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Although the breast cancer risk, that is specific to BRCAL and BRCAZ2 genes, is similar
one to another, the analysis of missense substitutions has focused mainly on BRCAL. However,
more than 40% of BRCAZ2 full-sequence tests in which a reportable DNA sequence variant is
found present unclassified missense variants. The results of this study present amino acid sequence
conservation across BRCA2 protein using protein multiple sequence alignment of 12 BRCA2
orthologs capturing enough evolutionary time to predict the role of unclassified missense variants
of BRCA2 gene on BRCAZ2 protein function by means of bioinformatics analysis.

Missense substitutions — BRCA2 gene — protein multiple sequence alignment

QUuwjwé BRCAL L BRCA2 gbutphu punpnp t Ypdpwgbnéh pwngytnh qupgquguwl untjuw-
Udwu gtuGinhywywl nhuy, hhyuwywund nuncduwuppybp B BRCAL gbuh JhuublUu wnbnuyw-
\ndutGpp: WuntwdBuwjuhy, gEuinhjuywl ptuntph dhgngny hwjnuwptnywéd BRCA2 qtuh wdpnng
hwgnpnwywuntejwl thnthnpunieinlultph 40% hptughg Ubnpywjwgunid U snwuwywnpgywé Jhuutlu
wnwppGpwyutp: Wu  hGunwagnniniegjwl - wpnyniuplbpp gnyg G wwihu BRCA2  uwhwnwynigh
wdhUwpeplywiht  hwgnpnwywuniejwl  Ynuubpqughwl' 12 BRCA2 oppning  uwhwwynigutnh
pwquwyh hwgnpnwywluntejniuubnh hwdwnpdwu Yhpwndwdp: dvGpghup punagpynd £ pwydwpwn
Eyngnighnt dwdwuwywhwwnywsé' BRCA2  uwhwnwynigh  $niyghwh  Jpw BRCA2  gbunid
snwuwywngywé  JhuubUu  wnwpptpwyutph nbph ywUhunpnpdwl  hwdwp®  Ysuuwhupnpdwinhy
JGninidnipjwl Uhengny:

Uhuublu inbnwlwinidutn —BRCA2 qbl — uwypunwlyniglbiph pwquwlh hwenpnwlwntpinlulbph
hwdwnpnid

Myranuu reioB BRCA1 1 BRCA2 criocoOCTBYIOT MOBBINICHHOMY PHCKY Pa3BHTHS paka
MOJIOUHOH >Kkene3bl. [IoMck MHCCeHCc-MyTaluii ObII COCPEJOTOYCH TJIaBHBEIM 00pa3oM Ha TreHe
BRCAI. Tem He MeHee, TpU CEKBEHUPOBaHHUH mocienoBarenbHocTeld rena BRCA2 BoisiBieHO 60-
nee 40% HeKIacCU(PHUIIUPOBAHHBIX MUCCCHC-BAPHAHTOB. B TaHHOM HCCIIeIOBAHUH HCIIOIb30BAHbBI
METO/bI BHIPaBHUBAHUS TocieaoBaTensHocTeld 12 opronoros 6enka BRCA2 ¢ ncnonb3oBannem
6uonH(popMaTHIecKoro Merona. IlomydeHHBIE pe3yIbTaThl CBHAETENBCTBYIOT O CTaOMIBHOCTH
aMHHOKHCIIOTHOH TocienoBarenbHocTH Oenka BRCA2  Ha NMpOTSHKEHHH JUIMTENHEHOTO SBOJIO-
IMOHHOTO MEpHOoJa, JOCTATOYHOIO JUI MPOTHO3HPOBAHHS BIHMSHHUS HEKJIACCH(PHUIMPOBAHHEBIX
MmucceHc-BapuanToB reHa BRCA2 na ¢ynkimm 6enxa BRCA2.

Muccenc-3amenvt — ecen BRCA2 — mHooicecmsennvie suipasHuanus 6eikogvix
nocnedosamenbHocmet
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Since identification of BRCAL and BRCA genes, extensive research has been
carried out to elucidate their function in breast and ovarian cancer. BRCAL and BRCA2
are both tumor suppressor genes involved in the signaling and repair of DNA. To date,
more than 1000 and 500 deleterious mutations have been found in BRCA1 and BRCA2,
respectively. Mutations in either gene lead to a compromise of DNA repair [14],
resulting in DNA replication errors. In the current working model, this extra mutational
load ultimately leads to the development of breast or ovarian cancer [2].

