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Brca1 C-terminal (BRCT) domains are a common protein–protein interaction motif in proteins involved in the
DNA damage response and DNA repair. The DNA-damage response protein 53BP1 has two BRCT domains
that bind to the DNA-binding domain of p53. The 53BP1 tandem-BRCT region is homologous to the
tandem-BRCT region of Brca1, which is involved in double-strand break repair and homologous recombination
and which binds BACH1, a member of the DEAH helicase family. Here we report the structures of a human
53BP1–p53 complex and of the rat Brca1 BRCT repeats. The 53BP1–p53 structure shows that the two BRCT
repeats are arranged tandemly and pack extensively through an interface that also involves the inter-repeat
linker. The first BRCT repeat and the linker together bind p53 on a region that overlaps with the
DNA-binding surface of p53 and involves p53 residues that are mutated in cancer and are important for DNA
binding. Comparison with the structure of the tandem-BRCT region of Brca1 shows a remarkable
conservation of the repeat arrangement and of the inter-BRCT repeat interface. Analysis of human BRCA1
tumor-derived mutations and conservation identifies a potential protein-binding site that we show through
mutagenesis is involved in BACH1 binding. The BACH1-binding region of Brca1 consists of a unique
insertion in the first BRCT repeat and the inter-repeat linker and is analogous to the region of 53BP1 that
binds p53.
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The Brca1 C-terminal (BRCT) sequence motif, first iden-
tified in the breast cancer-susceptibility gene product
Brca1 as an ∼95 amino acid tandem repeat, is found in a
large number of proteins involved in the response to
DNA damage (Koonin et al. 1996; Bork et al. 1997; Cal-
lebaut and Mornon 1997), including in Saccharomyces
cerevisiae Rad9, Schizosaccharomyces pombe Crb2,
mammalian DNA ligases III and IV, XRCC1, p53-bind-
ing protein 1 (53BP1) and Brca1. Over fifty proteins from
bacteria to mammals contain BRCT motifs, ranging
from a single copy to as many as eight copies (Yamane et
al. 1997).
Brca1 is involved in the repair of double strand breaks

(DSBs) by homologous recombination (Moynahan et al.
1999, 2001). In response to DSBs, Brca1-containing
nuclear foci disperse and redistribute to new foci that
contain Rad51, which is the mammalian homolog of the

Escherichia coli RecA protein that mediates DNA re-
combination, PCNA (Scully et al. 1997) and the Rad50/
Mre11/NBS1 complex (Zhong et al. 1999; Wang et al.
2000; Wu et al. 2000; Chiba and Parvin 2001). The redis-
tribution of Brca1 foci is accompanied by its hyperphos-
phorylation by kinases that are critical for the DNA dam-
age response, including ATM (Cortez et al. 1999), hCds1/
CHK2 (Lee et al. 2000), and ATR (Tibbetts et al. 2000).
53BP1, which was first identified as a p53-interacting

protein in a yeast two-hybrid screen (Iwabuchi et al.
1994), responds to DNA damage in a manner similar
to Brca1. Like Brca1, 53BP1 is hyperphosphorylated by
ATM and colocalizes with the Rad50/Mre11/NBS1 com-
plex in response to DSBs (Schultz et al. 2000; Anderson
et al. 2001; Rappold et al. 2001; Xia et al. 2001). The
entire tandem-BRCT repeat region of 53BP1 is more ho-
mologous to the corresponding BRCT regions of Brca1, S.
pombe Crb2 and S. cerevisiae Rad9 DNA damage check-
point proteins than to most other BRCT domain-con-
taining proteins, suggesting that 53BP1 may share some
functional similarities with these proteins in the DNA
damage response. In support of this, the Xenopus laevis
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53BP1 ortholog was identified independently in a screen
for suppressors of mitotic catastrophe resulting from pre-
mature entry intomitosis, suggesting that it has the ability
to arrest or slow cell cycle progression (Xia et al. 2001).
The function of the p53 tumor suppressor in the DNA

damage response is well established. In response to a
variety of DNA-damaging agents, p53 is phosphorylated
by ATM and related kinases, leading to its stabilization
(Caspari 2000; Khanna and Jackson 2001). Acting as a
transcription factor, p53 then activates a transcription
program that causes cell-cycle arrest or apoptosis. The
53BP1–p53 interaction is mediated by the DNA-binding
domain of p53 (residues 94–292) and the tandem-BRCT
repeats of 53BP1 (residues 1702–1972). Although in vitro
studies have indicated that p53 cannot bind to sequence-
specific DNA and 53BP1 simultaneously (Iwabuchi et al.
1994), 53BP1 has been shown to enhance transactivation
by p53 in a transient transfection assay (Thukral et al.
1994; Datta et al. 1996). P53 binds 53BP1 in X. laevis
oocytes, but an interaction in somatic cells has not yet
been observed (Schultz et al. 2000; Xia et al. 2001), sug-
gesting that the role of the 53BP1–p53 complex may be
limited to certain stages of development (Xia et al. 2001).
The BRCT domain has been shown to mediate pro-

