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ABSTRACT Computer analysis of a conserved
domain, BRCT, first described at the carboxyl ter-
minus of the breast cancer protein BRCA1, a p53
binding protein (33BP1), and the yeast cell cycle
checkpoint protein RAD9 revealed a large super-
family of domains that occur predominantly in
proteins involved in cell cycle checkpoint func-
tions responsive to DNA damage. The BRCT do-
main consists of ~95 amino acid residues and
occurs as a tandem repeat at the carboxyl termi-
nus of numerous proteins, but has been observed
also as a tandem repeat at the amino terminus or
as a single copy. The BRCT superfamily presently
includes ~40 nonorthologous proteins, namely,
BRCA1, 53BP1, and RAD9; a protein family that
consists of the fission yeast replication checkpoint
protein Rad4, the oncoprotein ECT2, the DNA re-
pair protein XRCC1, and yeast DNA polymerase
subunit DPB11; DNA binding enzymes such as
terminal deoxynucleotidyltransferases, deoxycy-
tidyl transferase involved in DNA repair, and
DNA-ligases III and IV; yeast multifunctional
transcription factor RAP1; and several unchar-
acterized gene products. Another previously de-
scribed domain that is shared by bacterial
NAD-dependent DNA-ligases, the large subunits of
eukaryotic replication factor C, and poly(ADP-ri-
bose) polymerases appears to be a distinct version
of the BRCT domain. The retinoblastoma protein
(a universal tumor suppressor) and related pro-
teins may contain a distant relative of the BRCT
domain. Despite the functional diversity of all
these proteins, participation in DNA damage-re-
sponsive checkpoints appears to be a unifying
theme. Thus, the BRCT domain is likely to per-
form critical, yet uncharacterized, functions in
the cell cycle control of organisms from bacteria
to humans. The carboxyterminal BRCT domain of
BRCA1 corresponds precisely to the recently
identified minimal transcription activation domain
of this protein, indicating one such function.—
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CELL CYCLE CHECKPOINTS ARE molecular mechanisms for
the negative control of DNA replication and mitosis (1-
4). Checkpoints arrest DNA replication (the G1 check-
point) or mitosis (G2 checkpoint) when the integrity of the
genome is compromised either as a result of DNA damage
or as part of programmed cellular events such as apoptosis,
senescence, or immune cell development (5). The check-
points involve the transmission of a signal from damaged
DNA to effectors such as cyclin-dependent protein kinases
via complex mechanisms dependent on a variety of pro-
teins, including the universal tumor suppressors p53 and
the retinoblastoma (RB)? protein (6—8). Impairment of the
checkpoints is thought to play a critical role in cancer cell
evolution (5).

Checkpoint proteins are highly diverse structurally, and
no conserved domains have been found that are common
to large groups of them. Very recently, we described a
domain (dubbed BRCT) common to the breast cancer sus-
ceptibility protein BRCA1, a p53 binding protein (53BP1),
the yeast checkpoint protein RAD9, and uncharacterized
yeast and human proteins (9). Here we describe the results
of further database searches for sequences similar to the
BRCT domain using a variety of sensitive motif and profile
detection methods (reviewed in refs 10, 11). The comple-
mentary use of these methods enabled us to identify a large
BRCT domain superfamily that unites functionally diverse
proteins from mammals, yeast, and bacteria, many of
which play direct or indirect roles in DNA damage re-
sponse and cell cycle checkpoints.

! Correspondence.

2 Abbreviations: HMM, hidden Markov models; NR, nonredundant;
TdT, terminal deoxynucleotidyl transferase; RF-C, replication factor C
large subunits; PARP, poly(ADP-ribose) polymerases; RB, retino-
blastoma.
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MATERIAL AND METHODS

General strategy for detection of conserved domains

Currently no single computer method ensures the optimal delineation
of divergent protein superfamilies. Methods for detecting pairwise se-
quence similarity (e.g., BLAST and FASTA) and for motif or profile
analysis often produce complementary results, and their iterative ap-
plication improves the detection of distantly related domains (11). The
BRCT superfamily was analyzed using such an iterative strategy.

