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Using mathematical methods and specially developed program algorithms, we have found that the number
of previously detected possible target sites of RAG1/2 proteins (cRSS) in the mouse genome is 5.4-fold
higher than theoretically expected value. In 71 % of cases examined, cRSS are structural elements of 390
unique types of repetitive elements. We think that some types of repetitive elements can participate in
spreading and accumulation of cRSS in the mouse genome. The structure of 5 % motives includes
nucleotides typical for majority of recombination signal sequences of functional V, D and J segments of the
mouse 1g, Tcr genes (fRSS). The existence of 25 % of such cRSS in the mouse genome may be considered as
consequence of random nucleotide combinations. Most often the spacers of 12c¢RSS and 23cRSS have 58 —
67 % and 30 — 47 % of homology to similar structures of 12fRSS and 23fRSS, respectively.
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Introduction. Normally V(D)J recombination system
rearranges genes of immunoglobulins (Ig) and T-cell
receptors (TCR) in B- and T-lymphocytes precursors
[1]. In such cases proteins RAGI1 and RAG2 (further
referred to as proteins RAG1/2) in complex with
proteins HMG1, HMG2, Ku70, Ku80, TdT, XRCC4
initiate double-stranded breaks on the borders of
intragenic V, D and J segments by recognizing 28+1 bp
and 39£1 bp recombination signal sequences (RSS)
[2,3]. However, when V(D)J recombination system
gets out of control the proteins RAG1/2 can initiate
DNA breaks outside of Ig and TCR loci. As a result of
such illegitimate V(D)J recombinase activity some
human (HPRT, SCL, SIL, etc.) and mouse (Notchl,
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etc.) genes can be damaged by translocations or
intragenic deletions [4 — 6]. In such cases, the target
sites of RAG1/2 proteins may be cryptic recombination
signal sequences (cRSS), which are significantly
different from the RSS of Ig and TCR genes. These
data as well as variability of RSS [7, 8] indicate that
RAGI1/2 can interact with large variety of target
sequences.

At present cRSS are considered as factors that
potentially can mediate instability of mammalian
genome, if V(D)J recombination system gets out of
control. Therefore, it is very important to quantify and
to specify locations of hypothetically possible target
sites of RAG1/2. By using endonuclease cleavage of
plasmid extrachromosomal DNA substrates by
RAGI1/2 in vivo, it has been suggested for the first time
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that in mammalian genomes (6 billion bp) there are at
least 10" cRSS (frequency is 1.7x107) [9]. In turn, by
using RIC scores, Cowell et al. identified 4746 12cRSS
and 16439 23cRSS in some mouse and human cDNA
and genomic DNA (total size of analyzed sequences
was more than 10.5 Mb). They have proposed that in
mammalian genome the possible target sites of
RAG1/2 may be found with frequency of 5x10* [10].
Our DNA analysis of 21 mouse chromosomes
(Build 35.1) in silico indicated that outside of /g, Tcr
loci there are 6724 cRSS with theoretically high
recombination potential. As 12cRSS and 23cRSS
(cRSS with 12 bp and 23 bp spacers, respectively) we
considered 28-bp and 39-bp DNA regions of the mouse
genome, where heptamer/nonamer sequences (435
unique types of sequences) fully corresponded to
CACAGTG/ACAAAAACC structure or had only 14 —
15 common nucleotides [11]. In all cases, the first three
nucleotides of heptamers were CAC. Nonamers always
had adenine at the fifth, sixth and seventh positions.
We found that 2887, 7 and 20 of these cRSS are located
in 2373 protein-coding genes, 7 pseudogenes and 20
known duplications of /g and Tcr gene fragments.
Some cRSS were found in repetitive elements such as
B1 Musl, Bl Mus2, MLT1A1, L1 _Mus3, etc. In the
case of protein-coding genes, 97 % of found cRSS are
located in introns. 12cRSS and 23¢RSS (in accordance
to the “12/23" rule) theoretically may mediate
formation of deletions and inversions of the whole
exons in 87 and 100 protein-coding genes (Large,

