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The role of missense changes in BRCA1 in breast cancer suscepti-
bility has been difficult to establish. We used comparative evolu-
tionary methods to identify potential functionally important
amino acid sites in exon 11 and missense changes likely to disrupt
gene function, aligning sequences from 57 eutherian mammals and
categorizing amino acid sites by degree of conservation. We used
Bayesian phylogenetic analyses to determine relationships among
orthologs and identify codons evolving under positive selection.
Most conserved residues occur in a region with the highest con-
centration of protein-interacting domains. Rapidly evolving resi-
dues are concentrated in the RAD51-interacting domain, suggest-
ing that selection is acting most strongly on the role of BRCA1 in
DNA repair. Investigation of the functional role of missense
changes in breast-cancer susceptibility should focus on 38 missense
changes in conserved and 3 in rapidly evolving regions of exon 11.

breast cancer � exon 11 � gene evolution � missense change � BRCA1

Protein-truncating mutations distributed across BRCA1 are
associated with an increased cumulative lifetime risk of

breast (60–80%) and ovarian (20–40%) cancer (reviewed in ref.
1). Known mutations in breast-cancer susceptibility genes have
been collated in the Breast Cancer Information Core (BIC)
database (2, 3). Nearly half the reported changes in BRCA1 are
frameshift mutations and thus expected to be disease associated
(2). Most of the rest are missense changes; 323 of these have been
reported in 1,735 individual entries. Disease-association status is
known for only a fraction of these: in the RING finger domain
(4) and the C-terminal region of the protein (5, 6). Case-control
and family studies are underpowered to draw conclusions re-
garding the remainder; these are not highly penetrant alleles
(7–9).

The BRCA1 gene encodes a 1,863-aa protein with a single
large region, exon 11, encoding some 60%. The gene is highly
polymorphic, with many common single-base exon changes.
Regions interacting with other proteins have been identified, but
structural and biochemical properties of the protein remain
largely unknown, making it difficult to predict the consequences
of any single missense change (10). Available functional assays
are time-consuming, expensive, and applicable only to C-
terminal mutations (6, 11, 12). Predictions regarding missense
changes can be strengthened by comparative evolutionary anal-
ysis to establish whether mutations cluster in conserved regions
(13–15). Such analyses may be particularly helpful in identifying
low-penetrance missense changes in functionally important re-
gions. Phylogenetic approaches can also determine whether
certain residues have evolved more rapidly than predicted by
neutral theory (the ratio of the rate of nonsynonymous to
synonymous substitution, �, �1), reflecting the action of positive
(diversifying) selection (16, 17).

The ability to detect conserved (18–20) and rapidly evolving
(21, 22) regions in BRCA1 has been limited by the small number
of cloned sequences available. Recently, portions of exon 11 have
been used in phylogenetic studies to clarify the relationships
among higher mammals (23–25). DNA sequences for exon 11,
but not other regions of the gene, are available for representa-

tives of all 18 eutherian orders and a marsupial (metatherian).
These diverse sequence data allowed the use of phylogenetic
approaches to identify (i) regions of exon 11 conserved in species
with mammary tissue (susceptible to breast cancer) and (ii)
regions evolving under positive selection. We here rank known
missense changes with a view to establishing priorities for
functional and population studies.

Methods
Sequences. BRCA1 amino acid and nucleotide sequences were
extracted from GenBank for 57 eutherian mammals, 1 marsu-
pial, the chicken, and the frog (species and accession nos. are
presented in Table 2, which is published as supporting informa-
tion on the PNAS web site, www.pnas.org). Amino acid se-
quences were aligned using CLUSTALX 1.81 (26). The 57 mam-
malian nucleotide sequences were aligned to amino acid
sequences by using CODONALIGN 1.0 (27) and were checked
visually (see Figs. 3 and 4, which are published as supporting
information on the PNAS web site).

Analyses were based on sequences between human codons 282
and 1152 (76.4% of exon 11). Sequence data spanning this region
are available for 53 eutherians and the marsupial, Vombatus.
Codon numbers are based on the human sequence. Sequences
start at codon 300 for Lepus, codon 316 for Hystrix, and codon
285 for Erinaceus, and end at codon 1072 for Aplodontia.

