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Abstract
Inherited missense mutations in the tumor suppressor
gene, BRCA-1, may predispose to breast or ovarian
cancer, but the exact effects on the protein are generally
unknown. The COOH-terminal region of BRCA-1
encodes two BRCT repeats, which are partially conserved in mammalian species (human, dog, rat, and
mouse; 60% amino acid identity). A bioinformatic
analysis was conducted to evaluate 246 BRCT missense
mutations from high-risk breast and/or ovarian cancer
patients (reported in the NIH Breast Cancer Information Core database). It was hypothesized that amino
acids conserved in evolution would be disproportionately targeted by the mutations and that conserved
amino acids with strongly hydrophobic side chains
would be disproportionately perturbed. A statistical
model was developed, and C 2 tests were used to determine whether missense mutations are randomly dis-

tributed throughout the BRCT repeats or whether
they disproportionately target certain amino acids. The
results showed that missense mutations disproportionately target amino acids that are identical in all
four mammals (C 2 = 46.01, P < 0.001). In addition, missense mutations disproportionately perturb conserved
amino acids with strongly hydrophobic side chains
(C 2 = 68.57, P < 0.001) and alter the strongly hydrophobic property. The two most frequently observed
known cancer-predisposing missense mutations in
the BRCT repeats, M1775R and A1708E, conform to
this pattern. These results suggest that missense mutations affecting highly conserved amino acids with
strongly hydrophobic side chains can disturb important features of the BRCA-1 protein and may play a
role in breast and ovarian cancer formation. (Cancer
Epidemiol Biomarkers Prev 2004;13(6):1037 – 41)

Introduction
It is estimated that 5% to 10% of all breast cancer cases
are caused by inherited mutations in the tumor suppressor genes, BRCA-1 and BRCA-2 (1). BRCA-1 mutations
account for 40% to 50% of families with only hereditary
breast cancer (2) and confer a 56% to 87% lifetime risk
of developing breast cancer (1). BRCA-2 mutations are
linked to the formation of breast cancer in men and
account for the other 50% of families with only inherited
breast cancer (2). The majority of breast-ovarian cancer
families are due to BRCA-1 mutations, and most others
are due to BRCA-2 (3). Cancer-predisposing alleles of
BRCA-1 are generally recessive, and the wild-type allele
is typically lost in tumor tissue (1).
The COOH-terminal BRCT domain of the BRCA-1
protein, harboring two BRCT repeats, is an evolutionarily conserved region that plays an active role in the
stability of the protein’s conformation (4). The BRCT
domain is characterized by hydrophobic clusters of
amino acids that are thought to stabilize the three-
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dimensional structure of the protein. These clusters are
mainly found at the NH2 and COOH termini of the
domain on a-1 and a-3 and within the central h-sheet (4).
The domain is essential for DNA repair (5-9) and binding (10,
(10, 11), cell cycle control (12), regulation of gene
expression (13), and tumor suppressor functions (14).
Evidence suggests that the BRCT domain is a proteinprotein interaction macromolecule that interacts with
other cellular factors involved in transcriptional control
or DNA repair, including CtIP polypeptide (a substrate
for the ATM protein kinase), p53, p300, and BACH1
(5, 14). Loss of these normal functions mediated by
the BRCT domain by inherited mutations is thought
to increase the risk of developing breast and ovarian
cancer (13).
The two BRCT repeats of BRCA-1 have similar threedimensional structures and are packed together in a
head-to-tail arrangement. The secondary structure of
the BRCT domain has been elucidated by X-ray crystallography. The BRCT domain is the only domain of
BRCA-1 that has a known secondary structure.
Each repeat is characterized by the following: h-1, a-1,
h-2, h-3, a-2, h-4, and a-3 (14). The two BRCT repeats in
BRCA-1 are attached by an a-helix called the linker and
are joined by a salt bridge between Arg1699, Glu1836, and
Asp1846 (14).
The BRCT sequences from human, dog, rat, and
mouse were compared (15). The mouse and rat amino
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acid sequences are each 65% identical to human; the dog
sequence is 92% identical to human. In the tandem BRCT
repeats, 128 of the 214 amino acids (60%) are identical
among the four species.
Seventy-five unique types of missense mutations
(single amino acid substitutions), reported in the NIH
Breast Cancer Information Core (BIC) database, are in
the BRCT domain of BRCA-1 (16). All of the missense
mutations that have been reported in the database have
unclassified or unknown effects on the BRCA-1 protein,
except for R1699W, R1699L, R1699Q, A1708E, P1749R,
and M1775R. The majority of the 75 unique missense
mutations have been reported more than once in the
database, therefore creating a total frequency of 246 missense mutations. These 75 types of missense mutations
were identified in breast and/or ovarian cancer patients
from either high-risk families or patient series (17).
In this report, we tested the hypothesis that observed
missense mutations in the BRCA-1 BRCT domain
disproportionately target amino acids that are evolutionarily conserved among mammals. In addition, we tested
the hypothesis that observed missense mutations target
evolutionarily conserved amino acids with strongly
hydrophobic side chains. These amino acids may be responsible for the folding of the BRCT domain through
hydrophobic clustering in the interior of the protein.
These hypotheses were tested statistically by an analysis of the 246 missense mutations in the NIH BIC
database (16).