Rpl23, Trhde, Suzl2, Ptprn2, Bach2, etc.),
respectively.
We suppose that cRSS located in the

protein-coding genes may cause their damages, if
V(D)J recombination system gets out of control.
Therefore, it is very important to understand
mechanisms of cRSS appearance in the mouse genome
as well as to characterize their nucleotide composition.
In this study, we have compared structures of all 6724
cRSS with RSS of functional V, D and J segments of
mouse Ig, Tcr genes (fRSS). We have estimated a
number of cRSS located in repetitive elements. Also by
using developed mathematical and computational
approaches, we have estimated a number of cRSS
accumulated in the mouse genome as a possible
consequence of evolutionary processes.

Materials and methods

The DNA sequence of 21 mouse chromosomes
(Build 35.1) was taken from NCBI (ftp://ftp.ncbi.
nih.gov/genomes/M_musculus/ARCHIVE/BUILD.35
.1/) as 21 files of «gbk» type. To determine number of
nucleotides A, T, G, C in DNA of each chromosome,
we developed our own program algorithms.

Theoretically expected number (M value) of 28-bp
and 39-bp regions in mouse DNA correspond to
12cRSS and 23cRSS with a unique type of
heptamer/nonamer sequence (435 unique types of
sequences) was determined by formula:

M=(N+1-v)P,"-P," -P,".P.", (1)

where N is the number of nucleotides in the DNA
sequence of analyzed chromosome; v is total number of
nucleotides in analyzed 12cRSS or 23cRSS; P,, P, P,
P is a portion of nucleotides A, T, G, C in DNA of the
analyzed chromosome; N,, N;, N, N is total number
of nucleotides A, T, G, C in the analyzed type of
heptamer/nonamer sequence. To determine a
theoretically expected number of analogous structures
located in a complementary chain of DNA, we have
used the same formula.

Alternatively, to estimate theoretically expected
number of possible target sites of RAG1/2 in the mouse
genome, we have performed a search of 28-bp and
39-bp analogues of cRSS (tRSS) in set of sequences
with random nucleotide combinations (SRNC). All 5
used sets of SRNC consisted of 21 unique sequences.
Each such a sequence had a number of nucleotides A,
T, G, C identical to the number of nucleotides of the
corresponding mouse chromosome. All these
sequences were created by using a generator of random
numbers. A total size of sequences in each set of SRNC
corresponded to the size of mouse genomic DNA and
was equal to 2.57 billions bp (749228240, 750000080,
536296870, 536258140 nucleotides A, T, G, C,
respectively). In silico search for tRSS in SRNC was
performed with the help of the same program
algorithms that were used earlier to detect cRSS in
mouse genomic DNA. Mean value of tRSS found for
these 5 sets of SRNC was used as an expected value for
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cRSS found in the mouse genome. Both methods of
analysis used in this study were developed by paper’s
authors.

To characterize a nucleotide composition of cRSS,
we used frequency matrices [12, 13]. To create
frequency matrices, we analyzed 199 and 105
sequences of 12fRSS and 23fRSS of mouse /g, Tcr
genes (fRSS with 12-bp and 23-bp spacers,
respectively). Used fRSS are a part of fRSS that were
analyzed in study [10] and were taken from the
http://www.duke.edu/-Igcowell. Frequency matrices
contained information about relative frequency of
nucleotides A, T, G, C in aligned sequences of 12fRSS
or 23fRSS. A weighting coefficient () of each 6724
analyzed sequences cRSS was calculated by formula
[14]:

=L, @

where 7, is nucleotide frequency at position i taken
from the frequency matrix; g, is frequency of the most
frequent nucleotide at position i taken from the
frequency matrix; m is a total number of nucleotides in
the analyzed sequence. W equal 1 means that a
sequence of 12cRSS or 23¢cRSS fully corresponds to
the consensus sequence of 12fRSS or 23fRSS. In turn,
W equal 0 shows that there are no common nucleotides
among analyzed cRSS and fRSS sequences. The same
frequency matrices were used to characterize
nucleotide composition of sequences of 12tRSS,
23tRSS as well as 12fRSS, 23fRSS.