MRBAYES 2.01 (28) was used to construct a phylogenetic tree of
BRCA1 evolution by using nucleotide sequences of 57 eutherian
mammals and Vombatus as an outgroup (Fig. 1). The Bayesian
approach is similar to maximum likelihood (ML) in allowing the
specification of complex models but is computationally much
faster for large data sets (29). Rather than finding a single most
likely tree, Bayesian analysis results in a set of equally likely trees.
Support for particular branches can then be calculated by
summing the posterior probabilities for a branch across these
trees rather than through computation-intensive nonparametric
bootstrapping.

We specified a general time-reversible model of sequence
evolution, allowing for six rates of nucleotide substitution and
differing base frequencies (30). These parameters were esti-
mated from the data. Among-site rate variation was calculated
by an approximation to the continuous gamma model using four
rate categories (31). Rates for each codon position were esti-
mated separately; adjacent sites were assumed to have correlated
rates. The analysis was started from random trees for four
simultaneous, independent chains, uniform prior probability
distributions for tree topologies and the rate matrix, and a
Dirichlet prior of 4.0 for base frequencies (28). The analysis was
run for 250,000 and 500,000 generations; every hundredth tree
was saved. Stable likelihood estimates were achieved after
�50,000 generations, so the first 20% of saved trees were
discarded as ‘‘burn-in’’ when generating a consensus of equally

Abbreviations: AS, ancestral sequences; BIC, Breast Cancer Information Core.
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likely trees with estimates of posterior probabilities for each
clade.

Conserved Regions. Homologous amino acid sites were catego-
rized as (i) having a single residue in all sequences compared
(fixed), (ii) including conservative substitutions only (conserva-
tive sites), or (iii) including nonconservative substitutions or gaps
(nonconservative sites). We identified ‘‘conserved regions’’ of
the gene by using a sliding window of 5 aa. These were identified
as portions of the alignment that began and ended with fixed or
conservative sites and that were comprised of �80% of such
sites. One-sample run tests [two-tailed (32)] were used
to determine whether fixed or conservative residues were
associated.

To reduce the impact of sequencing errors and species-specific
polymorphisms, we compared levels of amino acid conservation
both among the species themselves and among sequences de-
rived for their immediate ancestors (nodes just interior to
terminal nodes; Fig. 1). These ancestral sequences were calcu-
lated by Bayesian phylogenetic analysis (28, 33) in which clades
of sister taxa were constrained on the 250,000-generation con-
sensus tree, and the most probable sequence was generated at
each node. Additional nodes were constrained to retain the
topology of the original tree (Fig. 1).

Regions Evolving Under Positive Selection. Positively selected sites
were identified using codons as sites and allowing � to vary
among sites (16). To identify residues and regions that may have
been selected for new or modified functions specific to humans
or primates, we identified amino acid substitutions that arose
independently in the primate lineage leading to humans and
classified sites according to their degree of conservation in
non-primates. Substitutions at sites that were fixed or con-
servative in non-primates were deemed most likely to affect
function.

Missense Changes. To determine which missense changes were
most likely to affect function in humans, we compared the
distribution of conserved sites and sites evolving under positive
selection in the 57 eutherian species and in their immediate
ancestors with that of missense changes reported in the BIC
database. Nonconservative substitutions at fixed or conservative
sites and conservative substitutions at fixed sites were of most
interest. Predictions were derived using the Gonnet PAM 250
matrix (34) to identify missense changes involving nonconser-
vative substitutions and the extent to which sites in the BRCA1
sequence were conserved across ancestral sequences (AS meth-
od). We compared these predictions with those derived by the
program SIFT (35), which estimates the degree of conservation
as a continuous variable derived from information theory by
using the number of amino acids observed at a homologous
position. The associations of missense changes (conservative or
nonconservative) with fixed or conservative amino acid sites and
with particular portions of BRCA1 were tested using �2 with
correction for continuity (32).

Results
Phylogeny of BRCA1. Variation in sequence length among mam-
mals resulted in an alignment of 940 codons for the 57 eutherian
mammals and Vombatus. Insertions in a variety of taxa were
removed from the analysis because they are phylogenetically
uninformative (Table 2). Three sites with amino acid deletions
in the primate lineage leading to humans were retained, resulting
in an 874-codon alignment between human codons 282 and 1152.

The topology of the phylogenetic tree of BRCA1 (Fig. 1) is well
supported; all but 7 of 54 (13%) clades resolved with posterior
probabilities �0.90. The relationships of the African hominids
(human, chimpanzee, and gorilla) and Chiroptera, Perissodac-
tyla/Cetartiodactyla, and Pholidota/Carnivora were not
resolved.

