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ABSTRACT Nonsynonymous single nucleotide
polymorphisms (nsSNPs) alter the encoded amino
acid sequence, and are thus likely to affect the
function of the proteins, and represent potential
disease-modifiers. There is an enormous number of
nsSNPs in the human population, and the major
challenge lies in distinguishing the functionally
significant and potentially disease-related ones from
the rest. In this study, we analyzed the genetic
variations that can alter the functions and the
interactions of a group of cell cycle proteins (n � 60)
and the proteins interacting with them (n � 26)
using computational tools. As a result, we extracted
249 nsSNPs from 77 cell cycle proteins and their
interaction partners from public SNP databases.
Only 31 (12.4%) of the nsSNPs were validated. The
majority (64.5%) of the validated SNPs were rare
(minor allele frequencies < 5%). Evolutionary conser-
vation analysis using the SIFT tool suggested that
16.1% of the validated nsSNPs may disrupt the
protein function. In addition, 58% of the validated
nsSNPs were located in functional protein domains/
motifs, which together with the evolutionary conser-
vation analysis enabled us to infer possible biologi-
cal consequences of the nsSNPs in our set. Our study
strongly suggests the presence of naturally occur-
ring genetic variations in the cell cycle proteins that
may affect their interactions and functions with
possible roles in complex human diseases, such as
cancer. Proteins 2005;58:697–705.
© 2004 Wiley-Liss, Inc.
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INTRODUCTION

Deregulation of cell cycle and cell proliferation mecha-
nisms has an important role in carcinogenesis. A number
of cell cycle genes, such as cyclins, cyclin-dependent ki-
nases (CDKs), and the regulators of the CDKs, are found
frequently mutated in many types of cancer.1,2 In addition,
germ-line mutations in several cell cycle control genes
such as RB1,3 BRCA1 and BRCA2,4 TP53,5 NF2,6 and
CHEK27 have been found to cause strong genetic predispo-
sition to cancer in individuals. However, most of the cancer
susceptibility cannot be explained by the presence of

high-penetrant alleles.8,9 In the remaining cases, genetic
variations are hypothesized to contribute to the disease
risk.8–10

Genetic variations are classified by single nucleotide
polymorphisms (SNPs), small insertions/deletions, conver-
sions, and rearrangements.11–14 SNPs constitute almost
90% of the genetic variations in the human genome. The
nonsynonymous SNPs (nsSNPs) that change the amino
acids are likely to affect the structure and the function of
the proteins, and thus are good candidates for disease-
modifying alleles. However, not all amino acid substitu-
tions lead to such an impact; hence it is essential to select
the nsSNPs that are either proven to be functional (by
means of experimental analyses) or predicted to be func-
tional (using prediction models). Recently many ap-
proaches have been developed to predict/assess whether a
nsSNP can affect the protein function and structure.15–19

Proteins serve specific functions in cells by acting in
concert with other proteins and molecules. Both transient
or stable binary protein interactions and multisubunit
protein complexes are indispensable to promote cellular
processes such as signal transduction, DNA repair, and
cell cycle.20,21 For example, formation and the function of
the heterodimeric complexes of particular cyclins and
CDKs and their interactions with other proteins, such as
RB1, are essential for proper initiation and progression of
the cell cycle.2,22 Similarly, the accurate function of the
anaphase promoting complex, which contains several sub-
units, is necessary for appropriate chromosome segrega-
tion during mitosis.23 As anticipated, the abnormalities in
such biological interactions/complexes have been impli-
cated in several human diseases including cancer.2,24,25

Therefore, in this study, we aimed to characterize not
only the genetic variations that can affect the functions
and interactions of a set of cell cycle proteins per se, but
also the functions and interactions of the proteins interact-
ing with them. To do so, we applied a previously described
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systematic approach to identify the candidate nsSNPs that
are likely to affect the protein, and subsequently the
cellular functions.26,27 This strategy has been based on the
determination of the evolutionary conservation using the
Sorting Intolerant From Tolerant tool (SIFT16,17; http://
blocks.fhcrc.org/�pauline/SIFT_seq_submit2.html/) as well
as the assignment of the functional protein domains and
motifs using a variety of web-based tools. We strongly
believe that the nsSNPs analyzed and reported here are
excellent candidates for functional and cancer-susceptibil-
ity studies.