To analyze 100-bp fragments adjacent to
heptamers of cRSS, we have used BLASTN facility
(http://www.ncbi.nlm.nih.gov/igblast/) [15]. It allowed
comparing nucleotide composition of analyzed
sequences with more than 68 thousand different
sequences of V segments of mouse /g, Tcr genes and
their known duplications (igSeqNt database).

To determine which cRSS are localized in
repetitive elements, we have developed algorithms that
juxtaposed coordinates of cRSS to coordinates of
known in the mouse genome repetitive elements.
Coordinates of the first nucleotide of a heptamer and
the ninth nucleotide of a nonamer were used as
coordinates of the start and the end of cRSS.
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Coordinates of 9262721 of known repeats were taken
from NCBI (ftp://ftp.ncbi.nih.gov/gnomes/Mmusculus/
ARCHIVE/BUILD.35.1/masking_coordinates.gz).
Repeats classification was performed using Repbase
database [16]. Also we used annotations of repeats that
were found by programme  RepeatMasker
(http://www.repeatmasker.org/cgi-bin/WEBRepeatM
asker) in some fragments of mouse genomic DNA.

Results and Discussion. In previous work [11] we
considered 28-bp and 39-bp DNA regions of mouse
genome, where heptamer/nonamer sequences (435
unique types of sequences) fully corresponded to
CACAGTG/ACAAAAACC structure or had only 14 —
15 common nucleotides as 12cRSS and 23¢cRSS. Their
spacer regions had random nucleotide composition.
Therefore, having made necessary calculations (see
materials and methods formula 1), we determined a
theoretically expected number of such types of 12cRSS
and 23cRSS in DNA of each mouse chromosome. By
summarizing M values obtained, we have determined
that total number of cRSS in both DNA chains of all
mouse chromosomes (total size is 2.57 billion
nucleotides) must be 1238435 (619+25 12¢RSS and
23cRSS). Similar data have been got when analyzing 5
sets of SRNC. On average 1241 tRSS (606 12tRSS and
635 23tRSS) have been found in sequences of random
nucleotide combinations. Thus, theoretically expected
number of cRSS is 5.4-fold smaller than amount of
cRSS really found in the mouse genome in silico.
Therefore, we can suppose that about 18 % of cRSS in
the mouse genome are a product of random nucleotide
combinations. In turn, existence of 82 % cRSS might
be a consequence of evolution processes. This group
includes also 17 12cRSS and 3 23cRSS found in
fragments of duplications of V segments of Igk
(immunoglobulin k-chain) and 7ra (T-cell receptor
alpha chain) genes. Such motives should be considered
as native RSS of /g, Tcr genes (further referred to as
dRSS).