Classifying missense variants is difficult because genetic testing is performed on
small families or isolated individuals in the contrary to large pedigrees. This makes it
difficult to use segregation analyses to classify. In addition, most of the unclassified
substitutions are too rare for standard genetic and/or epidemiological analyses. As
opposed to the linkage analysis, the sequence analysis of BRCA2 from a diverse set of
organisms allows identify positions within the alignments that are functionally
constrained or not-constrained. Sequence analysis/bioinformatics is a frequency-
independent way for the observed substitutions to be initially put in sets that are enriched
for neutral substitutions or deleterious substitutions using quantitative measures of
amino-acid physical-chemical similarity [1].

Thus, creation of “a sufficiently informative” protein multiple sequence alignment
(PMSA) capturing a combined evolutionary time (cladogram path length) of at least
2,000 million years is a prerequisite for such an analysis.

Materials and methods. Creation of BRCA2 PMSA: The BRCA2 PMSA was
constructed from existing full length sequences of 6 mammals (human, U43746; chimpanzee
XP_509619; monkey XP_001118184; rat, AAB71378; dog, NP_001006654; cow, XP_583622),
chicken (AALB89470), green spotted pufferfish (EF564374) and fugu pufferfish. Alignment was
prepared using the M-Coffee server (http://www.tcoffee.org/Projects/mcoffee/index.html), which
rather than computing a multiple sequence alignment on its own, it uses other packages to compute
the alignments. Using Mlalign_id_pair, Mslow_pair, Mmuscle_msa, Mclustalw_msa and
Mt_coffeee_msa methods, the server then used T-Coffee method to combine all these alignments
into one unique final alignment. The initial PMSA was then re-aligned using the Genetic Database
Environment program (version MacGDE 2.4), resulting in the alignment used for the analyses
presented here.

Assembling BRCA2 Sequence from the Genomic Sequences: Three new sequences -
opossum (Monodelphis domestica), frog (Xenopus tropicalis) and sea urchin (Strongylocentrotus
purpuratus) BRCA2 were also targeted for addition to the PMSA. For these, a combination of
tBLASTN (The National Center for Biotechnology Information) and splice junction prediction was
used to build initial gene models from the available genomic sequences. First, the ortholog protein
of more diverged organism was subjected to BLAST and gene orthologs were predicted. Genes
were referred to as unique if they do not satisfy the criteria of bi-directional best hits. Such a
unique gene prediction of a given organism was then searched against the genome of the other
model organism to exclude any missing prediction because of the limitation of the tBLASTn
program. Only when a unique gene and no other match were detected then the gene ortholog was
considered as unique and was taken into the PMSA.

Molecular genetic confirmation of low confidence segments: The parts of three gene
models with low rate of conservation were PCR-amplified from initially synthesized cDNAs and
sequenced by using the same primer sets and Dye-terminator sequencing reactions (BigDye
Terminator, version3.1, LifeTechnologies). Sequencing reaction products were then run on a 96-
capillary Spectrumedix Sequencer (Transgenomics) in accordance with the manufacturer’s
recommendations.

Analysis of sequence invariance in the alignment: Three statistical models were
considered for calculating, from the PMSA, the number of positions in the alignment where human
BRCA2 has a residue that remain invariant due to common ancestry and strong sequence
conservation as against those that are invariant due to common ancestry even though the position
is probably under weak functional constraint. In the Model 1, probability of missense substitutions
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does not depend on position in the sequence. In the Model 2, the alignment is treated as if it
consisted of two groups positions — invariant and variable positions. In the Model 3, the alignment
is treated as if it consisted of two groups positions — slowly and rapidly substituting positions. All
three models follow and the expected number of invariant positions for all three models was
calculated as explained in the Fitch’s development of the covarion hypothesis [3, 5, 6].

Results and Discussion. The contribution and significance of germline BRCA1&?2
mutations to breast cancer, both in high-risk patients and in the general population, is
still incomplete and remains unclear. In cases of clearly deleterious mutations
(frameshift, nonsense and splice junction mutations, large gene rearrangements), the test
results are of precious importance for subsequent clinical implication. However,
missense substitutions observed in these genes are a difficult challenge as their
classification as neutral variants or deleterious mutations presents a serious obstacle for
medical genetics. The most successful approaches used to date combine cross-species
sequence comparison of the gene of interest with analysis of the physical characteristics
of wild-type and mutant amino acids. The amino acid sequence of BRCAZ2 is poorly
conserved across mammalian species. For example, the sequence identity of human
BRCAZ2 with mouse Brca2 is 59% [13]. This is far below the average (>80% identity)
for human/mouse gene comparisons. Only the C-teminal DNA binding domain (DBD)
and BRC repeats in the central portion of BRCAZ2 are also somewhat well-conserved [4].

Therefore, the accurate assessment of unclassified and rare missense variations
identified across the BRCA2 gene would require creation of a sufficiently informative
PMSA of BRCAZ2 which is the central aim of this study.