Conserved Regions. Only 24 (2.8%) of the 871 human amino acid
residues are fixed among eutherian mammals, and another 75
(8.6%) are conservative (Fig. 2a). Fixed residues are not ran-
domly distributed across exon 11; most are adjacent to other
fixed residues (z � 5.56, P � 0.001) or conservative sites (z �
8.53, P � 0.001). The majority of fixed residues (70.8%) were
identified across codons 282–554 (�2 � 16.81, df � 1, P � 0.001),
an interval that includes putative interacting domains for at least
15 different proteins or complexes (reviewed in ref. 36; Fig. 2);
5 conserved regions (amino acid identity �80%), 5–12 residues
in length, were identified here. Another three fixed residues

Fig. 1. A Bayesian phylogenetic tree of 2,622 bp of BRCA1 exon 11. The
numbers adjacent to internal nodes represent the posterior probability that a
clade is correct based on a consensus of 4,000 trees with roughly equivalent
likelihoods; unlabeled nodes represent posterior probabilities of 1.0. Nodes
supported with posterior probabilities of �0.5 are considered not resolved
and have been collapsed (resulting in polytomies; e.g., human, gorilla, and
chimpanzee). Filled circles indicate nodes where ancestral sequences were
calculated. Taxonomic categories greater than species level for primates and
other taxa referred to in the text are identified by lines and letters: a, African
hominids; b, great apes; c, catarrhine primates (Old World monkeys and apes);
d, haplorhine primates (monkeys and apes); e, Primates; f, Rodentia; g, Chi-
roptera; h, Perissodactyla; i, Cetartiodactyla; j, Pholidota; k, Carnivora; and l,
Afrotheria.
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Fig. 2. (a) Alignment of BRCA1 amino acids 282–1152 for the human and ancestral sequences for haplorhine primates and eutherians derived from the
phylogenetic tree in Fig. 1. Residues identical to human sequence are shown as dots. Boxes highlight residues that are fixed in 57 eutherian mammals and Gallus
(black outline) or in eutherians, Gallus, and Xenopus (shaded gray, black outline). Markings above the alignment indicate the level of sequence conservation
in all 57 eutherian mammals: *, fixed residues; : and �, sites that include conservative substitutions from only strongly conserved (�0.5) or weakly conserved (�0.5)
amino acid groups, respectively, based on the Gonnet PAM 250 matrix (34). Conservative (bold) and nonconservative (italics) missense changes that have been
reported in humans are indicated by arrows; 41 circled changes are predicted to affect function. Residues underlined in the human sequence are fixed when only
the sequences immediately ancestral to the 57 eutherian species are considered. Shading on the human sequence indicates highly conserved regions defined
in the text. (b) Portion of BRCA1 exon 11 between human amino acids 282 and 1152 with the putative binding sites of several proteins (indicated by horizontal
lines below) thought to interact with exon 11. Highly conserved regions (�80%) shown in a are in black (numbered 1–8) along with four additional fixed residues
(vertical black lines). Three positively selected sites with posterior probabilities �0.5 are indicated by arrows above. Twenty-four sites that are fixed or
conservative in non-primate eutherian ancestors that show conservative (for fixed sites) or nonconservative (for fixed or conservative sites) substitutions or
deletions in primates are indicated by arrows below. Missense changes associated with these sites are in bold.
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occur in the two conserved regions encompassed by the RAD51-
interacting domain (codons 758-1064). An eighth conserved
region includes a single fixed 3� residue in a region of unknown
function. Twenty-one (87.5%) of the fixed residues are also fixed
in Vombatus, 20 (83.3%) in Gallus, and 14 (58.3%) in Xenopus.
Amino acid substitutions occur at fixed residues in two con-
served regions in Vombatus (regions 2 and 5), three in Gallus
(regions 1, 3, and 8), and all but region 7 in Xenopus (Fig. 2a).
All conserved regions consisted of �70% (79.8 � 1.7%) fixed
and conservative sites when Gallus and Xenopus sequences were
included in the comparison.

Pairwise comparisons of fixed amino acid conservation be-
tween humans and other eutherian species reveal high levels of
amino acid identity (Table 2). Between humans and other
primates, pairwise conservation is 90.6 � 4.0% on average, and
conservation remains high between humans and other eutherian
orders (69.8 � 1.6% on average). Conservation is lower between
humans and Vombatus (41.5%) and between humans and Gallus
or Xenopus (25.4% and 19.5%, respectively). Only small portions
of the latter two sequences could be readily aligned to the
mammal sequences; the Xenopus sequence was considerably
shorter than others.