METHODS
SNP Resource

The list of group A cell cycle proteins was manually
selected from the CGAP-GAI database (http://lpgws.nci.
nih.gov/28), LocusLink resource of NCBI (http://www.
ncbi.nlm.nih.gov/LocusLink/29), and from relevant litera-
ture reports. The nsSNPs were extracted from the dbSNP
(http://www.ncbi.nlm.nih.gov/SNP/30), HGVbase (http://
hgvbase.cgb.ki.se/31), CGAP-GAI (http://lpgws.nci.nih.gov/
28), and SNP500 (http://bumper.nci.nih.gov/home.cfm/32)
databases using the gene symbol as the search key. The
100–120 base pair long SNP-flanking sequences were
blasted against the transcribed sequences deposited in the
GenBank33 using the BLAST against gene transcripts tool
(http://lpgws.nci.nih.gov:80/perl/blast2/34) to identify the
nsSNP location on a particular transcript26; 1) only the
SNP-flanking sequence/transcript sequence alignments
with no gaps or mismatches were accepted, 2) partial
sequence alignments were accepted, and 3) the sequences
that match with only the transcript of interest were
evaluated as gene specific, and included in this study. The
SNP flanking-sequences were also blasted against the
human genome using the BLAST tool of NCBI (http://
www.ncbi.nlm.nih.gov/BLAST/29) to eliminate the SNPs
derived from more than one region of the genome35 as
explained in Savas et al.26 In this manuscript, we anno-
tated a nsSNP as a “validated nsSNP” if and only if it was
found in � two chromosomes (to eliminate possible genotyp-
ing errors) in a sample panel with a size of � 48 chromo-
somes.36 In the case of BRCA1, the SNP entries with the
frequency determination in cancer-affected individuals/
families were excluded from the data.

No validated nsSNPs were found in the following genes:
Group A: ANAPC11, ANAPC2, ANAPC4, ANAPC5,
ANAPC7, APC10, CCNB1, CCNB2, CCNB3, CCNC,
CCND1, CCNF, CCNG1, CCNL1, CDC14A, CDC16, CDC2,
CDC20, CDC23, CDC25B, CDC2L5, CDC37, CDC40,
CDC42, CDC45L, CDC5L, CDC7, CDK2, CDK3, CDK4,
CDK5, CDK6, CDK7, CDK9, CDKN1C, CDKN3, E2F4,
E2F6, JUN, MDM2, NFKBIA, RBBP8. Group B: ABI2,
BCL3, BCR, CRK, CSNK2A1, CSNK2B, CTNNB1,
DNMT1, ESR1, HDAC1, HSPA8, HSPCA, LMNA, PSMA3,
STAT3, TFDP2.

Evolutionary Conservation Analysis

Evolutionary conservation analysis based on homolo-
gous protein alignments was performed using the SIFT

tool (http://blocks.fhcrc.org/�pauline/SIFT_seq_submit2.
html/16,17). A SIFT result with a normalized probability
of � 0.05 predicts the substitution tolerated whereas �
0.05 predicts the substitution affecting the function of the
protein.16,17 In cases when the median sequence conserva-
tion score was � 3.25, we interpreted the SIFT predictions
as possibly tolerated or possibly affecting.26 Whenever the
protein size was too large to be analyzed by SIFT, we used
a smaller portion of the protein for SIFT analysis. The
SIFT program was run for the amino acid sequence under
the accession number obtained by the BLAST against gene
transcripts tool.34

The mouse orthologs of the human proteins were ex-
tracted from the Swiss-Prot database.37 The human pro-
tein sequence (under the accession numbers given in
Tables IIA and IIB) was aligned with that of the mouse
using the ClustalW38 program to identify the mouse amino
acid at the SNP location. The Swiss-Prot IDs for the mouse
orthologs are as follows: Group A: abl1: P00520, apc:
Q61315, ccna2: P51943, ccnd3: P30282, ccng2: O08918,
ccnh: Q61458, ccni: Q9Z2V9, cdc27: Q8R568, cdc6: O89033,
cdkn1a: P39689, cdkn1b: P46414, cdkn2a: P51480, chek1:
O35280, e2f1: Q61501, e2f2: P56931, e2f3: O35261, rb1:
P13405, sertad1: Q9JL10. Group B: brca1: Q9Z1D2, nfkb1:
P25799.