An alignment of the originally described BRCT domains (9) was used
to screen the sequence databases using profile and motif search meth-
ods, and reciprocal BLAST searches (12—14) were performed with all
newly detected BRCT proteins. Before the BLAST searches, the se-
quences were partitioned into predicted globular and nonglobular do-
mains using the SEG program with parameters adjusted for this task
(15). When new statistically significant similarities were detected, the
segments involved were added to the BRCT motifs or profiles, and a
new round of database screening was performed. When distinct but
divergent protein families were detected, separate profiles and motifs
were constructed for each and used in reciprocal database searches.
The whole process was repeated until no new superfamily members
could be detected.

Database searches with metifs and profiles

Nonredundant (NR) databases were searched for protein sequence seg-
ments related to a given motif using the MoST program (16). Briefly,
an alignment block is converted to a position-dependent weight matrix
using Dirichlet mixture prior distributions (17); any newly detected
similar segments are added to the block, and the evolving matrix is
used to scan the database iteratively until convergence. The ratio of the
expected number of segments with a given score to the actually detected
number is used as the cutoff at each iteration.

Generalized profiles were constructed from multiple sequence align-
ments by a procedure combining elements of the methods described in
refs 18 and 19, with additional modifications (20). Input sequences were
weighted using the algorithm of Sibbald and Argos (21). The
BLOSUM45 matrix (22) was used to convert amino acid frequencies
into match scores. To assess the significance of candidate matches to
a given profile, a window-shuffled version of the SWISS-PROT database
(release 30) was scanned with the same profile (for details, see ref 23).

Alternatively, profile construction and search were conducted using
WiseTools (24). The standard parameters of PAIRWISE were used for
weighting of the sequences in the alignment. The Gonnet250 Matrix
was used for database searches with SEARCHWISE, using a cutoff
score of 3700 (24). The profile alignment option in CLUSTALW (25)
was used to add new members for the subsequent iterations.

A complementary method of database screening using multiple
alignment included construction of hidden Markov models (HMM) with
the HMMb program, with subsequent database search using the HMMls
program. HMMIs detects local matches between database sequences
and the HMM with a modification of the Needleman-Wunsch algorithm
(26). A cutoff score of t = 20 was used in all HMM searches.

Motif detection in unaligned protein sequences

The presence and the number of shared motifs in sets of unaligned
protein sequences were identified using Gibbs sampling (27, 28). This
method detects and aligns multiple, diverged copies of a motif, then
applies near-optimal sampling to estimate the predictive probability
(28) that each of these copies matches the motif. By default, only those
sequences with a probability greater than 0.50 are reported. Alterna-
tively, motifs were derived directly form BLAST outputs using the CAP
program (16).

Other methods

Multiple alignments of protein sequences were constructed with MA-
CAW (29) or CLUSTALW (25). Secondary structure predictions were
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made using the PHD program (30, 31) for all protein families that could
be readily aligned.

RESULTS AND DISCUSSION
The BRCT domain superfamily

To detect as many proteins as possible containing the
BRCT domain in current databases, we applied an itera-
tive strategy that included multiple rounds of database
screening with methods for pairwise sequence similarity
detection as well as motif and profile analysis (see Mate-
rials and Methods). Starting with the initially described
set of six proteins that includes human and mouse BRCA1,
53BP1, two uncharacterized proteins from human and fis-
sion yeast, and yeast RAD9 (9), we detected the BRCT
domain in ~40 nonorthologous proteins that form several
distinct families with highly significant similarities among
their members (Fig. 1). It is now possible to define the
full complement of proteins with a particular domain that
are encoded in yeast, the first eukaryote whose genome
has been completely sequenced. To this end, we screened,
in addition to general purpose databases, the database of
yeast protein-coding sequences from the Saccharomyces
Genome Database (http://genome-www.stanford.edu/
Saccharomyces/). We found that, altogether, 10 yeast pro-
teins contain readily detectable BRCT domains (Fig. 1).
In time, the number of proteins with recognized BRCT
domain will certainly increase as numerous ESTs from dif-
ferent organisms are also similar to the domain (data not
shown).