Methods
A total of 246 BRCT missense mutations from high-risk
breast and/or ovarian cancer patients were taken from
the NIH BIC database and analyzed. Only information
from probands and tumors in which mutations have
been identified is recorded in the BIC (17); thus, each
mutation represents an independent data point.
Next, the human BRCT sequence (amino acid positions 1646 to 1859) was aligned with canine, rat, and
mouse BRCT sequences, and the identical amino acids
were identified. To classify the hydrophobicity of amino
acid side chains, the 20 amino acids were categorized
into four hydrophobicity groups (see Table 1) based on
the Eisenberg et al. (18) consensus hydrophobicity scale
for amino acids. This scale is based on averaged values

Table 1. Classification of amino acid hydrophobicity
Strongly
Hydrophobic:
x z 0.25

Moderately
Hydrophobic:
0.25 > x > 0

Moderately
Hydrophilic:
0.25 < x < 0

Strongly
Hydrophilic:
x V 0.25

Ile 0.73
Phe 0.61
Val 0.54
Leu 0.53
Trp 0.37
Met 0.26
Ala 0.25

Gly 0.16
Cys 0.04
Tyr 0.02

Pro 0.07
Thr0.18

Ser 0.26
His 0.40
Glu 0.62
Asn0.64
Gln 0.69
Asp0.72
Lys 1.10
Arg1.76

NOTE: The values used in this table were taken from Eisenberg et al. (18).
These are consensus values compiled from five individual scales (19-23).

from five individual scales (19-23). Nozaki and Tanford
(19) derived their values from the free energies of transferring hydrophobic side chains and backbone peptide
units from water to 100% ethanol and dioxane. The Janin
(20) scale is the ratio of buried to accessible molar
fractions of each amino acid in globular proteins. The
Chothia (21) scale was based on the proportion of residues 95% buried in 12 proteins. Wolfenden et al. (22)
measured the distribution of amino acid side chains
between diluted aqueous solutions and the vapor phase
at 25jC. von Heijne and Blomberg (23) estimated the
free energy for transfer of a residue in a polypeptide
from a random coil in an aqueous phase to a helix conformation in a nonpolar environment.
Arbitrary cutoff values were established for each
hydrophobicity group (Table 1). Amino acids with
x z 0.25 were defined as ‘‘strongly hydrophobic,’’
0.25 > x > 0 as ‘‘moderately hydrophobic,’’ x V 0.25
as ‘‘strongly hydrophilic,’’ and 0.25 < x < 0 as
‘‘moderately hydrophilic.’’ This method of grouping is
similar to that employed by others for hydrophobic
cluster analysis (24), except of the inclusion of alanine,
which is only 0.01 point away from methionine, as
strongly hydrophobic, and tyrosine as moderately
hydrophobic. Furthermore, it was determined whether
a strongly hydrophobic side chain was conserved among
all four mammals at each codon position.
A frequency distribution analysis table was created
to report the number of missense mutations that affect
each codon position.
The m 2 statistic (25) was used to determine whether
the missense mutations were randomly distributed
throughout the BRCT domain or whether the mutations disproportionately target certain amino acids. One
degree of freedom was used for the tests. The requirement for significance was P < 0.001, corresponding to
m 2 > 10.83. The m 2 equation is m 2 = A [(O  E)2 / E].
Expected values (E) were calculated using a statistical
model as explained below. A separate statistical model
was developed for each hypothesis.
Each statistical model was developed assuming that
single base mutations would be randomly distributed
throughout the codons encoding the BRCT domain. The
genetic code was used to evaluate the number of ways
that each specific codon in the sequence can yield a
missense mutation. For testing the first hypothesis, the
number of possible missense mutations in conserved
amino acids was determined. Next, for testing the second
hypothesis, the number of ways a missense mutation
could change a conserved strongly hydrophobic property
was determined. If the random mutation model were
correct, then the expected distribution of missense mutations should be similar to that observed in the BIC
database. However, if the mutations do not occur in
a random fashion, then it can be demonstrated that
mutations disproportionately target certain classes of
amino acids (e.g., conserved and conserved strongly
hydrophobic).