Protein Domain/Motif Analysis

Protein domain/motif information was extracted from
the Swiss-Prot feature table (http://us.expasy.org/sprot/
37), InterPro (http://www.ebi.ac.uk/InterPro/scan.html/39),
Human Protein Reference Database (HPRD; http://www.
hprd.org/40), and Molecular Interactions Databases (MINT;
http://160.80.34.4/mint/41) or using the InterProScan tool
(http://www.ebi.ac.uk/InterPro/scan.html/42) as described
in Savas et al.27 Protein domain and interaction informa-
tion was not available for all proteins in the databases
described above (data not shown, available upon request).

The proteins that are annotated as interacting with the
group A cell cycle proteins in HPRD and MINT databases
(group B proteins) were analyzed for the presence of
nsSNPs as described above. In group B, excluding the HIV
TAT protein, no nsSNP was found in the SNP databases
that are searched for the human F-actin, MYOD1, and
RYBP proteins. The gene symbols approved by the HUGO
Human Genome Nomenclature (http://www.gene.ucl.ac.uk/
nomenclature/43) were included into this manuscript. Infor-
mation curated from different databases and reported here
is as of January 2004.

RESULTS

We analyzed the nsSNPs in 60 cell cycle genes (group A)
and 26 genes that were reported to interact with them
(group B). Group B consisted of proteins that function in
diverse cellular processes such as cell cycle, DNA repair,
and apoptosis. Four proteins (RB1, MDM2, CDC16, and
ABL1) were present in both of the groups, resulting in a
nonredundant set of a total of 81 proteins. For simplicity,
we discussed the RB1, MDM2, CDC16, and ABL1 proteins
in the group A category only.
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We have extracted and analyzed a total of 249 nsSNPs
(155 group A and 94 group B nsSNPs) from 59 group A and
18 group B proteins from SNP databases, respectively (see
www.ozceliklab.com/savas_cell_cycleA and www.ozceliklab.
com/savas_cell_cycleB). Altogether, 87.6% of the nsSNPs
were not validated whereas 12.4% were validated/proven
(found in at least two chromosomes). Validated nsSNPs are
presented in Tables I, IIA, and IIB, and constitute the main
focus of this manuscript. A total of 20 (64.5%) validated
nsSNPs were reported with minor allele frequencies � 5%,
whereas 11 (35.5%) nsSNPs had minor allele frequencies �
5% in the samples analyzed, (upon analysis of different
samples, BRCA1-Q356R was reported both in � 5% and �
5% of the samples and for simplicity, it is categorized as a
nsSNP with allele frequency � 5% throughout the manu-
script) (Table I).

Comparison of allelic frequencies of nsSNPs among
different ethnic groups demonstrated a total of 10 nsSNPs
with some degree of difference (Table III, see below). For
example, CCNA2-V163I, CHEK1-V471I, BRCA1-S1040N,
and BRCA1-M1652I were not found in African population,
but found in either East Asian or Caucasian populations.
Similarly, the BRCA1-Q356R and BRCA1-D693N were
found only in Caucasian samples. The CDKN1A-F63L was
found in African but not in East Asian or Caucasian
samples. The minor allele frequencies for the CDKN1A-
S31R were comparatively different among the African
(25%), East Asian (�46%), and Caucasian (�5%) popula-
tions. Interestingly, the allele frequency of the BRCA1-
P871L was, to a certain extent, different between the
Africans in which the common allele was L871 (�85%),
and Caucasians in which the common allele was P871
(�68%).