In addition to the original six proteins, the BRCT su-
perfamily includes: 1) a previously described protein fam-
ily consisting of the fission yeast protein Rad4(Cut5) and
its homolog from budding yeast, the human ECT2 and
XRCC1 proteins, and the yeast protein REV1 (32-35); 2)
yeast transcription factor RAP1; 3) human DNA ligases
III and IV; 4) vertebrate terminal deoxynucleotidyl trans-
ferases (TdTs) and their homolog from fission yeast; 5) a
previously described domain (36) shared by bacterial
NAD-dependent DNA ligases, eukaryotic replication fac-
tor C large subunits (RF-C), and eukaryotic poly(ADP-
ribose) polymerases (PARP); and 6) several functionally
uncharacterized, putative proteins from yeast and nema-
tode.

The BRCT domain in each protein sequence typically
was detected by more than one method. Specifically, it-
erative profile searches with Pfsearch (the cutoff of 9.0, a
score expected to occur once in a database containing 10°
amino acid residues, was well above the first clear false
positive, with a score of 7.7) and SearchWise (the cutoff
of 3300 was above the first false positive, with the score
of 3200) detected all proteins shown in Fig. 1, with the
exception of the RB family. In a complementary approach,
database screening with the most highly conserved motif
II (Fig. 1), using MoST with a relatively conservative cutoff
(r=0.01), detected the majority of the same proteins with-
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Figure 1. Multiple alignment of the most conserved motifs within the BRCT domains. The alignment is based on the results of database searching
with profile alignment methods implemented in SEARCHWISE and Pftools (see Methods), with refinement on the basis of alignments for distinct
protein families produced by the MACAW and CLUSTALW programs. The four sequence sets separated by blank lines are: the original group of
five proteins (of the six proteins included in the alignment in ref 9, the mouse BRCA1 sequence, which is closely related to its human homolog,
is omitted); the remaining core of the BRCT superfamily confidently detected by several methods; the RB family, for which the identification of
the BRCT domain remains tentative; and the PARP/RF-C/bacterial DNA ligase group, which contains a distinct version of the BRCT domain.
Typically, only one sequence from each set of highly conserved orthologs was included (e.g., only one TdT and one PARP). However, two RF-C
sequences and two sequences from bacterial ligases are shown because these proteins contained a substantial number of differences. Consecutive
copies of the BRCT domain from the same protein are designated a, b, etc. The distances from the protein termini to the aligned regions and the
distances between the alignment blocks are indicated by numbers. The distance from the amino terminus of 53BP1 is shown in parentheses, as
the available sequence of this protein is incomplete. Gaps introduced to optimize alignment are indicated by dots. Stop-codons are indicated by
asterisks. The consensus includes amino acid residues conserved in the majority of the aligned sequences; the residues that conform with the
consensus are shown in bold type and the respective color or shading; U indicates a hydrophobic residue, J indicates an aromatic residue, and O
indicates a small residue. The predicted secondary structure elements are shown above the alignment, with E indicating extended conformation
(B-strand), H indicating a-helix, and L indicating loop. Uppercase indicates the most reliable prediction (>>82% accuracy); lowercase indicates
prediction with ~72% accuracy (30). The leftmost column contains the abbreviated species name. HS, Homo sapiens; SP, Schizosaccharomyces
pombe; SC, Saccharomyces cerevisiae; CE, Caenorhabditis elegans; MM, Mus musculus; CA, Candida albicans; EC, Escherichia coli; TT, Thermus
thermophilus. The rightmost column contains sequence names from the SWISS-PROT database (ending with a five-letter organism name) or the
GenBank database (ending with a number that indicates the number of the open reading frame in the given entry).

out obvious false positives. Not detected by this search
were the RB protein, TdT, and the bacterial DNA ligase
family, which appear to contain a distinct version of the
BRCT domain. These sequences, however, were retrieved
from the NR database without false positives when another
conserved motif from the Rad4 protein family (motif I in
Fig. 1) was used for screening the NR database (albeit with
a liberal cutoff of r=0.05). The relationship between these
proteins and the rest of the BRCT domain superfamily was
corroborated by an HMM search that detected one of the
bacterial DNA ligases with a score of 25.9, with the highest
score of 22.9 for the first obvious false positive. Further-
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more, control MoST searches with motif II extracted from
distinct families, e.g., the Rad4 family (Fig. 1), specifically
retrieved from the database the majority of the superfamily
members. The significance of the relationships between
some of the protein families containing the BRCT domain
was also confirmed by statistically significant pairwise
similarities detected by exhaustive BLAST searches. For
example, the uncharacterized fission yeast protein
(C19G10.7) from the original sequence set (9) was similar
to Rad4, with a P value of 2 X 107° (13, 14).