tein–protein interactions in several other proteins
(Zhang et al. 1998; Aravind 1999). XRCC1 and DNA li-
gase III bind each other through their single BRCT do-
mains, and DNA ligase IV uses its tandem-BRCT do-
mains to bind XRCC4 (Grawunder et al. 1998). The
Brca1 BRCT domain has been shown to interact with
CtBP-interacting protein (CtIP; Li et al. 1999; Yu et al.
1998), and also with a DEAH-helicase family member
Brca1-associated C-terminal helicase (BACH1; Cantor et
al. 2001). Germline mutations in BACH1 have been
identified in two cases of early onset familial breast can-
cer not involving human BRCA1 mutations, further sup-
porting a role for the Brca1–BACH1 interaction in the
DNA damage response (Cantor et al. 2001).
The structures of a single BRCT repeat from the

XRCC1 protein (Zhang et al. 1998) and tandem-BRCT
repeats from human BRCA1 (Williams et al. 2001)
showed that the BRCT motif consists of a four-stranded
parallel �-sheet surrounded by three �-helices. However,
there has been no structural information on how single
or multiple BRCT domains function in protein–protein
interactions. Here we present the structure of the 53BP1
BRCT region bound to the DNA-binding domain of p53,
the structure of the rat Brca1 tandem-BRCT region, and
mutagenesis studies that identify a BACH1-binding site
on Brca1. These structures, in conjunction with the mu-
tagenesis data, reveal a remarkable similarity in the way
the tandem-BRCT domains are arranged, and in the way
they are used to mediate protein–protein interactions in
53BP1 and Brca1.

Results

Overall structure of the 53BP1 BRCT–p53 complex

The C-terminal 271-residue fragment of 53BP1, which is
necessary and sufficient for p53 binding, consists of an

N-terminal extension (residues 1702–1727), two BRCT
repeats, and an intervening linker (residues 1851–1867).
The two BRCT repeats and the linker pack together ex-
tensively, and the entire fragment of 53BP1, adopts a
globular structure (Fig. 1A). The BRCT repeats are ar-
ranged in tandem and are related by an ∼30 Å translation
and a 30° rotation about an axis roughly colinear with
the direction of translation, resulting in a screw-like mo-
tion (Fig. 1A).
As seen in previous structural studies (Cho et al. 1994;

Gorina and Pavletich 1996), the p53 DNA-binding do-
main (referred to as the p53 core domain) consists of a
�-sandwich scaffold that supports two large loops (L2
and L3) and an �-helix (H2 helix; Fig. 1A). The L3 loop,
which is stabilized by a tetrahedrally coordinated zinc
atom shared with the L2 loop, and the H2 helix form the
DNA-binding surface of p53. In the 53BP1–p53 complex,
the C-terminal portion of the first BRCT repeat and the
linker region of 53BP1 form a continuous surface that
binds part of the DNA-binding surface of the p53 core
domain, mostly through contacts to the L3 loop and a
smaller number of contacts to the L2 loop (Fig. 1A). The
53BP1–p53 complex formation buries a total of 1275 Å2

of mostly polar surface area.
The 53BP1 tandem-BRCT structure shows remarkable

structural similarity to the tandem-BRCT region of
Brca1 (residues 1589–1817 of rat Brca1 and residues
1646–1859 of human BRCA1; Williams et al. 2001; Fig.
1C) in the way the two repeats are arranged, in the de-
tails of the inter-BRCT repeat interface, and in the way
the linker region participates in the interface (Fig. 1A,B).

Structure of the 53BP1 BRCT region and the interface
between the tandem BRCTs

The individual BRCT repeats of 53BP1 have the same
overall �/� fold observed in the structure of a single
BRCT domain of XRCC1 (Zhang et al. 1998) but contain
several sequence insertions as well as deviations in the
positions of secondary structure elements (Fig. 1A). The
BRCT repeats of 53BP1 consist of a four-stranded parallel
�-sheet (strands �1A to �4A and �1B to �4B; the suffixes
A and B indicate the first and second 53BP1 repeats, re-
spectively) flanked by two �-helices on one side (�1A,
�1B and �3A, �3B) and one on the other (�2A, �2B; Fig.
1A). The C-terminal portion of the first BRCT repeat of
53BP1 contains a 310 helix near its C terminus (�4A in
residues 1843–1847; Fig. 1A,C).
The positions and orientations of individual helices in

