTACAATGCATTGTACATGAACG-
TAGCATC), and TP306 (GATGCTACGTTCATGTACAA-
TGCATTGTACTGTAATGAGAAGTCTCAGCATGCA);
TP9 was labeled with 32P at the 5’ end in Fig. 44 (unlabeled
in Fig. 4B). The linear duplex used as a competitor in Fig. 4B
was composed of DG113 annealed with DAR40. The plasmid
used in Fig. 4B-D was pUC109, which was linearized in Fig. 4C
and Fig. 5 with Af/III and cut into fragments in Fig. 4D with
Apall, Pvul, and HindIII.

Reaction Conditions. Nuclease reactions contained 25 mM
4-morpholinepropanesulfonic acid (pH 7.0), 40-60 mM NacCl, 4
mM DTT, 1 mM MnCl,, 0.1 mg/ml BSA, and 0.05 pmol DNA
substrate in a volume of 10 ul. Reactions were incubated at 37°C
for 30 min before stopping with 0.5% SDS and 10 mM EDTA,
separation on a 15% denaturing polyacrylamide gel, and Phos-
phorImager analysis (Molecular Dynamics).

Gel mobility shift assays contained 20 mM Tris-HCI (pH 7.4),
40-60 mM NaCl, 4 mM DTT, 0.1 mg/ml BSA, 0.1% Triton
X-100, and 0.01-0.05 pmol DNA substrate in a volume of 10 ul.
Assays shown in Fig. 3B, Fig. 44 (as indicated), and Fig. 4D also
contained 2 mM MgCl,. Reactions were incubated at room
temperature before loading on a 0.7% agarose gel and run at 5
V/cm for 2-4 h. The gels were dried onto DE81 paper (What-
man) and analyzed by PhosphorImager. Ky values were obtained
by estimating protein concentrations (by Bradford assay and
intensity on SDS/PAGE gels) at which 50% of the probe was
present in a bound complex.

Electron Microscopy. Binding reactions (20 ul) contained 40 ng

452-1079 GST-fusion Brcal fragment and 50 ng pUC19 DNA
linearized with AfIIII, as well as 25 mM 4-morpholinepropane-
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sulfonic acid buffer (pH 7), 4 mM DTT, 50 mM NacCl, and 5 mM
MgCl,. A reaction containing equivalent amounts of the 1021-
1552 aa fragment of Brcal and linearized pUC19 was done in
parallel. The samples were prepared for rotary shadowing as
previously described (37). The shadowing was performed in a
Balzers 301 freeze fracture apparatus at room temperature, with
a platinum evaporation angle of 7°.

Results

To investigate the biochemical properties of Brcal, the full-
length protein with an N-terminal affinity tag (FLAG) was
expressed in insect cells. The protein was expressed poorly, but
a small amount of the full-length polypeptide was recovered (Fig.
1A4). In addition to full-length Brcal (208 kDa), a smaller
product of ~70 kDa was recovered, which coeluted with the
full-length protein in ion exchange and gel filtration separations
(“truncated”). Both the 70-kDa and the 208-kDa products
reacted with antibodies directed against the N terminus of Brcal,
whereas only the full-length product reacted with an antibody
directed against residues in the C-terminal half of Brcal (Fig.
1A4). Thus the smaller product is most likely a C-terminal
truncation of the full-length protein. Because the N-terminal
domain of Brcal can mediate homodimerization (38), it is likely
that the full-length and truncated proteins are present in a
multimeric complex. A small amount of the truncated protein
was isolated (data not shown), but preparations of the full-length
protein always contained some of the truncated product.

Brcal Inhibits M/R/N Nuclease Activity. The association of Brcal
with the M/R/N complex (12) led us to consider the possibility
that Brcal might regulate the nuclease activity of M/R/N. As
shown in Fig. 1B, the presence of Brcal inhibited exonuclease
activity by recombinant human M/R/N complex on a 5’ end-
labeled linear substrate (lanes 3-5). However, the full-length
preparation also inhibited exonuclease activity by Mrell alone
(lanes 7-9), indicating that interactions with Rad50 are not
responsible for the inhibition. Brcal itself has no detectable
nuclease activity (data not shown).