The discrepancy between simultaneous and pairwise estimates
of amino acid conservation in eutherians (2.8 vs. 69.8 � 1.6% on
average) is due in part to the large number of sequences in the
comparison, each potentially contributing one or more non-
disease-associated polymorphisms and sequencing errors. We
maximized our ability to identify functionally important regions
by deriving ancestral sequences for each pair of sister taxa (Fig.
1) and comparing these ‘‘ancestors’’ rather than terminal taxa.
This approach reveals 167 (19.1%) fixed (Fig. 2a) and 274
(31.5%) conservative residues.

Regions Evolving Under Positive Selection. Three sites had posterior
probabilities of 0.5 or greater of being under positive selection
in eutherian mammals: codons 801, 886, and 890 (Fig. 2b). All
are included in the RAD51-interacting domain and show evo-
lutionary change in the primate lineage leading to humans:
codon 890 diverged in humans; the other two diverged in the
haplorhine primates (see Table 3, which is published as support-
ing information on the PNAS web site). These sites also showed
evidence of evolution in other eutherian lineages.

Since the divergence of primates from non-primates, 132
amino acid sites in human BRCA1 have evolved. There is a trend
toward more substitutions in the primate lineage leading to
humans in the RAD51-interaction domain than elsewhere (�2 �
3.59, 1 df, P � 0.08). SIFT (30) identified three residues in the
RAD51-interacting domain that evolved in the primate lineage
as likely to affect function: G813 (also identified by the AS
method) evolved in African hominids from glutamic acid; N822
and P871 evolved in humans from threonine and leucine,
respectively.

Missense Changes. In BIC, 139 missense changes are reported at
126 sites in BRCA1 exon 11. These are randomly distributed
across fixed or conservative sites in the 57 eutherian mammals
(�2 � 0.22, 1 df, P � 0.80) and in their immediate ancestors
(�2 � 0.12, 1 df, P � 0.90). There is no difference in the
distribution of conservative and nonconservative missense
changes relative to fixed and conservative versus nonconserva-
tive sites in either eutherian mammals (�2 � 0.52, 1 df, P � 0.90)
or ancestral sequences (�2 � 0.12, 1 df, P � 0.70).

Based on the level of conservation observed, we identified 38
of the 139 missense changes as likely to affect protein function
(Table 1, Fig. 2a). Three of these changes affect residues that are
fixed in all 57 eutherian mammals (F461L, G462R, and P514R)
and another three are nonconservative substitutions affecting
conservative sites (E765G, R866C, and E1060A). When ances-

tral sequences are compared, 32 additional changes occur at
fixed sites or are nonconservative changes at conservative sites
(Table 1). SIFT predicted that 70 changes would affect protein
function, including 36 of these 38. Two changes predicted to
disrupt function by the AS method had SIFT scores of 0.05 and
0.08 (H476R and M1137T, respectively) and were predicted to
be tolerated.

In addition to the 38 changes, another 3 missense changes are
predicted to affect function because they involve residues that
are rapidly evolving or have recently evolved in humans at sites
that are fixed or conservative in other lineages (Fig. 2b). Two of
these occur at a site under positive-selection, G890V and G890R.
The third, S708Y, affects a conservative site in non-primate
ancestral sequences that evolved a nonconservative substitution
in haplorhine primates. Two other changes, K739I and R841W,
affect conservative sites that had been fixed in non-primate
ancestral sequences (Q in both) but experienced conservative
substitutions during human evolution and were already included
in the 38 changes above.

To address the issue of potential rates of false positives and
negatives when using the AS method, we applied it to a well
studied protein with missense changes known to affect function:
beta-globin. We used 15 diverse eutherian sequences from
GenBank and 10 deleterious mutations from ref. 37 (see Tables
4 and 5 and Figs. 5 and 6, which are published as supporting
information on the PNAS web site). The AS method correctly
predicted that all 10 mutations would affect function: 6 noncon-
servative and 2 conservative changes at fixed sites, and 2
nonconservative changes at conservative sites. In contrast, sim-
ply aligning the 15 eutherian sequences would have resulted in
one false negative because of a nonconservative change in the
hamster that was not retained in the ancestral sequence of the
hamster, rat, and mouse. SIFT also correctly assigned the 10
changes but with ‘‘low confidence’’ because the median sequence
conservation was too high.