the 53BP1 BRCT repeats show considerable deviations
from a canonical structure, as defined by the superposi-
tion of the BRCT structures from 53BP1, Brca1, and
XRCC1 (Fig. 2A,C). The most divergent structural ele-
ments are the �2A and �1B helices. Relative to the ca-
nonical structure, �2A is shifted by ∼6 Å along its helical
axis and tilted by ∼30°, and �1B is tilted by ∼11°. These
helices pack in the inter-BRCT repeat interface (Figs. 1A,
2B) and their deviation from the canonical structure is
critical for the packing. The loops between the secondary
structure elements also vary in size and precise structure
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Figure 2. The rat Brca1 BRCT domains have the same tandem arrangement as in 53BP1. (A) Superimposition of the two BRCT repeats
(red and green) of 53BP1 and the single BRCT domain from XRCC1 (yellow). Divergent regions among the BRCT domains are located
within loops (e.g., the insertion helix �1�A in 53BP1) and also include the orientations and positions of the �1 and �2 helices. (B)
Close-up view of the inter-BRCT repeat interface of 53BP1. Side chains from the first BRCT repeat are in light-red, those from the
linker are in light-yellow, and those from the second are in light-green. The �2A helix of the first repeat (red) together with �1B and
�3B helices of the second repeat (green) form a three-helix bundle that is stabilized by a �-hairpin linker (�1L and �2L, colored yellow)
and an insertion helix �1�A. White dotted lines indicate hydrogen bond interactions. (C) Superimposition of the tandem-BRCT repeats
of 53BP1 (gray) and rat Brca1, with the first BRCT repeat colored magenta, the second BRCT repeat cyan, and the linker yellow. (D)
Close-up view of the inter-BRCT repeat interface of rat Brca1. Side chains from the first repeat are in light-pink, those from the linker
are in light-yellow, and those from the second repeat are in light-blue. White dotted lines indicate hydrogen bond interactions. The
letter M indicates the tumor-derived missense mutations that occur at a high frequency (Met 1598, Arg 1645, Ala 1654, Met 1720, and
Gly 1733 in rat).
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(Figs. 1C, 2A). The loop between �2 and �3, termed the
c2 loop (Zhang et al. 1998), contains a five-residue helical
insertion (�1�A) in repeat 1 of 53BP1 and an eight-residue
insertion in repeat 2 (Figs. 1C, 2A).
The inter-BRCT repeat interface of 53BP1 contains

both core BRCT motif elements and the inter-repeat
linker. The interface buries a total of ∼2400 Å 2, with one
third of it being contributed by the linker (Fig. 2B). The
central part of the interface forms through the packing of
�2A of the first repeat with �1B and �3B of the second
repeat, in a manner analogous to three-helix bundles
(Fig. 2B). The three �-helices contribute eight hydropho-
bic residues to the interface (Fig. 2B). This three-helix
bundle packing arrangement would not be possible if the
positions and orientations of the �2A and �1B helices did
not deviate from the canonical BRCT motif structure
(Fig. 2A,B). The hydrophobic interface contacts are
flanked by charge-stabilized hydrogen bond networks
near the ends of the helices (Fig. 2B).
The inter-repeat linker adopts a �-hairpin structure

(residues 1851–1860; �1L and �2L, where L indicates a
linker element) followed by an extended segment (resi-
dues 1861–1867), both of which pack extensively with
both BRCT repeats at the inter-BRCT repeat interface
(Figs. 1A, 2B). One face of the hairpin contains hydro-
phobic residues that pack with residues from the �2A
and �3B helices of the three-helix bundle (Fig. 2B).
A comparison of human and X. laevis 53BP1 se-

quences shows that many of the hydrophobic inter-
face residues and all five amino acids that participate
in salt bridges on the three-helix bundle and the linker
�-hairpin are conserved (Figs. 1C, 2B), consistent with a
model that the two BRCT-repeat region is a single
globular domain. In contrast, the single BRCT repeat
structure of XRCC1 differs from the portions of the
53BP1 repeats that form the interface in that (1) it does
not show any deviations from a canonical structure in
its �1 and �2 helices, and (2) it has only one exposed
hydrophobic amino acid (Met 62) in its �1, �2, and �3
helices.