Brcal Binds DNA. Because the inhibitory activity of Brcal ap-
peared to be independent of protein—protein interactions, we
attempted to determine whether our Brcal preparation inter-
acted with DNA directly. In a gel mobility shift assay, full-length
Brcal retarded the mobility of a 50-bp double-stranded DNA
fragment (Fig. 24, lanes 2-4). This complex could be super-
shifted with two different antibodies directed against Brcal,
confirming that the protein is indeed present in the shifted
species (lanes 5 and 6). The truncated product by itself did not
form a complex with the labeled DNA (Fig. 24, lanes 7-9). All
gel mobility shift assays were performed in low-percentage
agarose gels, as the complexes were too large to enter polyacryl-
amide matrices (data not shown).

To determine which domain of Brcal might be responsible for
DNA binding, we tested GST fusions of different fragments of
Brcal expressed in E. coli (23). A polypeptide containing amino
acids 452-1079 caused the same mobility shift as the full-length
protein (Fig. 2B, lane 3). A smaller fragment within that region,
amino acids 504-802, also bound to the probe, but less efficiently
(lane 6). A diagram of the fragments in relation to the full-length
Brcal ORF is shown in Fig. 2C. Removal of the GST affinity tag
from the 452-1079 fragment increased the mobility of the
protein—-DNA complex but had no effect on the overall level of
DNA binding exhibited by the protein (data not shown). There-
fore, the GST domain was not artificially promoting cooperative
interactions.

When we tested the various fragments of Brcal expressed in
E. coli, we found that the fragments that exhibited DNA binding
activity (452-1079 and 504-802) were also the only ones that

Paull et al.
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Brcal binds preferentially to branched structures and long DNAs. (A) Gel mobility shift assays were performed with 25 ng of full-length Brca1,

added to reactions as indicated, on 32P-labeled linear (lanes 1-3), Y-structure (lanes 4-6), 3’ flap (lanes 7-9), and four-way junction (lanes 10-12) substrates,
shown diagrammatically at the top of the figure. The flaps on the branched substrates were 16 nt in length; for other details on the substrates see Materials
and Methods. Reactions contained either 2 mM MgCl, (+) or 0.5 mM EDTA (—) and were separated in 0.7% agarose gels. (B) Gel mobility shift assays were
performed asin A with 25 ng of full-length Brca1 on the 32P-labeled flap substrate. Varying amounts of unlabeled competitor DNAs were also present from
the start of the reactions. Linear duplex DNA was added in lanes 2-5, four-way junctions in lanes 7-10, and supercoiled plasmid DNA in lanes 12-15. The
amounts of competitor were varied from 1.56 ng to 100 ng, as indicated. The arrow identifies an additional band formed when unlabeled plasmid is present
in the binding reaction, suggesting that both the labeled DNA substrate and unlabeled plasmid DNA are present in the complex. (C) Quantitative
comparison of Brcal DNA binding to the branched substrate in the presence of various DNA competitors. The amounts of protein-DNA complex Il formed
in the presence of linear, branched, four-way junction, supercoiled plasmid, and linearized plasmid competitors are shown in relation to the total amount
of labeled substrate present in each reaction. (D) Gel mobility shift assays were performed as in A on three different lengths of 32P-labeled linear DNA
fragments, as indicated at the top of the figure. The amounts of full-length Brca1 present in the reactions were 0.9 ng (lanes 2, 8, 14), 1.8 ng (lanes 3, 9,
15), 3.75 ng (lanes 4, 10, 16), 7.5 ng (5, 11, 17), and 15 ng (lanes 6, 12, 18).

inhibited the M/R/N exonuclease (Fig. 34, lanes 4 and 7). The
inhibition of nuclease activity thus fully correlates with the
DNA-binding activity of Brcal.