Results
The analysis of all 214 codons that encode the BRCT
domain of BRCA-1 revealed that there are 1,413 ways
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that a single base change can result in a missense
mutation. The number of possible missense mutations
that could affect a conserved amino acid was 837. The
number of possible missense mutations that could alter
the strongly hydrophobic property of a side chain of
a conserved amino acid was 153. See Table 2 for an
example of the analysis for a single codon position.
The first m 2 test was used to determine whether the
missense mutations occur at random or whether they
disproportionately target evolutionarily conserved amino acids. According to the random mutation model, the
probability of missense mutations affecting conserved
amino acids is 0.5923 (837 / 1,413). Therefore, according
to the model, in a panel of 246 missense mutations, it
is expected that 146 mutations would affect conserved
amino acids (0.5923  246). However, in the BRCA-1
database, 198 missense mutations affect the conserved
amino acids. Likewise, it was expected that 100 mutations would affect nonconserved amino acids (246 
146), but in the database only 48 were present in the
nonconserved regions. Therefore, m 2 = [(198  145.72)2
/ 145.72] + [(48  100.28)2 / 100.28] = 46.01. The m 2 test
gave a value of 46.01 with 1 degree of freedom. This
value is greater than 10.83 and P < 0.001. Consequently,
these data demonstrate that the missense mutations
disproportionately target evolutionarily conserved amino acids (identical amino acids in humans, dogs, mice,
and rats) in the BRCT domain. Mutations occur in
the conserved amino acid positions more often than
would be expected if the mutations were randomly
distributed.
A second m 2 test was used to determine whether
missense mutations occur at random or whether they
disproportionately perturb conserved amino acids with
strongly hydrophobic side chains. The total number of
possible missense mutations that perturb conserved
strongly hydrophobic amino acids is 153 (Table 3).
Therefore, according to the random mutation model,
the probability that a missense mutation would perturb
a conserved strongly hydrophobic amino acid is 0.1083
(153 / 1,413). Per the model, it was expected that

Table 2. Statistical model: an example of the procedure, based on the genetic code, which Is used to
evaluate the number of ways that a specific codon can
yield a missense mutation
Codon 1657: CTG ! Leucine, strongly hydrophobic
Possible mutations:
TTG ! Leucine, strongly hydrophobic
ATG ! Methionine, strongly hydrophobic
GTG ! Valine, strongly hydrophobic
CCG ! Proline *, moderately hydrophilic
CAG ! Glutamine *, strongly hydrophilic
CGG ! Arginine *, strongly hydrophilic
CTT ! Leucine, strongly hydrophobic
CTC ! Leucine, strongly hydrophobic
CTA ! Leucine, strongly hydrophobic
NOTE: There are five combinations that code for missense mutations
(italics). Only three (*) out of these five perturb the property, ‘‘strongly
hydrophobic.’’ Refer to Table 1 for the classification of amino acid
hydrophobicity. This type of analysis was performed for each of the 214
codon positions in the BRCT domain of human BRCA-1.

Table 3. Analysis of conserved hydrophobic amino
acids in the BRCT domain
Amino Codon Amino No. of
Reported
No. of
Acid
Acid Possible
Mutations in Occurrences
Position
Missense
BIC That
in BIC
That Alter
Alter
Strongly
Strongly
Hydrophobic Hydrophobic
Property
Property
1652
1653
1657
1663
1665
1668
1669
1676
1680
1687
1693
1695
1696
1701
1704
1705
1707
1708
1712
1714
1718

ATG
GTG
CTG
ATG
GTG
TTT
GCC
TTA
ATT
GTT
GCT
TTT
GTG
CTG
TTT
CTA
ATT
GCG
TGG
GTT
TGG

Met
Val
Leu
Met
Val
Phe
Ala
Leu
Ile
Val
Ala
Phe
Val
Leu
Phe
Leu
Ile
Ala
Trp
Val
Trp

3
2
3
3
2
3
5
1
3
2
5
3
2
3
3
3
3
5
6
2
6

1719
1723
1729
1734
1736
1740
1741
1761
1764
1772
1775
1780
1783
1786
1789
1791
1792
1808
1810
1814
1815
1824
1833
1837

GTG
ATT
CTG
TTT
GTC
GTG
GTC
TTC
CTA
TTC
ATG
CTG
ATG
CTG
GCT
GTG
GTG
GTG
GTG
GCC
TGG
ATT
GTG
TGG

Val
Ile
Leu
Phe
Val
Val
Val
Phe
Leu
Phe
Met
Leu
Met
Leu
Ala
Val
Val
Val
Val
Ala
Trp
Ile
Val
Trp