The evolutionary conservation analysis using the SIFT
tool16,17 (Table I) was inconclusive in four group A cell
cycle nsSNPs. However, reliable SIFT results were avail-
able in 82.6% of the validated nsSNPs from groups A and B
genes. Among this group, one nsSNP was interpreted as

affecting (with a median sequence conservation score of �
3.25). In eight of the nsSNPs, the SIFT median sequence
conservation score was � 3.25, indicating that the proteins
in the alignment are highly similar to each other. Thus we
interpreted such nsSNPs as possibly affecting (see Savas
et al.26).

Protein domain and motif search results using the
Swiss-Prot,37 InterPro,39 InterProScan,42 MINT,41 and
HPRD40 algorithms and databases for validated nsSNPs
from groups A and B proteins are shown in Tables IIA and
IIB, respectively: 11/23 group A nsSNPs and 7/8 group B
validated nsSNPs were found in a functional domain/
motif. Among these, CDC6-D295N, CDKN1A-F63L, and
CDKN2A-A148T in group A and the BRCA1-D693N in
group B were predicted to have functional consequences
upon SIFT analysis (Tables I, IIA, and IIB); all of these
nsSNPs had minor allele frequencies � 5%.

Based on the evolutionary conservation status as well as
the location in a functional protein domain/motif, we were
able to infer possible biological functions for our set of
validated nsSNPs analyzed in this study. When the nsS-
NPs resulting in evolutionarily untolerated substitutions
(affecting and possibly affecting nsSNPs) are considered, it
can be speculated that: the CDC6-D295N can affect the
potential ATP-dependent protein clamp activity of CDC6;
CDKN1A-F63L can affect the CDKN1A interaction with
CSNK2B and thus the down-regulation of CSNK2B activi-
ty;44 and BRCA1-D693N can affect BRCA1 binding to, 1)
ZNF350, and thus the transcriptional corepressor function
of BRCA1,45 2) STAT1, and thus STAT1-mediated tran-
scriptional responses and the IFN-gamma-dependent tu-
mor surveillance function of BRCA1,46 3) RAD50 and thus
BRCA1’s response to DNA damage, 4) AR, and thus
enhancement of AR-dependent transactivation.47

Finally, the comparison between the human and mouse
orthologs revealed that in case of 1) 16 nsSNPs, mouse had
the human common allele at the nsSNP position; 2) five
nsSNPs, the mouse ortholog had the variant amino acid

TABLE I. Categorization of the Validated nsSNPs Based on Their Minor
Allele Frequencies and SIFT Prediction

Group A Group B Total

All nsSNPs (n) 23 8 31
nsSNPs � 5% 14/23 (60.9%) 6/8 (75.0%) 20/31 (64.5%)
nsSNPs � 5% 9/23 (39.1%) 2/8 (25.0%) 11/31 (35.5%)

Functional by SIFTa (n) 4 1 5
nsSNPs � 5% 3/4 (75.0%) 1/1 (100.0%) 4/5 (80.0%)
nsSNPs � 5% 1/4 (25.0%) 0 (0%) 1/5 (20.0%)

Tolerated by SIFTb (n) 15 7 22
nsSNPs � 5% 10/15 (66.6%) 5/7 (71.4%) 15/22 (68.2%)
nsSNPs � 5% 5/15 (33.3%) 2/7 (28.6%) 7/22 (31.8%)

No prediction by SIFTc (n) 4 0 4
nsSNPs � 5% 1/4 (25.0%) 0 (0%) 1/4 (25.0%)
nsSNPs � 5% 3/4 (75.0%) 0 (0%) 3/4 (75/0%)

aAffecting and possibly affecting upon SIFT analysis.
bTolerated and possibly tolerated upon SIFT analysis. The BRCA1-Q356R (with both less
and higher than 5% minor allele frequencies) is included into the nsSNP group with � � 5%
minor allele frequency.
cNo SIFT prediction could be made due to the presence of less than six proteins in the
alignment.
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residue at the nsSNP position; 3) seven nsSNPs, the mouse
ortholog had neither the human wild type nor the human
variant amino acid residue at the nsSNP position (Tables
IIA and IIB). For three nsSNPs (CDC27-Y496H, CDKN2A-
A148T, and BRCA1-S1140G), this comparison could not be
done.