The presence of the BRCT domain in the RB protein
family could not be demonstrated as convincingly as for
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Figure 1. Continued.

most other proteins in the superfamily. The domain was
detected in the RB sequence using motif II in a MoST
search with a liberal cutoff (r=0.05); a few apparent false
positives were also detected in this screening. The RB
sequence scored only 5.5 with Pfsearch and 2600 with
SEARCHWISE, which did not separate it from false pos-
itives. Nevertheless, the alignment of the RB sequence
could be extended to include the whole BRCT domain
(Fig. 1), and Gibbs near-optimal sampling indicated that
the RB sequence matched the motif I statistical model as
strongly as most of the other proteins in the BRCT domain
superfamily (see below). Therefore, we believe that the RB
family contains a highly diverged version of the BRCT
domain.

The protein sequences containing candidate BRCT do-
mains were further analyzed using Gibbs sampling in order
to corroborate the presence of motifs I and II in each of
them and to determine the number of copies of these mo-

“tifs. Using a new optimization procedure (A. F. Neuwald,
J. Liu, and C. Lawrence, unpublished results), the sampler
converged on a 35-column aligned block for motif I and a
30-column block for motif II, with 23 and 20 columns,
respectively, considered nonrandom. For each sequence
in the superfamily (with the exception only of DNA ligase
III, which contains a truncated motif II), the presence of
at least one copy of either motif I or motif II or both was
confirmed with an estimated confidence of 0.9 or greater.

Features of BRCT domains

The BRCT domain does not contain a single invariant
amino acid, but motif I centers on a conserved G[GA] dou-
blet, and motif II centers on a tryptophan that is present
in the great majority of the sequences. Furthermore, there
is a clear consensus pattern of residues with conserved
properties in other positions (Fig. 1). Note that motif II is
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the most conserved region in the majority of the BRCT
domains, but is significantly modified in bacterial DNA
ligases, RF-C, and PARP. Conversely, in the latter group
of proteins, sequence conservation is more pronounced in
motif I (Fig. 1).

The number of diverged copies of the BRCT domain per
protein, identified by profile searches and by Gibbs sam-
pling, varies between 1 and 6 (Fig. 2). The existence of
proteins with a single BRCT domain (Fig. 2) and its pre-
dicted globular structure (Fig. 1) indicate that this domain
may be an independent structural unit.

The BRCT domain is predicted to consist of four B-
strands and two Q-helices, with the B-strands probably
forming a core sheet structure (Fig. 1). The observed pat-
tern of amino acid conservation, the size of the domain,
and the predicted secondary structure appear to be typical
of domains involved in specific protein-protein interac-
tions (37). It has been shown that a 270 amino acid, car-
boxy-terminal fragment of 53BP1, which consists largely
of two BRCT domains, binds p53 as efficiently as the much
larger carboxy-terminal portion of the protein translated
from the longest isolated cDNA clone (38). Thus, p53 may
be one of the BRCT domain ligands. Another potentially
important observation is that two BRCT domain-contain-
ing proteins, namely, human DNA ligase III and XRCC1,
form a complex (39, 40). This suggests the possibility of
an interaction between BRCT domains in different pro-
teins. All of the DNA ligase IV present in human cells has
also been isolated in the form of a complex with another,
as yet unidentified protein, and it has been proposed that
the carboxy-terminal portion of the ligase that (as de-
scribed here) contains the BRCT domain may be respon-
sible for this interaction (41).