Both the full-length Brcal preparation and the 452-1079
fragment yield two types of complexes with DNA, designated I
and II (Fig. 3B). Complex I migrates close to the position of the
unbound probe but is progressively retarded in mobility with
increasing protein concentrations. Complex II, in contrast, has
very low mobility in the agarose gel and appears to form
cooperatively from complex I. Complex II also becomes further
retarded in the gel as more and more protein is added (lanes 9
and 10). Data from gel mobility shift assays suggest that the K4
for complex II is ~250 nM for the 452-1079 fragment (assuming
a molecular mass of 96 kDa). Although the low concentration of
our full-length Brcal protein preparation prevents us from
obtaining 50% binding under these conditions, the Ky for
complex II is estimated to be ~100 nM (assuming a molecular
mass of 208 kDa). The affinity of the Brcal DNA-binding
domain for DNA in complex I is difficult to measure in gel shift
assays because of the small separation between the bound and
unbound species at low protein concentrations, but we have
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estimated that its K is at least 100- to 1000-fold lower than that
of complex II, less than or equal to 0.1-0.3 nM.

Brcal Exhibits Higher Affinity for Branched DNA Structures. We
observed that Brcal formed the larger type II complex with 3-
to 4-fold higher affinity on DNA containing single-stranded
flaps or double-stranded branches, as shown in Fig. 44. The
full-length Brcal preparation exhibited the highest affinity for
four-way junctions, but there were no significant differences
among various types of flap structures. The difference in affinity
was as much as 6- to 7-fold between linear and junction DNA in
reactions containing physiological levels of magnesium.

The higher affinity for branched structures was confirmed in
competition assays (Fig. 4B), which showed that a four-way
junction competed for binding with a labeled branched substrate
3- to 5-fold better than a linear duplex. The quantitation of these
data (Fig. 4C) shows that the affinity increases from linear to
increasingly branched structures. Brcal does not bind strongly to
short single-stranded DNA (approximately the same binding
characteristics as short linear duplexes; data not shown).

Interestingly, plasmid DNA was found to be at least 2- to
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Fig. 5. Brcal DNA binding visualized by electron microscopy. The 452-1079
aa fragment of Brcal was incubated with linearized pUC19 DNA, sprayed onto
carbon grids, rotary shadowed, and visualized in an electron microscope. The
complexes shown in A-F were representative of the total population of
protein-bound DNA molecules observed.

3-fold more effective as a competitor than the best oligonucle-
otide structures (moles of nucleotides held constant). Quanti-
tation of these data (Fig. 4C) shows that linearizing the plasmid
made no difference in its ability to compete with a labeled
substrate for Brcal binding (Fig. 4C). When plasmid DNA was
used as an unlabeled competitor in gel shift assays, a much more
retarded complex was observed at low concentrations of the
competitor (Fig. 4B, lane 12, indicated by the arrow), suggesting
that this complex contains both labeled oligonucleotide and
unlabeled plasmid DNA species. The appearance of this complex
with the addition of the unlabeled plasmid shows that Brcal
proteins can bind multiple DNA strands simultaneously (in
this case, a large plasmid molecule and a short labeled
oligonucleotide).

Because Brcal exhibits low affinity for short linear duplexes
and high affinity for long plasmid DNA, we looked for a
length-dependent transition between the two. Gel shift assays on
different sized DNA fragments indeed showed that long frag-
ments of several hundred nucleotides formed complex II much
more efficiently than smaller DNAs (Fig. 4D). The transition
occurred between 300 and approximately 500 bp. We have not
observed any effect of short, single-stranded overhangs on the
relative affinity of Brcal for DNA molecules (data not shown).

The Brcal DNA-Binding Domain Forms DNA Loops. To determine
what types of structures were being formed by Brcal on DNA,
we rotary-shadowed plasmid DNA bound by the 452-1079 aa
fragment and visualized the complexes with an electron micro-
scope. As shown in Fig. 5, the linearized 2.7-kb plasmids can be
seen in contact with globular protein molecules. In many cases
the DNA formed loops in the presence of the Brcal fragment,
with a large number of proteins bound together at the base of
each loop (Fig. 5, B-E). Counts of DNA molecules from
randomly acquired micrographs showed that 73% (n = 96) were
clearly associated with protein. In contrast, none of the DNA
molecules (n = 223) were bound by a fragment containing amino
acids 1021-1552 of Brcal (data not shown), a fragment that does
not exhibit DNA binding in gel shift assays. Both polypeptides
contained a GST affinity tag and were purified in tandem. Thus
the large protein-DNA complexes are seen only with the DNA-
binding domain of Brcal.