As mentioned above, we have found that some of
the examined target sites of RAG1/2 belonged to some
repetitive elements. Therefore, we assumed that cRSS
of the studied group can be specific for repetitive
elements. Thus, in order to support or disprove this
hypothesis, we should have to estimate the amount of
cRSS located in repeats. Using specially developed
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algorithms, we have found that 4772 (71 %) cRSS
(2077 12cRSS and 2695 23cRSS) are structural
elements of 4752 repeats. 2779 (58 %), 1975 (41 %), 18
(<1 %) of such motifs are located in intergenic space,
introns and exons of 1698 protein-coding genes. In 140
protein-coding genes (Adk, Ankrdl2, Abcc4,
Cacna2dl, Chesl, Dockl, Dpp6, Dnahc8, Eif2c3,
Fut8, Hkl, Illrapll, Katnall, Map3k5, MapkS8ip3,
Pkhdlll, Prkce, Prkgl, Ptprg, Ptprk, Taspl, Tcfl2,
Ulk2, Zfp262, etc.) 12cRSS and 23cRSS (in
accordance to the “12/23" rule) can theoretically
mediate formation of deletions and inversions of whole
exons. Usually, only one sequence of 12cRSS or
23cRSS can be found in repetitive elements. 20 repeats
(three repeats Bl Musl, two repeats Bl Mur2,
B1 Mus2, B4 and one repeat Bl Murl, Bl Mur4,
PB1D10, L1 Rod, LIMCa, LI1VL4, LIMED,
ORR1A2, ORRI1DI1-i, MTD, A-rich) are exceptions,
where 23cRSS and 12cRSS are overlapped. In this
case, the first 28 nucleotides of 23cRSS are a sequence
of 12cRSS. Only in 2199 (46 %) cases the cRSS is
completely located inside of repeats (further referred to
as cRSS of the group ”A”). 1561 (71 %), 582 (26 %), 25
(1 %), 15 (0,7 %) and 16 (0,7 %) of them were found in
non-LTR  retrotransposons (NRT), endogenous
retroviruses and LTR retrotransposons (ER/LTR-RT),
DNA transposons (DTR), simple repeats (SR), and
non-classified by us types of repeats (NTR),
respectively. In turn, 2573 (54 %) cRSS are located
partially inside of repeats (further referred to as cRSS
of the group “B”). In such cases, one part of the cRSS is
a fragment of the 3’- or the 5’-end of the repeat, while
the other part is a DNA segment flanking this repeat.
2279 (89 %), 151 (6 %), 109 (4 %), 9 (0.3 %) and 25 (1
%) cRSS of this group were found by us in NRT,
ER/LTR-RT, SR, DTR, and NTR, respectively. Most
often the members of the group “B” (322 (64 %)
12cRSS and 1761 (85 %) 23cRSS) are the structural
elements of B1 family repeats. Detailed location data of
12¢RSS and 23cRSS group “B” in different repeats are
presented in table 1. Thus, the only 1 — 5 or 26 — 27
nucleotides of the 12cRSS sequence are most often
detectable in the structure of ER/LTR-RT. In 51 % of
cases 3’-and 5’-ends of L1 family repeats are presented
by 6 — 20 nucleotide fragments of 23cRSS.

When considering ¢RSS, we have found them in
the structure of 390 unique types of repeats. 345 types
belong to the following 18 families: AcHobo, B1, B2,
B4, CR1, ERVI, ERVK, ERVL, ID, L1, L2, MaLR,
Mariner, MER1, MER2, MIR, MuDR and Tip100. The
rest 32 types belong to the simple repeats (types (A)n,
(CA)n, (CAAA)n, (T)n, (TG)n, (TTTG)n, (CATG)n,
(CTGTG)n, (TCTG)n, (GAA)n, etc.) and 13 to the
NTR group (types A-rich, T-rich, GA-rich, RMER1B,
MMSAT4, YREP Mm, etc.). The quantitative
estimation shows that most often cRSS can be found in
B1 Musl and B1_Mus2 repeats of Bl family. 22 %
and 21 % of all cRSS were present in these repeats,
respectively. In total, we have got 3111 cRSS (65 %
from the total amount of motifs found in the repeats)
including in the structure of 30 types of repeats related
to B1 family (types B1 _Musl, BI Mus2, B1 Murl,
B1_Murl, Bl _Murl, Bl Murl, BIF, PB1, PBIDI,
PB1D10, PB1D10B, PB1D10I, PB1D10M, PB1DY,
etc.). In turn, in the sequence of MaLR family repeats
(74 types of repeats: MTD, MTC, MTEa, ORR1A1,
ORR1A2, ORRIBI, ORRIB2, MLTIC, MLTIB,
MLTI1ALI, etc.), L1 family (102 types of repeats: Lx9,
Lx8, Lx7, Lx6, Lx5, L1VL4, L1Md F, L1 Rod,
L1 Mur3, L1 Mur2, L1 Murl, etc.) and ERVK
family (46 types of repeats: ETnERV, ETnERV2,
RMERG6B, RMER6A, RMER17B, RLTRS, RLTR27,
RLTR25B, RLTR25A, IAP-d, etc.) we found 12 %,
9 %, and 2 % cRSS, respectively.