By contrast, it has been shown recently that the region
of RF-C that we identified as the BRCT domain belongs
to the DNA binding domain of this protein (42). The cen-
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tral region of PARP, which contains its single BRCT do-
main with significant similarity to the BRCT domain of
RF, has been implicated in the protein’s dimerization, but
is not involved in DNA binding (43). The difference be-
tween the results obtained with RF-C and PARP requires
further clarification, even though it may be a reflection of
the actual diversity of the BRCT domain binding affinities.

Modular architecture of BRCT domain-containing
proteins

All members of the BRCT superfamily are large, mul-
tidomain proteins (Fig. 2). Many contain functionally
characterized enzymatic domains, such as two unre-
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lated types of DNA ligase, type X DNA polymerase
(TdT), ADP-ribosyltransferase (PARP), and ATPase
(RF-C). Other proteins in the superfamily contain ad-
ditional common binding domains such as the RING
finger in BRCA1 and an uncharacterized nematode pro-
tein, the DH domain in ECT2 and an uncharacterized
yeast protein, the FHA domain in an uncharacterized
human protein, the helix-hairpin-helix DNA binding
domain in bacterial ligases and TdT, and ankyrin re-
peats in a family of uncharacterized nematode proteins.
Yet other proteins contain highly conserved domains
whose specific function is not known but are implicated
in DNA repair, e.g., the UmuC domain in REV1. It is
possible that some of these conserved domains possess
yet uncharacterized enzymatic activities as demon-
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strated by the recent discovery of a deoxycytidyltrans-
ferase activity for REV1 (44).

Notably, we did not detect any proteins consisting solely
of BRCT domains even though multiple copies of it ac-
count for a large fraction of the amino acid sequences of
several proteins, particularly C19G10.7, YHR154w,
Rad4, and DPB11 (Fig. 2). Based on the observation that
the BRCT domain is typically fused to other domains with
a distinct activity in transcription, repair, or replication,
one may speculate that it is involved in signal transduc-
tion, linking the activities of components of the cell cycle
checkpoint machinery (see below).

Functional implications

BRCT domain containing proteins that have been func-
tionally characterized appear to be directly or indirectly
associated with DNA damage-responsive cell cycle check-
points. Mutations in RAD9, Rad4, and DPB11 abolish the
Gl and/or G2 checkpoints (1, 4, 32, 45-47). DPB11,
which is a subunit of yeast DNA polymerase €, triggers
the S-phase checkpoint in response to replication blocks
(35, 48). Like the DNA damage signal generated by RAD9
(49, 50), this response is transmitted by the MEC1/RADS3
cascade (48, 50). Perhaps the most straightforward obser-
vations implicating the BRCT domain in checkpoints in-
volve Rad4, whose amino-terminal region, corresponding
to a single BRCT domain, blocks fission yeast cell division
in G2 when overexpressed (34). In accord with this result,
amino-terminal truncation of ECT2 unmasks the trans-
forming activity of this protein (51).

BRCAL is a tumor suppressor specific for breast and
ovarian cancers (52-55). Two recent, independent studies
with BRCA1 have suggested for the first time a specific
function for the BRCT domain. It has been shown that
when fused to the GAL4 DNA binding domain, the car-
boxy-terminal domain of BRCA1l (amino acid residues
1560-1863), which encompasses both BRCT domains
(Figs. 1, 2), activates transcription of a reporter gene in
both yeast and mammalian cells (56, 57). Furthermore,
both of these studies defined the minimal transactivation
domain as the very carboxy-terminal portion of BRCA1
between residues 1760-1863; the left boundary of this
minimal domain corresponds precisely to the beginning of
the first predicted B-strand of the BRCT domain (Fig. 1).
There is as yet no evidence for the specific mechanism of
transcription activation by the carboxy-terminal fragments
of BRCAL. It appears likely that this activation is medi-
ated by the interaction between the BRCT domains and
RNA polymerase or transcription factors.