Using the available sequence from human, dog, rat, mouse,
Gallus, and Xenopus (see Fig. 7 and Table 6, which are
published as supporting information on the PNAS web site),
we performed a similar comparison for 22 missense changes of
known effect in BRCA1 (RING domain and the two 3� BRCT
domains according to the BIC and ref. 6). We did not apply the
AS method because there were so few sequences from such
divergent species. The 16 changes known to be detrimental
were at 10 fixed sites in the six taxa and were correctly
predicted to affect function. However, of six changes with no
functional effect, two were correctly predicted to be tolerated
(both conservative changes at a conservative site due to a
single difference in either Gallus or Xenopus) but four oc-
curred at fixed sites and were incorrectly predicted to be
detrimental. Thus, the false-positive rate for the BRCA1
RING and BRCT domains was 20% (4/20), and there were no
false negatives.

Discussion
Phylogeny of BRCA1. The phylogenetic tree for BRCA1 (Fig. 1) is
largely consistent with recent eutherian phylogenies derived
from multiple genes and by both maximum likelihood (ML) and
Bayesian methods of inference (25, 38–40). All phylogenies
maintain the same sister taxa relationships between species,
support four major clades of eutherian mammals, and refute a
basal position for rodents in the Eutheria. Clades observed to be
poorly resolved (posterior probabilities �0.70) or unresolved in
this study are also poorly supported in other studies, including
relationships among the African hominids (25), among the
orders Chiroptera, Cetartiodactyla, Perrisodactyla, and Car-
nivora � Pholidota (25, 38, 40), and among the four major clades
themselves (25, 38, 40).
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Conserved Regions. We identified eight regions in BRCA1 where
amino acid conservation across eutherian mammals was �80%
(Fig. 2). By comparing the chicken BRCA1 sequence with that of
primates, dog, rat, and mouse, Orelli et al. (20) identified
‘‘conserved sequence motifs’’ by inspection that correspond to
regions 3–8 described here (18). In these six regions, we deter-
mined that 80.5% of fixed and conservative sites are also
maintained in Gallus and Xenopus, suggesting strong conserva-
tion of function across three classes. Regions 1 and 2 have not
been previously described as conserved, but 75% of fixed and
conservative sites here are also found in Gallus and Xenopus.
Thus, none of these conserved regions is unique to mammals.

Five of the conserved regions are at the 5� end of exon 11
(codons 282–554), which includes putative interacting sites for
several proteins thought to be involved in transcription (Fig. 2b;
reviewed in ref. 36). Conserved regions 6 and 7 are in the

RAD51-interacting domain (codons 758–1064), which has a
documented role in DNA double-stranded break (DSB) repair.
The RAD50-interacting site (codons 341–748), also implicated
in DSB repair, includes conserved regions 3–5. To our knowl-
edge, conserved region 8 does not correspond to any functional
region of BRCA1, although five of the six fixed or conservative
residues in this region are also conserved in Gallus and Xenopus.

Regions Evolving Under Positive Selection. We detected positive
selection at three sites in the RAD51-interaction domain either
in humans or the primate lineage leading to humans. Change
occurred after the divergence of humans from African great apes
(codon 890) and of the monkeys and apes from other primates
(codons 801 and 886). Evolution at these three sites has also
occurred in other taxa (e.g., Rodentia and Afrotheria), suggest-
ing that the selection pressures involved are not unique to
primates. SIFT predicted functional consequences for another
three substitutions in RAD51 (at codons 813, 822, and 871) that
evolved in humans and other primates.

The RAD51-interacting domain has been previously identi-
fied as a putative site of positive selection. Hurst and Pal (22)
used pairwise comparisons to detect differences between human
and dog versus mouse and rat and found a high � at codons 944
and 949. They note that this is consistent with the finding by
Huttley et al. (21) of a peak in the nonsynonymous substitution
rate around codon 900.

Current methods for detecting positive selection at particular
amino acid sites are best suited for detecting sites under con-
tinual selection pressure in multiple lineages (17, 41, 42). Studies
in which amino acid sites have been identified as evolving under
positive selection include the rapid evolution of virus-coat
proteins (16) and proteins involved in fertilization in response to
sexual selection (43). The physical interaction between amino
acids encoded by BRCA1 exon 11 and the RAD51 gene, although
apparently critical for an appropriate response to DNA damage
(44), is not well understood; most evidence points to the
interaction being indirect (44–46). Why diversifying selection
should be acting on the RAD51-interacting domain across a
number of lineages, including humans, is not clear, but it suggests
that this region is undergoing adaptive evolution and must be
functionally important.