2
3
3
3
2
2
2
3
3
3
3
3
3
3
5
2
2
2
2
5
6
3
2
6

1838
1839
1850
1854
1858
Totals

GTG
TTG
CTG
CTG
ATC

Val
Leu
Leu
Leu
Ile

2
1
3
3
3
153

Met ! Thr

3

Ala ! Ser

6

Ala ! Glu

24

Trp ! Cys
Trp ! Ser

1
1

Phe ! Ser

1

Val ! Gly

3

Leu ! Pro

2

Met ! Arg
Leu ! Pro
Met ! Thr

15
1
3

Val ! Gly

1

Trp ! Gly
Trp ! Arg

2
4

67

27 missense mutations would perturb conserved amino
acids with strongly hydrophobic side chains (0.1083 
246), but in the database, 67 mutations actually perturbed
these amino acids. Likewise, it was expected that 219
missense mutations would affect all other amino acids
(246  27); but 179 missense mutations were present in all
other amino acid positions. Therefore, m 2 = [(67  26.64)2
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/ 26.64] + [(179  219.36)2 / 219.36] = 68.57. The second
m 2 test gave a value of 68.57 with 1 degree of freedom.
The value is greater than 10.83 and P < 0.001. Consequently, missense mutations target and alter the hydrophobic property of conserved amino acids with strongly
hydrophobic side chains. Mutations affect these amino
acids more often than would be expected if the mutations
were randomly distributed.
These results suggest that missense mutations affecting highly conserved amino acids with strongly hydrophobic side chains can disturb important features of
the BRCA-1 protein and may play a role in breast and
ovarian cancer formation.

Discussion
This report analyzes the potential role of BRCA-1
missense mutations in patients who undergo genetic
testing. Missense mutations make up a significant fraction of the BRCA-1 gene alterations. This type of mutation, in some cases, has no effect on the protein function;
in other cases, it is deleterious. The interpretation of
a genetic test result is not straightforward because a
missense mutation may be benign; it cannot be
assumed that the mutation will predispose to cancer
development.
Missense mutations in the BRCT domain from highrisk cancer patients disproportionately target amino acids
that are conserved in mammalian species (P < 0.001).
Conserved amino acids with strongly hydrophobic side
chains are particularly susceptible to perturbation by
missense mutations (P < 0.001). Such mutations may alter
critical physicochemical properties that stabilize the
BRCT structure or its interactions with other proteins,
thereby eliminating normal function and predisposing
to breast cancer. Hayes et al. (26) found that the ‘‘BRCA-1
COOH terminus acts as a transcription activation
domain, and germ line cancer-predisposing mutations
in this region abolish transcription activation, whereas
benign polymorphisms do not.’’ These authors found
that mutations of hydrophobic amino acids in the BRCT
domain that are conserved in humans, dogs, mice,
and rats abolished transcriptional activation. The
authors concluded that ‘‘the integrity of the BRCT
domain is crucial for transcription activation and that
hydrophobic residues may be important for BRCT
functions’’ (26).
Two cancer-predisposing mutations, M1775R and
A1708E, occur frequently in the BRCT domain (see
Table 3). Fifteen M1775R missense mutations and 24
A1708E missense mutations have been reported in the
BIC database (16). Both mutations affect evolutionarily
conserved, strongly hydrophobic residues in humans,
dogs, rats, and mice.
Williams and Glover (27) assessed the structural
response of the BRCT domain to M1775R using X-ray
crystallography. The arginine residue was extruded
from the shielded hydrophobic core, thereby perturbing
the protein folding. This caused a disruption of hydrogen bonding and charge-charge repulsion at the
surface of the protein and between the two BRCT

repeats, resulting in conformational instability of the
repeats (27).
The effects of A1708E on the three-dimensional
structure of the BRCT domain are unknown. Both
M1775R and A1708E can impair the DNA double-strand
repair function of BRCA-1 and block the ability of the
BRCT domain to interact with CtIP, histone deacetylases,
and BACH1. They also interfere with transcriptional
regulation (14). Based on the results of this article, further
studies are warranted on the other conserved, hydrophobic residues that are affected by mutations (as shown
in Table 3). Because the two examples, M1775R and
A1708E, fit the pattern described in this article, it is
important to determine how many other missense
mutations that fit this pattern also predispose to cancer.
This information would be of critical importance to
genetic counselors.
Note Added in Proof. The bovine and chimpanzee
BRCT amino acid sequences have recently become
available. Incorporation of these into the statistical
models results in a m2 of 49.69 for the first hypothesis
and 76.99 for the second. P<0.001 in both cases.
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