The observations of transcription activation by the
BRCT domains of BRCA1 may be relevant for the function
of the BRCT domains in other proteins. In particular, pS3
and RB, which appear to be the principal regulators of the
G1 checkpoint in mammalian cells, operate primarily at
the level of transcription (reviewed in refs 6, 58, 59). p53
typically activates the transcription of a number of specific
genes (58), whereas RB seems primarily to repress tran-
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scription (59). However, opposite effects have been re-
ported for each of these proteins (60, 61). In particular,
RB expression may be down-regulated by p53 (62, 63). In
addition to their roles as tumor suppressors, p53, RB, and
very recently, BRCA1 have been shown to control cell
proliferation in normal mammalian development (64—67).
Thus, the presence of a BRCT domain in a p53 binding
protein, located in a region sufficient for p53 interaction
(36) and apparently in RB, is compatible with a critical
role of this domain in DNA damage-responsive check-
points, which may be mediated by protein-protein inter-
actions leading to transcription regulation.

The transcription connection for the BRCT domain is
further strengthened by the recent finding that RAD9, the
classical yeast checkpoint gene, controls the expression of
a number of coordinately regulated repair, recombination,
and replication genes (68). Furthermore, RAP1 is a uni-
versal yeast transcription regulator that activates tran-
scription of a variety of genes, but is also a repressor of
genes at mating type loci and near telomeres (reviewed in
ref 69). RAP1 binds yeast telomeres via its central DNA
binding domain (70), and regulates their length both by
protecting them from degradation (71-73) and by pre-
venting their uncontrolled growth (74). Telomere degra-
dation, in turn, activates the RAD9-mediated checkpoint
(75), indicating that telomere length control may be one of
the mechanisms of RAP] participation in checkpoints. It
has been demonstrated, however, that yeast strains car-
rying a deletion of the 5'-terminal portion of the RAP1
gene, coding for the BRCT domain, show no alteration in
telomere length (76). Therefore, it appears likely that the
BRCT domain in RAP1 modulates the effect of this protein
on transcription. Whereas RAP1 is an essential protein,
its amino-terminal portion, containing the BRCT domain,
is not (69), which is compatible with such a regulatory role.

Although at the moment the indications are most direct
for the involvement of the BRCT domain in transcription
regulation, it appears likely that it also participates in
checkpoints by directly affecting repair and replication of
damaged DNA. Thus, human DNA ligase Il is specifically
involved in DNA repair: a mammalian protein complex
(RC-1) containing DNA polymerase €, exonuclease activ-
ities, and DNA ligase III has been described that repairs
double-strand breaks and deletions by recombination (77).
The interaction between XRCC1 and DNA ligase III men-
tioned above is required for the ligase activity, and the
reduced ligase activity in XRCC1 mutants correlates with
a deficiency in double-strand break repair (78).

Terminal nucleotidy] transferase (TdT) is involved in
immunoglobulin gene somatic recombination (79, 80), a
programmed cellular event that is thought to activate a
checkpoint (5).

Considerable evidence of checkpoint functions is
also available for RF-C and PARP, proteins with a dis-
tinct form of the BRCT domain. RF-C is a complex of
five subunits that is essential for DNA replication and
repair (81, 82). In yeast, the large RF-C subunit con-
taining the BRCT domain is identical to CDC44, a pro-
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tein that signals cell cycle arrest by the RAD9/MEC1/
RADS3 checkpoint pathway (83). PARP is essential for
efficient DNA base excision repair in mammalian cells
(84, 85). Moreover, the participation of PARP in both
the G1 and G2 checkpoints (86, 87) has been demon-
strated.

The presence of a BRCT domain in bacterial DNA li-
gases is of particular interest, suggesting that similar
checkpoint mechanisms may operate in eukaryotes and
bacteria. Indeed, a simple DNA damage-responsive
checkpoint appears to exist in Escherichia coli, ensuring
that replication proceeds slowly after UV irradiation while
the lesions are being repaired (88). DNA ligase is a major
component of excision repair in bacteria (89), and there-
fore participation of its BRCT domain in the checkpoint
is plausible. The BRCT domain in bacterial ligases is an
especially attractive object for experimental studies be-
cause it seems to be the only BRCT domain encoded in
bacterial genomes, and the effects of its disruption may be
easily detectable. The transition from the single BRCT
domain in bacteria to multiple domains in at least 10 func-
tionally diverse proteins in yeast, and the apparently even
greater number in multicellular eukaryotes, is striking. It
appears that this diversification of BRCT domains corre-
lates with the evolution in eukaryotes of much more elab-
orate checkpoint mechanisms than those existing in
bacteria.