Missense Changes. We identified 38 of 139 BIC missense changes
as affecting potentially functional residues in exon 11 by using the
AS method. The SIFT program identified 36 of these 38 and an
additional 34. SIFT identified more changes because it gives equal
weight to substitutions in all taxa. In contrast, the AS method
assumes (i) that substitutions not shared by sister taxa are likely
to be sequencing errors or polymorphisms and (ii) that sites that
have maintained nonconservative substitutions in even one pair
of sister taxa are unlikely to affect function. The AS method
correctly predicted the functional effects of �85% of the known
detrimental missense changes in beta-globin and the RING and
BRCT domains of BRCA1, confirming that this approach can
identify high-priority mutations for further study.

Most of these mutations have been reported only once, so the
contribution to disease susceptibility is not evaluable. The large
number of changes predicted to disrupt function in exon 11
suggests that multiple pathways, perhaps associated with the
multiple interacting proteins, influence cancer susceptibility.

Another three missense changes considered high priority for
further study affect sites under positive selection or recent
evolution. Two nonconservative missense changes occur at a
positively selected site (G890V and G890R). Three more occur
at sites that evolved substitutions during the evolution of humans
but were fixed or conservative in non-primate ancestral se-
quences; two of these (K739I and R841W) affect sites included
among the 38 identified by the AS method. R841W is the only

Table 1. The 38 (of 139) missense changes reported in BIC that
are predicted to affect function because they occur at sites that
are fixed or conservative in eutherian ancestral sequences

Type of missense change
and amino acid site Missense change* SIFT score†

Nonconservative changes at
fixed sites

T374I �0.01
I456T 0.03
G462R �0.01
R507I 0.01
P514R �0.01
S741F 0.04
E765G �0.01
S784L 0.02
R866C (10) �0.01
E1060A �0.01
R1074G 0.03
R1076T �0.01
P1136R 0.01

Nonconservative changes at
conservative sites

R331S (3) �0.01
R466G �0.05
R504C 0.03
R612G 0.01
D695Y 0.03
K739I 0.01
N810Y (4) �0.01
D825Y �0.05
R841W (60) �0.01
M1137T TOL (0.08)

Conservative changes at
fixed sites

Q284R 0.01
E300D 0.01
I379M (10) �0.01
F461L (2) �0.01
H476R (3) TOL (0.05)
D522N 0.01
E597K (4) �0.01
N609S 0.02
E624K 0.01
S632N 0.04
S741C �0.05
A807S 0.01
S1027N 0.03
K1109N (2) 0.01
Q1144H 0.01

*Missense changes affecting sites that were fixed in all 57 eutherian sequences
and nonconservative changes affecting sites that were conservative in all 57
are in bold. Numbers in parentheses indicate the number of times (�1) that
the missense change has been reported in the BIC.

†SIFT scores of �0.05 indicate missense changes that are likely to affect function.
TOL indicates substitutions predicted by SIFT to be ‘‘tolerated’’ and is followed by
a SIFT scorewhencontrarytopredictionsbasedoneutherianancestral sequences.
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possibly functional missense change with sufficiently high prev-
alence (60 reports in BIC) to allow evaluation of its role in cancer
susceptibility (47–50).

Conclusions
We identified eight regions of very high amino acid conservation
in eutherian mammals that are also well conserved in the single
representatives of Aves and Amphibia in which BRCA1 has been
cloned. Five of these regions, at the 5� end of exon 11, overlap
putative interaction domains for multiple proteins. Two other
conserved regions are located at the 3� end, which is known to
be involved in double-stranded break (DSB) repair. Possible

interacting proteins are known for seven of these regions, but the
function of the eighth region is not known; its conservation even
in Amphibia suggests that it is important. Evidence of positive
selection acting on residues in the RAD51-interaction domain,
both in humans and in other eutherian lineages, suggests that this
region is undergoing adaptive evolution. Finally, consistent with
our initial aim, we identified 41 missense changes likely to
influence function and thereby contribute to cancer susceptibil-
ity. These sites are high priority for functional analyses.
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