DISCUSSION

Among the 31 validated nsSNPs, more than half (64.5%)
had minor allele frequencies less than 5%. This data
indicates that there is an excess of rare nsSNPs in our data
set, which is in good agreement with the data obtained
from larger genetic variation sets.48–50 In evolutionary
terms, the low frequency of an allele can be explained by
either being i) new and not fixed in the population yet, ii)
deleterious/slightly deleterious and subject to purifying
selection.50–55 In order to evaluate the functional conse-
quences of the amino acid substitutions, we utilized the
SIFT tool.16,17 SIFT makes evolutionary conservation
predictions based on the alignment of the similar proteins
in the protein databases and automatically calculates
scores for the substitutions. We had previously decided to
utilize a modified interpretation of the SIFT predictions
based on the number of proteins in the alignment as well
as the median sequence conservation score.26 When ap-
plied to the validated nsSNPs set discussed here, the SIFT
results demonstrated that four out of 20 rare nsSNPs were
predicted either affecting (CDC6-D295N and BRCA1-
D693N), or possibly affecting (CDKN1A-F63L and
CDKN2A-A148T), suggesting that 20% of the rare nsSNPs
are likely to be under negative selection. We believe that
once the rare SNPs are further validated in larger number
of samples to better determine their allelic frequencies, the
nsSNPs discussed above will be excellent candidates for
further analyses.

The higher allelic frequency, on the other hand, can
mostly predict the nature of the variant as either neutral,
slightly deleterious, or beneficial (positively selected). How-
ever, the exceptions apply if the variant of interest pro-
vides a selective advantage to the heterozygotes (when the
allele frequency of the deleterious allele becomes presum-
ably higher52,53). Another possible scenario is based on the
possibility of the existence of hot-spot mutations that have
detrimental effects: in this case, the minor allele frequency
and the deleterious effect will not inversely correlate with
each other, either. We evaluated the eight common nsS-
NPs with minor allele frequencies of � 5% under the light
of these possibilities, and found that there was only one
nsSNP found possibly affecting by SIFT analysis (CDC6-
V441I). The CDC6-V441 was not found exclusively con-
served among the homologous proteins though (evaluated
as possibly affecting by SIFT), it still can be suggested that
this variant may affect the function. Therefore, CDC6-
V441I could represent a beneficial variant, or a deleterious
variant (with heterozygote advantage), or a hot-spot muta-
tion with a deleterious consequence. In addition, due to
both its possible functional character as well as its rela-
tively higher allelic frequency (20–44% in North American

and Asian populations; dbSNP: rs13706), CDC6-V441I can
be a good candidate for cancer/disease-association studies.

In order to evaluate whether the common alleles were
fixed or under recent selection, we compared the human
proteins at the SNP location with those of the mouse
(assuming that the protein sequences deposited in the
GenBank33 for human and the Swiss-Prot37 for mouse
represent the common alleles) (Tables IIA and IIB). This
comparison demonstrated that: i) in 51.6% of the cases, the
mouse and the human common alleles had the same amino
acids, suggesting that the major alleles have been inher-
ited from the human-mouse ancestor and have been fixed
in these organisms; ii) in 16.1% of the cases, mouse had the
minor allele, suggesting that either the ancestral allele is
being rapidly replaced during human evolution (recent
selection), or there might be an epistatic interaction (see
below); and, iii) in 22.6% of the cases, mouse had an amino
acid different from both the common and the rare allele in
human, suggesting that these amino acids (or perhaps, the
proteins) have evolved/diverged between the two organ-
isms.

We also compared the minor allele frequencies among
African, East Asian, and Caucasian samples (Table III) for
the nsSNPs with available data in at least two ethnic
populations. The African population, being considered the
oldest population on earth, is associated with higher
molecular diversity.56 Existence of some nsSNPs in Cauca-
sian and/or East Asian populations but not in African
population may indicate that these variations are rela-
tively new (Table III). Similarly, different population-
specific selection pressures can explain the variation in
frequencies among ethnic populations.