The available experimental evidence thus indicates that
the BRCT domain may be involved in DNA damage-re-
sponsive checkpoints in all bacterial and eukaryotic cells.
It is not strictly ubiquitous, however, as careful analysis
of all proteins encoded in the first completely sequenced
archaeal genome, that of Methanococcus jannaschii (90),
failed to detect any sequences with significant similarity
to the BRCT domain (E. V. Koonin, unpublished infor-
mation). Clearly, the BRCT domain can operate at the
level of transcription regulation, but probably also directly
affects repair and replication. In terms of the functional
classification of checkpoint machinery components (91), it
seems plausible that the BRCT domain is a transducer that
transmits the signal from DNA damage sensors such as,
for example, the amino-terminal domain of PARP (87), to
other components of the checkpoint machinery via specific
protein-protein interactions. We do not know the specific
ligand (or ligands) of the BRCT domain; p53, as shown for
53BP1 (38), may be only one of many, especially as no
proteins with significant sequence similarity to pS3 have
been detected in yeast. A functionally analogous yeast pro-
tein is MEC1, and there are at least two yeast proteins
(RAD9 and DPB11) containing BRCT domains that are
thought to be active immediately upstream of MEC1 (50,
92). These results further support the hypothesis that the
BRCT domain is a common element in the organization of
checkpoint cascades in yeast and mammals. A variation
on this theme is the interaction between BRCT domains
in different proteins, e.g., DNA ligase III and XRCC1,
which may be important for the formation of checkpoint
protein complexes.
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The sequence diversity of BRCT domains suggests that
their targets may also be quite diverse, perhaps to the
extent that protein-protein and protein-DNA interactions
are both involved. The identification of these targets and
the elucidation of the roles of BRCT domains in check-
points may be crucial for understanding cell cycle control
mechanisms in general and cancer cell evolution in
particular. L]

Note added in proof. While this manuscript was being
processed for publication, several papers that have im-
portant implications for the function of the BRCT domain
have been published. A novel protein interacting with
BRCAL1 and called BARD1 (BRCA1-associated RING do-
main) has been isolated [Wu. L. C., Wang, Z. W., Tsan,
J. T., Spillman, M. A., Phung, A., Xu, X. L., Yang, M.-C,,
Hwang, L.-Y., Bowcock, A. M., and Baer, R. (1996) Iden-
tification of a RING protein that can interact in vivo with
the BRCA1 gene product. Nature Genet. 14, 430-440].
BARDI contains an N-terminal RING finger domain and
a C-terminal duplication of the BRCT domain, thus resem-
bling the domain organization of BRCA1 itself. Further-
more, the BRCT domains of BARD1 showed highly
statistically significant similarity to those in BRCAI,
which is compatible with a critical role of these domains
in the functions of both proteins. Evidence has been pre-
sented that the XRCC1 protein interacts not only with
DNA ligase III but also with DNA polymerase B and with
PARP, and furthermore that DNA ligase III functions as
a nick sensor [Caldecott, K. W., Aoufouchi, S., Johnson,
P., and Shall, S. (1996) XRCC1 polypeptide interacts with
DNA polymerase B and possibly poly (ADP-ribose) poly-
merase, and DNA ligase III is a novel molecular ‘nick-
sensor’ in vitro. Nucleic Acids Res. 24, 4387-4394]. Thus
examples are accumulating of different proteins containing
BRCT domains interacting with one another. Finally, it
has been shown that BRCA1 is expressed in a cell-cycle
dependent fashion, with the highest level of expression at
the G1/S boundary [Rajan, J. V., Wang, M., Marquis,
S. T., and Chodosh, L. A. (1996) Brca2 is coordinately
regulated with Brcal during proliferation and differentia-
tion in mammary epithelial cells. Proc. Natl. Acad. Sci.
USA 93, 13078-13083], in accord with its proposed role
in a cell-cycle checkpoint.

We thank Alvaro Monteiro and Richard Baer for communication of
results before publication.
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