Comparison of 53BP1 and rat Brca1
tandem-BRCT structures

The entire tandem-BRCT structures of 53BP1 and rat
Brca1 can be superimposed with a root mean square de-
viation (RMSD) of 1.71 Å in the positions of 138 out of
229 Brca1 C� atoms (Fig. 2C), including all eight BRCT
core � strands and seven of the eight core helices (the
Brca1 �2B helix is disordered in our crystals; Figs. 1B,
2C). The most striking structural conservation is at the
inter-BRCT repeat interface (Fig. 2C). The interface he-
lices �2A of the first repeat and �1B and �3B of the sec-
ond repeat have the same angular and positional devia-
tions from the consensus structure as those of 53BP1,
allowing them to form a three-helix bundle interface es-
sentially identical to that of 53BP1 (Fig. 2C). The central
interactions in the three-helix bundle interface of rat
Brca1 involve hydrophobic residues that occur at posi-
tions on the helices equivalent to those in 53BP1 (Fig.

2B,D). Three of them are conserved between Brca1 and
53BP1 (Phe 1650, Leu 1651, and Ala 1654 of rat Brca1)
and the rest are conservatively substituted (Figs. 1C,
2B,D). Just as in the 53BP1 interface, the Brca1 three-
helix bundle is flanked by charge-stabilized hydrogen
bond interactions near the ends of the helices (Fig. 2B,D).
These hydrogen bond contacts (Arg 1645, Asp 1785, Arg
1727, and the backbone carbonyl of Ile 1626) occur at
similar positions compared to those in 53BP1, but the
detailed interactions differ somewhat due to insertions
in the vicinity and differences in the linker region (Fig.
2B,D).
The 23-residue inter-repeat linker of rat Brca1 (resi-

dues 1682–1704) occupies the same position as that of
53BP1, packing on one side of the three-helix bundle and
stabilizing the inter-BRCT repeat interface (Fig. 2B,D).
Like 53BP1, the Brca1 linker contains a �-hairpin-like
structure that packs with the �2A and �3B helices, al-
though only the first segment has �-sheet backbone phi–
psi angles (�1L; Fig. 2B,D). The linker hairpin forms a
continuous �-sheet-like structure with �3�A–�3� A (Fig.
2D), which corresponds to a seven-residue insertion be-
tween �3A and �2A of Brca1 compared to 53BP1 (Fig.
1C). The presence of the �3�A–�3�A insertion in Brca1 is
associated with a rotation of the linker hairpin relative
to that of 53BP1. Following the linker hairpin, Brca1 has
a helix (�1L) compared to the extended segment of 53BP1
(Fig. 2B,D).
The structural conservation in the inter-BRCT repeat

interfaces of 53BP1 and Brca1 suggests that their tan-
dem-BRCT regions diverged from a common ancestral
protein. Although it is possible that the two tandem-
BRCT domains emerged separately through convergent
evolution starting with a single ancestral BRCT domain,
the similarities in the BRCT–BRCT contacts, such as
those made by Arg 1645 of Brca1 and Arg 1811 of 53BP1
(Fig. 2B,D), would make this less likely. The S. pombe
Crb2 and S. cerevisiae Rad9 proteins have a pattern of
hydrophobic and polar residues characteristic of the
53BP1 and Brca1 inter-BRCT repeat interfaces. Although
the overall level of conservation is much lower com-
pared to that between Brca1 and 53BP1, especially in the
second BRCT repeats, the conservation in Crb2 and Rad9
of a few key interface residues, such as the arginines at
positions corresponding to Arg 1645 of Brca1 and Arg
1811 of 53BP1, suggests that they may be evolutionarily
related to Brca1 and 53BP1 and supports the hypothesis
that they may share functional similarities.

53BP1–p53 interactions

The 53BP1–p53 interactions are concentrated on the L3
loop of p53. The L3 loop has a rigid conformation that is
stabilized by zinc binding, by backbone hydrogen bonds,
and by side chain interactions with the rest of the p53
structure (Cho et al. 1994). The seven-residue tip (resi-
dues 243–249) of the L3 loop binds a contiguous region of
53BP1 consisting of the �3A and �4A helices at the C
terminus of the first BRCT repeat and the inter-repeat
linker (Fig. 3). The interactions rely primarily on net-
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works of hydrogen bonds, involving both side chain and
backbone groups, and to a lesser extent on van der Waals
contacts (Fig. 3). The L3 loop is one of the two key struc-
tural elements that make up the DNA-binding surface of
p53, containing an arginine residue (Arg 248) that binds
in the minor groove of the DNA (Cho et al. 1994). The
other structural element on the DNA-binding surface of
p53 is the loop-sheet-helix motif (H2 helix), which is not
involved in binding to 53BP1 (Figs. 1A, 3).
The 53BP1–p53 hydrogen bond networks are centered