Results of protein domain and motif analyses using
Swiss-Prot,37 InterPro,39 InterProScan,42 MINT,41 and
HPRD40 databases and algorithms indicated that a consid-
erable number of nsSNPs (� 60%) lied in a functional
protein domain/motif (Tables IIA, IIB). These domains/
motifs were implicated in diverse functions ranging from
molecular interaction domains to protein activity. A total
of three validated functional nsSNPs (predicted as affect-
ing and/or possibly affecting upon SIFT analysis) were also
found to be located in a protein domain/motif in the cell
cycle proteins and their interaction partners: none of these
three nsSNPs had minor allele frequencies � 5%. This
data supports the previous scientific findings in the litera-
ture that indicated the presence of a strong purifying
pressure against the amino acid alterations in protein
domains.57,58 Besides, other evolutionary forces, such as
bottleneck and drift54,55 can also explain these differences.
However, due to the fact that the herein discussed data is
based on relatively small number of samples, we strongly
believe that data from larger samples sizes are required to
validate these suggestions.

The functional protein region information not only en-
abled us to get insight into the distribution of (functional)
nsSNPs along the protein domains/motifs but also to infer
a biological role for the nsSNPs in the cell cycle proteins
and their interaction partners. The CDC6 protein had two
validated and presumably functional nsSNPs, which are
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likely to affect the function of the protein. One of them,
CDC6-D295N, was located in the ATPase domain of the
CDC6 protein. This domain is essential for CDC6 binding
to the double-stranded DNA for DNA replication in an-
other organism.59,60 Thus, it can be speculated that this
nsSNPs can alter the DNA replication function of the
CDC6 protein.

In addition, a total of 18 nsSNPs from the cell cycle and
interacting proteins were found to be located in domains/
motifs designated for protein–protein/DNA/microtubule/
lipid interactions. Apparently, the vast majority of the
domains were the ones involved in protein–protein interac-
tions, such as the SH2/SH3 domains and ankyrin-
repeats,21 BRCT1 domains,61 and the protein regions
retrieved from the MINT41 and the HPRD40 databases
that were reported as interacting with other proteins. One
of the nsSNPs located in protein–protein interaction do-
mains and motifs in group B was predicted as functional
by the SIFT analysis: BRCA1-D693N. BRCA1 is a tumor
suppressor protein, inactivation of which accounts for
5–10% of the breast cancers.25 The presumably functional
BRCA1 nsSNP (BRCA1-D693N) was located in a protein
region that have been shown to interact with a total of four
different proteins (Table IIB). Our analysis suggests that
this BRCA1 nsSNP is likely to affect the interactions of the
BRCA1 protein, and influence both the BRCA1-dependent
transcriptional regulations through its interactions with
the AR, ZNF350, and STAT1 proteins and the DNA repair
and genome integrity functions of BRCA1 through its
interaction with RAD50 DNA repair protein.44–47

Individual amino acid substitutions either on the same
or functionally/physically interacting proteins can compen-
sate for each other’s deleterious effects or present an
additive effect within certain environmental condition
(coevolution, epistasis52,54,62,63). For example, previously
the comparison of human disease-associated protein se-
quences with mouse orthologs showed that in 160 cases
(2.2%), the mouse protein contained the disease-associated
residues of human proteins, suggesting the presence of
such dependences.57 In our data set, we have shown the
existence of multiple nsSNPs along the coding region of
some proteins (Tables IIA and IIB). The herein presented
strategy cannot evaluate the epistatic effect of multiple

amino acid substitutions on the same or interacting pro-
teins, however we feel that such proteins represent excel-
lent candidates for elaborate experimental designs to
reveal such relations. Additionally, we also propose that
the interacting proteins, each carrying functional nsSNPs,
are also good candidates for evaluation of interprotein
epistasis62 (Tables IIA, IIB). Identification of such protein
couples or complexes would also provide an invaluable
resource of nsSNP combinations that can actually compen-
sate for or aggravate each other’s effects. No matter what
the functional consequences of an individual nsSNP are,
these candidates could promote the elucidation of complex
genetic variation-disease susceptibility relationship.