Consistent with our competition analysis in gel shift assays, the
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electron microscope data show that the Brcal DNA-binding
domain does not bind to DNA ends and also does not appear to
prefer any specific binding location on the plasmid DNA. The
size of the loops varied between complexes, as did the distance
of the complexes from the DNA ends and the number of loops
per complex.

The electron microscope images demonstrate that the 452-
1079 fragment multimerizes on DNA binding. It is not possible
at this resolution to determine the specific number of fragment
monomers present in each complex, but the largest multimers
often contain 8-12 protein molecules bound to DNA. In con-
trast, the free protein visible on the grids appears to be uniform
in size and is not aggregated, suggesting that multimerization is
specific to the DNA-bound state.

Discussion

The product of the tumor suppressor gene BRCAI is clearly
involved in maintaining genomic stability during cell prolifera-
tion, as evidenced by the chromosomal abnormalities in cell lines
deficient in Brcal and the developmental defects and embryonic
lethality of Brcal null mice (for a review see ref. 3). The large,
208-kDa protein has been reported to associate (either directly
or indirectly) with a score of different factors involved in DNA
repair, cell cycle regulation, and transcription (12, 26, 27), but a
coherent mechanistic model for Brcal action has not yet
emerged. In this study we show that Brcal binds strongly to
DNA,; this property may play a role in targeting it to sites of DNA
replication and damage repair.

Brcal DNA Binding. We observed two types of Brcal-DNA com-
plexes in gel mobility shift assays. Type I complexes migrated
close to the unbound DNA probe and did not show significant
structure specificity. The Ky of this complex was estimated to be
less than 0.1-0.3 nM, which represents extremely tight DNA
binding for a nonspecific DNA-binding protein.

Type II complexes, on the other hand, exhibit characteristics
of cooperative binding by Brcal and are greatly affected by the
structure and length of the DNA molecule. Brcal forms complex
II with a 6- to 7-fold preference for flaps, branched DNA, or
four-way junctions over short DNA fragments. On linear DNA,
Brcal forms complex II much more efficiently when the mole-
cules are longer than 300-500 bp. In the electron microscope,
these complexes appeared to contain many molecules of Brcal
in a single, large group that bridged several different sites on the
plasmid DNA. The large number of Brcal molecules bound
together in the complex is consistent with the cooperativity of
complex II formation in the gel assay. In addition, the DNA
loops provide an explanation for both the length dependence of
complex formation as well as for the large reduction in mobility
of the complex through gel matrices.

Brcal Binding of Multiple DNA Sites. The electron microscope
images also document a few instances where more than one
DNA molecule is part of the Brcal protein-DNA complex (as in
Fig. 5B). This situation was anticipated because the Brcal-DNA
complex could be supershifted in gel mobility shift assays by the
addition of unlabeled plasmid DNA, indicating that both
the probe and plasmid were present in the shifted complex. The
images of type II complexes suggest that there may be a
correlation between the number of Brcal molecules and the
number of DNA strands bound. The largest protein complexes
connect six or more DNA sites, whereas smaller protein mul-
timers are associated with only two or three sites. This observed
accumulation of proteins into large DNA-bound complexes is
also consistent with the gel mobility shifts (Fig. 3B), indicating
that complex II can be further retarded by the addition of more
protein.
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Possible Functions of Brca1 DNA Binding. Many recent observations
link the Brcal protein to events that take place during S phase.
Expression and phosphorylation of Brcal fluctuate during the
cell cycle and peak during S phase (39-41), and Brcal can be
visualized in punctate nuclear dots that largely coincide with
Rad51 nuclear dots during DNA replication (4). These foci
disappear in response to DNA damage and then reappear at sites
that coincide with foci of Rad51, PCNA, and Brca2 and with
areas of localized single-strand DNA (42-44). Recently it was
demonstrated that the locations of Brcal foci originate as sites
of histone H2AX phosphorylation, which occurs at sites of
double-strand breaks (45, 46). The accumulation of all of these
factors at sites of DNA damage suggest that Brcal is targeting
areas of the genome that are undergoing damage-induced rep-
lication and recombinational repair. Our observation of DNA
binding by Brcal suggests that it may bind directly to DNA
intermediates in the form of collapsed replication forks and
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pathways of DNA repair in vivo has yet to be determined.
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