on Arg 248 and Arg 249 of p53. Arg 248 hydrogen bonds
with the side chain of Asp 1861 from the �-hairpin of the
inter-repeat linker and with the backbone carbonyl
group of Leu 1847 at the start of the linker (Fig. 3). The
Arg 248 side chain is stabilized by an intramolecular
hydrogen bond with the OD1 group of Asn 247 (L3)
whose ND2 group hydrogen bonds with the backbone
carbonyl group of Leu 1847 from the �4A helix of 53BP1
(Fig. 3). The Arg 249-centered hydrogen bond network
involves the OD1 group of Asn 1845 and the backbone
carbonyl of Arg 1844, both from the �4A helix of 53BP1
(Fig. 3). In the structures of the p53–DNA complex and of
the isolated p53, Arg 249 has an important role in stabi-
lizing the structure of the L3 loop by hydrogen bonding
with the backbone carbonyl groups of Gly 245 and Met
246 and with the side chain of Glu 171 from the L2 loop
(Cho et al. 1994). In the 53BP1–p53 complex, the hydro-
gen bonds between Arg 249 and the backbone carbonyl
groups are maintained, but the hydrogen bonds with Glu
171 are disrupted, with the NH1 and NH2 groups of Arg
249 now interacting with 53BP1 instead (Fig. 3). The Glu
171 side chain is displaced from its position in mono-
meric p53, and is disordered in the crystals.
Van der Waals contacts are made by the side chain of

Met 243 and C� of Gly 244, which wedge in between the
�3A and �4A helices of 53BP1 and contact the side
chains of Val 1829 and Tyr 1846 (Fig. 3). These p53 resi-
dues pack closely with 53BP1, allowing the backbone
amide of Gly 244 of p53 to form a hydrogen bond with
the backbone carbonyl group of Asn 1845 (Fig. 3). The L3
loop contacts are augmented by a few additional contacts
from the adjacent L2 loop to �3A and the linker (Fig. 3).
The 53BP1 residues that contact p53 are either con-

served (Val 1829, Tyr 1846, and Asn 1845) or are conser-
vatively substituted (Asp 1861 to Glu) in X. laevis 53BP1
(Fig. 1C). The residues that make up the �3A, �4A, and
the �-hairpin part of the linker are also highly conserved
(Fig. 1C), indicating that these structural elements will

adopt a very similar structure in X. laevis 53BP1. Rela-
tive to the overall ∼68% identity between the X. laevis
and human 53BP1 BRCT regions, the high conservation
of these residues supports an important functional role
for the p53-binding site of the 53BP1 structure.

Implications for the p53 pathway

The L3 loop has a central role in p53’s tumor suppressor
function because three of the six mutation hotspots (Gly
245, Arg 248, and Arg 249) and ∼30% of the tumor-de-
rived missense mutations map to this region (Cho et al.
1994). In addition, the L3 loop region corresponds to one
of the five evolutionarily conserved regions of p53. Mu-
tation of the Arg 248 hotspot, which makes key contacts
to both DNA and 53BP1, disrupts both DNA binding and
53BP1 binding (Thukral et al. 1994). Similarly, muta-
tions of Gly 245 and Arg 249, which have central roles in
the structural integrity of the L3 loop (Cho et al. 1994),
also disrupt both DNA and 53BP1 binding (Thukral et al.
1994). The involvement of these L3 loop residues in both
DNA and 53BP1 binding makes it difficult to estimate
the contribution, if any, that loss of 53BP1 binding may
make to tumorigenesis. We note however, that Met 243,
which is a key 53BP1 contact but has no role in DNA
binding or stabilizing the structure of the L3 loop, is also
found mutated in cancer although at a much lower fre-
quency (six of 3393 missense mutations in the database),
compared to the residues that contact DNA. Although
another role for Met 243 cannot be ruled out, this obser-
vation suggests that loss of 53BP1 binding but not of
DNA binding may contribute to the deregulation of the
p53 DNA-damage response pathway in certain contexts.
The complex structure shows that 53BP1 binding

would block the L3 loop from interacting with DNA
(Figs. 1A, 3). This would interfere with sequence-specific
DNA binding, due to the unavailability of Arg 248 for
the recognition of the A/T-rich region of the consensus
sequence (Cho et al. 1994). However, the H2 helix of p53
remains accessible in the 53BP1–p53 complex (Figs. 1A,
3). In principle, the 53BP1–p53 complex could still use
the H2 helix to bind in the major groove of the DNA in
a nonspecific manner if the DNA is bent away from the
L3 loop or is a DNA end that terminates before the L3
loop region. In this hypothetical model of a 53BP1–p53–
DNA complex, 53BP1 could provide additional contacts
to the DNA.