CONCLUSION

Dynamic/transient protein–protein interactions (such
as the ones that recruit the effector proteins to the
receptors in signal transduction), or more organized/stable
ones that form the multisubunit protein complexes (such
as the transcriptional machinery) are essential for cells
and organisms. Accordingly, in this study, we analyzed the
genetic variations that can alter the functions and the
interactions of a group of cell cycle protein and proteins
interacting with them. We strongly believe that the nsS-
NPs that are predicted to be functional upon evolutionary
conservation analysis and are located in functional protein
domains and motifs constitute an excellent resource for
specific molecular studies to elucidate the direct conse-
quences of these variations on protein function and interac-
tion, which could also help the molecular epidemiology and
genetic studies aiming to reveal the genetic variation–
disease risk association.
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TABLE III. nsSNPs That Have Different Minor Allele Frequencies in Different Ethnic Groups†

Gene nsSNP African East Asian Caucasian

CCNA2 V163I 48 Chr. G � 1.000 A � 0.000 48 Chr. G � 0.958 A � 0.042 —
CDKN1A S31R 48 Chr. C � 0.750 A � 0.250 48 Chr. C � 0.542 A � 0.458 62 Chr. C � 0.952 A � 0.048
CDKN1A F63L 48 Chr. G � 0.958 T � 0.042 48 Chr. G � 1.000 T � 0.000 62 Chr. G � 1.000 T � 0.000
CDKN2A A148T — 48 Chr. G � 1.000 A � 0.000 62 Chr. G � 0.919 A � 0.081
CHEK1 V471I 48 Chr. G � 1.000 A � 0.000 — 62 Chr. G � 0.935 A � 0.065
BRCA1 Q356R 48 Chr. A � 1.000 G � 0.000 48 Chr. A � 1.000 G � 0.000 58 Chr. A � 0.948 G � 0.052
BRCA1 D693N 48 Chr. G � 1.000 A � 0.000 48 Chr. G � 1.000 A � 0.000 58 Chr. G � 0.948 A � 0.052
BRCA1 P871L 48 Chr. T � 0.854 C � 0.146 — 62 Chr. C � 0.677 T � 0.323
BRCA1 S1040N 48 Chr. G � 1.000 A � 0.000 — 62 Chr. G � 0.952 A � 0.048
BRCA1 M1652I 48 Chr. G � 1.000 A � 0.000 — 62 Chr. G � 0.968 A � 0.032
†Only those nsSNPs that were found in at least two chromosomes in a sample panel of at least 48 chromosomes were included into that table. The
frequency information belonging to the Multinational or North American populations are not included here. Under the population columns are
the number of chromosomes analyzed and the allelic frequencies. Chr stands for chromosomes.
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ELECTRONIC-DATABASE INFORMATION

Electronic URL addresses for the databases and algo-
rithms used in this article are as follows:

BLAST: http://www.ncbi.nlm.nih.gov/BLAST/
BLAST against gene transcripts: http://lpgws.nci.nih.gov:

80/perl/blast2/
CGAP-GAI: http://lpgws.nci.nih.gov/
ClustalW: http://www.ebi.ac.uk/clustalw/
dbSNP: http://www.ncbi.nlm.nih.gov/SNP/
GenBank: http://www.ncbi.nih.gov/Genbank/
HGVbase: http://hgvbase.cgb.ki.se/
HPRD: http://www.hprd.org/
HUGO Human Genome Nomenclature: http://www.

gene.ucl.ac.uk/nomenclature/
LocusLink: http://www.ncbi.nlm.nih.gov/LocusLink/
InterProScan: http://www.ebi.ac.uk/InterPro/scan.html/
SIFT: http://blocks.fhcrc.org/�pauline/

SIFT_seq_submit2.html/
SNP_500: http://bumper.nci.nih.gov/home.cfm/
Swiss-Prot: http://us.expasy.org/sprot/
MINT: http://160.80.34.4/mint/
The entire group A nsSNPs data: http://www.ozceliklab.

com/savas_cell_cycleA
The entire group B nsSNPs data: http://www.ozceliklab.

com/savas_cell_cycleB
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