Orthologs are genes in different species that evolved from a common ancestral
gene by speciation. Normally, orthologs retain the same function in the course of
evolution. Given the availability of complete genome sequences from related organisms,
the BRCA2 PMSA was constructed from 6 mammalian (human, chimpanzee, monkey,
rat, dog, and cow), chicken, green spotted and fugu pufferfish full length sequences.
However, identification of new orthologs is critical for the construction of the PMSA of
sufficient size for classification of missense variations. Therefore, the PMSA has to
sample enough sequences at sufficient evolutionary remove from each other (“alignment
depth”) to contribute missense substitutions analysis with reasonable sensitivity and
specificity.

For this reason, three model organisms — Monodelphis domestica, Xenopus
tropicalis, and Sea urchin with recently available genome sequences were included in the
developing BRCA2 PMSA. Opossums are the closest phylogenetic relatives of placental
mammals. Marsupial genomes are approximately the same size as other mammalian
genomes. The Monodelphis domestica is becoming an increasingly important model
organism for comparative genomic research. X. tropicalis is an important model
amphibian organism for the study of developmental genetics and vertebrate biology
which genome contains some gene segments well conserved from human to frog and
beyond. Sea urchin is a member of the Echinoids, invertebrate marine animals which are
useful in evolutionary studies as non-chordate deuterostomes. Regions of synteny
between sea urchins and mammals have been identified, and they are more closely
related to humans and other chordates than flies or nematodes.

An approach of BLAST analysis with sequence conservation providing important
clues for predicting gene structure was applied to achieve high quality gene prediction
for these three newly-sequenced species. The predicted sequences are exon by exon
predictions of BRCA2 gene which span only one sequence contig and are consequently
predicted by a single gene model. Because of the high variability of BRCA2 orthologs,
some predicted exons had wrong splice junctions or were missing from the predictions.
Furthermore, it was not observed one-to-one correspondence of human BRCA?2 with the
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predicted orthologs. These problems were overcome by careful molecular-genetic
analysis of cDNA of three model organisms and sequence confirmation of low
confidence segments. The final mRNA and protein sequences of three BRCA2
orphologs are reported in the GenBank [7-12]. The PMSA was created by M-Coffee
server and then was manually re-aligned by GDE software (fig. 1).
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Fig. 1. A section of BRCAZ2 alignment from human residues 15-52 representing one well
conserved (in the left) and one variable (in the right) segments (both in the red frames).

The BLAST and experimental analysis of three new orthologs approved that the
genes actually encode all of the BRCA2 motifs documented in vertebrate BRCA2. The
Sea urchin’s BRCA2 is the most evolutionary distant BRCA2 gene currently known to
be a good structured analog to its human counterpart.

The statistical likelihood that an invariant amino acid position is truly
functionally constrained depends on the size of the evolutionary database used. The
minimum number of substitutions was calculated by the Fitch-type 3 rate constant model
of Fitch and Markowitz expressing as the number of substitutions per amino acid
position, averaged across all positions in the gene [3,5]. Comparison of the observed and
expected (based on the null hypothesis that variants should be uniformly distributed)
numbers of invariant amino acids reports on the alignment depth to be informative. In
general, if a PMSA contains >3.0 substitutions/position, then the probability that any
amino acid will be invariant is <5%.

First, we calculated the well-conserved DNA binding domain (DBD domain)
(human residues 2401-3110) segment of the alignment after the addition of the
experimentally determined sequences from the opossum, frog, and sea urchin BRCA2
orthologs. Based on a Fitch-type 3 rate constant model, approximately 45% of positions
in the concatenated DBD domain alignment were under functional constraint, and the
alignment had a maximum likelihood estimate of 3.3 substitutions per position. Given
the much greater cross-species sequence variability of the BRCA2 gene, the proportion
of truly conserved positions were smaller, requiring more substitutions per position. On
the other hand, if the BRCA2 PMSA contained only 9 vertebrate sequences, it had 124
observed invariant positions (about 3.6% of BRCA2’s 3418 amino acids), compared
with the expected number of 67.1. Thus, up to 50% of the invariant positions may still
have been invariant by chance. To reach that criterion required addition of three more
sequences (from opossum, frog and sea urchin), and pushed the total number of
substitutions per position past 5.

Consequently, the carefully constructed and curated BRCA2 PMSA containing
11 vertebrate and 1 invertebrate BRCA2 sequences captures enough evolutionary time
(about 2,500 million years), has about 5 substitutions per position, and >95% of
invariant positions are because of functional constraint. Therefore, the BRCA2 PMSA
fully satisfying the three criteria is considered sufficiently informative for further
classification of missense substitutions by bioinformatics alignment-based tools.
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