Figure 3. Stereo view of the 53BP1–p53
interface. The secondary structure of p53
is colored blue except for the L3 loop,
which is cyan. The side chains of p53, first
BRCT repeat, and the linker of 53BP1 are
colored light-blue, light-red, and light-yel-
low, respectively. Hydrogen bonds are in-
dicated by white dotted lines.
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Mapping of the BACH1-binding site on Brca1

To start investigating which portions of the Brca1 BRCT
structure are involved in protein–protein interactions,
we first examined the distribution of the tumor-derived
human BRCA1–BRCT missense mutations in the Breast
Cancer Information Core (BIC) database (Fig. 1C). The
majority of the mutations map to residues that have
structure-stabilizing roles (Williams et al. 2001). Four of
the five most frequently mutated residues are at the in-
ter-BRCT repeat interface, and the fifth is in the hydro-
phobic core of the first BRCT repeat (Figs. 1C, 2D; Willi-
ams et al. 2001). These observations indicate that the
integrity and precise structure of the inter-BRCT repeat
interface are critical for the tumor suppressor function of
the Brca1 BRCT region.
Although the majority of the mutated residues have

structure-stabilizing roles, there are several mutated
residues that are either fully or partially solvent-exposed
and do not appear to have significant structural roles in
the rat Brca1 structure. These residues tend to cluster in
two regions of the molecular surface of Brca1. The first
region (region I) consists of the insertion hairpin �3�A-
�3�A of the first BRCT repeat, the adjacent linker hair-
pin, and a portion of the inter-BRCT repeat interface that
is partially solvent-exposed. The second region (region II)
consists of the �3B strand and the loop between �1B and
�1B in the second BRCT repeat (Fig. 1C). However, in the
structure of the human BRCA1 BRCT (Williams et al.
2001), most of region II is not solvent-exposed because it
packs with the �2B helix that is disordered in our rat
Brca1 BRCT structure. Thus, region I is the most likely
candidate for a protein-binding site.
A protein-binding function for region I is also sup-

ported by its conservation in Brca1 orthologs (Fig. 1C).
The highest degree of conservation closely corresponds
to the structural elements that make up region I: the
�3�A-�3�A insertion hairpin, the �2A interface helix, the
linker hairpin and �1L helix (>85% identities compared
to the ∼60% overall identity in the tandem BRCTs; Figs.
1C, 4A).
To address the possibility that region I may represent

the binding site for BACH1, we introduced single amino-
acid mutations in the human BRCA1 BRCT region (resi-
dues 1529–1863) and tested the ability of the purified
mutant GST-fusion proteins to bind the in vitro trans-
lated Brca1-interacting domain of BACH1 (residues 888–
1063; Cantor et al. 2001). We mutated not only the sur-
face residues that are mutated in cancer, but also sol-
vent-exposed residues that are conserved. We did not
mutate residues that are likely to have significant struc-
ture-stabilizing roles (Arg 1699, Cys 1643, Gly 1684, and
Asp 1685 of human BRCA1). We also mutated three re-
gion II-residues that are solvent-exposed in the structure
of human BRCA1 (Williams et al. 2001), although none
of these have been found mutated in cancer.
Figure 4B shows that three of the mutants on the �3�A-

�3�A hairpin of region I have significant reductions in
BACH1 binding. The Glu 1694 to Lys (Glu 1640 in rat),
Phe 1695 to Leu (Phe 1641 in rat), and Val 1696 to Leu

(Val 1642 in rat) mutations resulted in ∼30%, ∼45%, and
50% reductions in BACH1 binding, respectively (Fig.
4B). These three residues define a nearly continuous sur-
face on rat Brca1 consisting of the �3�A-�3�A hairpin
(Fig. 4C). The Phe 1695 to Leu and Val 1696 to Leu mu-
tations correspond to tumor-derived mutations (Fig. 1C),
suggesting that the role of these residues in BACH1 bind-
ing may be important for the tumor suppressor function
of Brca1. The His 1746 to Asp (His 1692 in rat) mutation
on the linker between �1L and �1L, also reduced BACH1
binding, but only to a modest extent (Fig. 4B,C). Muta-
tions in region II did not result in any significant effects
on BACH1 binding (Fig. 4A,B). Taken together, these re-
sults indicate that region I is a primary BACH1-binding
site (Fig. 4A,C).

Discussion

The BRCT motif has been implicated in protein–protein
interactions in several proteins involved in DNA repair
and recombination. In addition to 53BP1–p53 and Brca1–
BACH1 complexes, XRCC1 and DNA ligase III, which
are involved in base excision repair, have been shown to
interact with each other through their C-terminal single
BRCT motifs (Ljungquist et al. 1994; Caldecott et al.
1995; Nash et al. 1997). In the structure of the 53BP1–
p53 complex, both a core BRCT structural element (�4A
helix) and a unique linker element mediate p53 binding
(Fig. 3). The participation of the inter-repeat linker in p53
binding may help explain the conservation of the inter-
BRCT repeat interface. As the linker structure folds on
the interface, an important functional role for the linker
would be reflected in the conservation and integrity of
the interface.
Strikingly, the structure of the rat Brca1 tandem-

BRCT repeats shows not only a near identical arrange-
ment of the two repeats but also very similar inter-BRCT
contacts and an analogous linker structure at the inter-
face (Fig. 2C). Sequence conservation and tumor-derived
mutations suggest that region I, consisting of the inter-
BRCT repeat interface, the linker, and a �-hairpin inser-
tion adjacent to the linker is important for Brca1 func-
tion, and mutations in solvent-exposed residues of this
region demonstrate that it is involved in binding BACH1
(Fig. 4A–C). Interestingly, region I of Brca1 overlaps with
the region of 53BP1 that binds p53 (Figs. 1A,B, 4C), re-
vealing similarities not only in the structures of the
Brca1 and 53BP1 BRCT repeats but also in the way they
function in protein–protein interactions. Although both
proteins use a similar region to bind their respective
partners, the structural details in their protein-binding
sites differ. The presence of the insertion hairpin in Brca1
would sterically prevent p53 from binding to this site.
The comparison of the 53BP1 and Brca1 BRCT struc-

tures suggests that the BRCT-containing proteins
evolved specificity for different proteins not only by
evolving different amino acids on structurally conserved
portions of the core BRCT motif, but also by evolving
divergent structural elements as insertions within or in
between BRCT repeats. This is reminiscent of other
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regularly repeating protein-recognition motifs, where di-
vergence from a canonical structure is often asso-
ciated with a functional uniqueness and biological speci-
ficity. For example, in the four-ankyrin repeat protein
p16INK4A, a divergent region of the second ankyrin repeat
that has a helix replaced by a loop has a central role in
binding Cdk6 (Russo et al. 1998).
The similar structures of the 53BP1 and rat Brca1 tan-

dem-BRCT regions suggest that the two proteins may be
evolutionarily related, possibly having diverged from a
common tandem-BRCT ancestral protein. This observa-
tion, coupled to the conservation of residues in the inter-
BRCT repeat interface between 53BP1, Brca1, and the S.
pombe Crb2 and S. cerevisiae Rad9 DNA damage check-
point genes, supports the proposed model that these pro-
teins may share similarities in their cellular functions as
well (Saka et al. 1997).

Materials and methods

Protein expression and purification

The DNA-binding domain of human p53 (residues 94–292) was
expressed and purified as described previously (Cho et al. 1994).
The human 53BP1 (residues 1702–1972) was overexpressed as a
GST fusion protein in the BL21(DE3) strain of E. coli at room
temperature and isolated from the soluble cell lysate by gluta-
thione-Sepharose (Pharmacia) affinity chromatography. After
cleavage from the GST by thrombin, the 53BP1 protein frag-
ment was purified by anion-exchange and gel filtration chroma-
tography. The purified p53 and 53BP1 polypeptides were com-
bined and isolated as a complex from an additional round of
gel-filtration chromatography. The purified complex was con-
centrated to ∼13 mg/mL in 50 mM BTP–HCl (pH 6.8), 200 mM
NaCl, and 5 mM dithiothreitol (DTT) by ultrafiltration. The rat
Brca1 (residues 1589–1817) containing the tandem-BRCT re-
peats was overexpressed as a GST fusion protein and purified as
described for 53BP1. Purified rat Brca1 was concentrated to ∼75
mg/mL in 10 mMNa-HEPES (pH 7.5), 150 mMNaCl, and 5 mM
DTT by ultrafiltration.

Crystallization and data collection

The 53BP1–p53 complex crystals were grown at 4°C using the
hanging-drop vapor-diffusion method by mixing an equal vol-
ume of the purified protein complex and crystallization buffer
containing 50 mM sodium citrate (pH 6.0), 125 mM ammonium
acetate, 16% (w/v) polyethylene glycol (PEG) 4000, and 5 mM
DTT. The best crystals were obtained in drops for which the
reservoir solution lacked ammonium acetate. Diffraction data
were collected at −170°C with crystals flash-frozen in the crys-
tallization buffer containing 36% (w/v) PEG 4000 and lacking
DTT. The crystals formed in space group P212121 with a = 73.1,
b = 95.0, c = 133.7 Å and contained two complexes per asym-
metric unit. Multi-wavelength anomalous diffraction (MAD)
data were collected at the zinc edge at energies of 9662.5 elec-
tron Volts (eV), 9673.5 eV, and 9823.0 eV (corresponding to �1,
�2, and �3, respectively, in Table 1) at the X4A beamline of the
National Synchrotron Light Source at Brookhaven National
Laboratory (NSLS). The rat Brca1 crystals were grown at 4°C
using the hanging-drop vapor-diffusion method from a crystal-
lization buffer containing 50 mM Tris-HCl (pH 8.5), 150 mM
NaCl, 18% (w/v) PEG 8000, and 5 mM DTT. The crystals
formed in space group C2 with a = 84.5, b = 58.7, c = 65.4 Å,
� = 111.2° and con-

tained one Brca1 molecule per asymmetric unit. For multiple
isomorphous replacement (MIR) experiments, crystals were
soaked in either 1 mM thimerosal or 2 mM K2PtCl4 for 2 h.
Diffraction data were collected at −170°C with the crystals
flash-frozen in the crystallization buffer containing 20% (w/v)
PEG 8000 and 20% (w/v) PEG 400 and lacking DTT. The native
data were collected at the A1 beamline of Cornell High Energy
Synchrotron Source (CHESS) and the derivative data were col-
lected at the X9A beamline of NSLS. All diffraction data were
processed using the HKL suite (Otwinowski and Minor 1997).

Structure determination and refinement

For the 53BP1–p53 complex structure, initial phases were ob-
tained from a molecular replacement solution of the p53 core
domain structure using AMORE (CCP4 1994), and were used to
locate the two zinc atoms in the asymmetric unit (one zinc per
p53 molecule) using the MAD diffraction data. MAD phases,
calculated with the program MLPHARE (CCP4), had a mean
figure of merit (FOM) of 0.48 to 2.7 Å resolution, and were
improved by density modification with DM (CCP4). Despite the
presence of only one zinc atom per 474 amino acids, the experi-
mental map was clearly interpretable for both p53 and 53BP1,
including electron density for the majority of the side chains.
The initial model of 53BP1 was built with the program O (Jones
et al. 1991), and was refined by CNS (Brünger et al. 1998). The
refinement statistics are shown in Table 1. Nearly all residues
(99.6%) are in the allowed regions of the Ramachandran plot.
An N-terminal fragment (residues 1702–1713) and the region
between �1A and �1A (residues 1741–1769) do not have inter-
pretable electron density, and we presume are disordered. Resi-
dues 1741–1769 correspond to a 29 amino acid insertion that is
not found in other BRCT repeats and is rich in polar and charged
residues. For the BRCT region of rat Brca1, initial MIR phases
were calculated with MLPHARE. They had a mean FOM of 0.42
to 3.4 Å, and were improved by solvent flattening and density
modification using DM. The model was built with the program
O and was refined by CNS. Five N-terminal residues (residues
1589–1593), a three-residue portion of the inter-repeat linker
region (residues 1702–1704), and the C terminus (residues 1800–
1817) do not have interpretable electron density, and we pre-
sume are disordered. In addition, residues 1757–1775, which
form the �2B helix in the structure of the human BRCA1 BRCT
repeats (Williams et al. 2001), are disordered in our crystals. The
�2B helix is the least conserved structural element of the Brca1
BRCT repeats. The refinement statistics are shown in Table 1.
All residues are in the allowed regions of the Ramachandran
plot.

In vitro BACH1-binding assays

The human BRCA1 (residues 1529–1863) point mutants were
constructed by overlap PCR mutagenesis as described previ-
ously (Sambrook et al. 1989) and sequenced. The wild-type and
mutant proteins were overexpressed and isolated as GST fusion
proteins as described for rat Brca1. The GST fusion proteins
were purified by anion-exchange chromatography (Pharmacia
Q-Sepharose Fast-Flow) and stored in 50 mM Tris-HCl (pH 8.5),
300 mM NaCl, and 5 mM DTT at −80°C.
An expression plasmid encoding the human BRCA1-interact-

ing portion of BACH1 (residues 888–1063) was generated as de-
scribed previously (Cantor et al. 2001). The 35S-labeled BACH1
products were synthesized by in vitro translation (TNT kit,
Promega) and were tested for binding to GST fusion proteins
containing either the wild-type human BRCA1 (residues 1529–
1863) or 16 derivatives containing various point mutations. The
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GST fusion proteins bound to glutathione-Sepharose beads were
incubated with the 35S-labeled BACH1 (888–1063) for 2 h at 4°C
with agitation in NET-N buffer (20 mM Tris-HCl at pH 8.0, 0.5
M NaCl, 0.5% NP-40, and 1 mM EDTA). Following an exten-
sive wash in NET-N buffer, the samples were run on SDS–
polyacrylamide gel. The gel was then dried and exposed to the
Molecular Dynamics Storm Scanner. The binding activities
were quantitated using the ImageQuant software (Molecular
Dynamics).
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