Data obtained show that 33 % and 38 % of cRSS
studied here are fully or partially located inside of
repeats, respectively. Therefore, we consider that these
motifs are structures that are more specific to repetitive
elements. In 97 % of cases possible DNA breaks
induced by cRSS — RAG1/2 interactions would occur
inside of repeats. In the last 3 % of cases these breaks
would occur in DNA regions flanking repeats, because
namely in such regions 165 cRSS of group “B” have a
heptamer or at least the first nucleotide of their
heptamers. At present we cannot clearly point out in
which types of repeats appearance of the cRSS is
mediated by evolution processes. However, one can
surely state that existence of most cRSS in repeats is
not random. This statement is based on the fact that the
total amount of cRSS detected in repeats is 3.8-fold
higher than theoretically expected number of cRSS in

115



GUBSKY A. Yu., ZINKOVSKY V. G.

Table 1.

Analysis of location of 12cRSS and 23cRSS of group “B” found in structure of known classes of repeats and repeats of Bl, L1, MaLR,

ERVK families

12¢RSS of group “B”

Fragment of 12cRSS sequence located in repeat (bp)

Location Number 1-5 6-10 11-15 16-20 21-23 2425 26-27
NRT 392 16, 124 20, 31 41, 35, 237,
ER/LTR-RT 57 18, 2, 2 56, 81s Tis 156,
SR 43 1739, Saz ) 64 30, Lo -
DTR 3 1) - - - - - 26
NTR 9 Lan 3aa - 2 2 - Lan
BI 322 20, 3 50, 20, 35,1, 30,, 227,
L1 27 Ly 62 e Sa9) 3an L 20)
MaLR 4 11,5, 1o, 1o, 440, T T 156,
ERVK 7 3(43> - - 1(14) 1(14) - 2(29)
23¢RSS of group “B” Fragment of 23cRSS sequence located in repeat (bp)
Location Number 15 6-10 11-20 21-25 26-29 30-31 32-38
NRT 1887 21, 18, 40,, 750 105, 143654, 192,
ER/LTR-RT 94 434 1o, 56 86, 8, 15,6, 14,4,
SR 66 1644, 2 2503 10,5, Tan 20 46
DIR 6 - 2633 ) - 203 - Lary
NTR 16 - 3a0) 400 20 2y 309) 2y
BI 1761 4., 20, 2, 58,4, 97, 14164, 162,
L1 35 6ar 105, 83) Saw 36) - 36)
MaLR 64 3850 Loy 5@ 5 35 4 812
ERVK 17 404 - - 1(6> 4(24) T 1(6)

Appendix: NRT is non-LTR retrotransposons, ER/LTR-RT is endogenous retroviruses and LTR retrotransposons, DTR is DNA
transposons, SR is simple repeats and NTR is types of repeats not classified by us. Percentage is shown in brackets.

all mouse genome. What is the reason for this? We also
think that some types of repetitive elements can
participate in spreading of full-size cRSS (cRSS of the
group “A”) in the mouse genome. In other cases, cRSS
can appear de novo immediately in DNA regions where
transpositions of repeats occurred (cRSS of the group
“B”). Thereby, certain types of repetitive elements are
able to assure evolutionary accumulation of possible
target sites of RAG1/2 in mammalian genome.

By using frequency matrices, we found that
nucleotide compositions of studied cRSS (both located
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and not located in repeats) were significantly different
from known fRSS (Table 2). Weighting coefficients of
12¢cRSS and 23cRSS are 0.59 — 0.95 and 0.57 — 0.88,
respectively. As expected, the main difference was
observed mostly in the spacer regions. We also found
that 0.6; 0.2; 0.5; 7; 41; 31; 16; 4; 0.2 % of spacers of
12cRSS had 100; 92; 83; 75; 67; 58; 50; 42; 33 %
homology to the spacers of 12fRSS. And 0.1; 0.03; 0.3;
1; 3; 8; 19; 31; 33; 5; 0.03 % spacers of 23cRSS had
100; 91; 65; 61; 57; 52; 48; 43; 39; 35; 30 % homology
to the spacers of 23fRSS. In general, the structure of
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mentioned motives has very high variability. The
1dentified cRSS consist of 57, 146, 392, 1878 and 2623
unique types of  heptamers, nonamers,
heptamer/nonamer sequences, 12-bp and 23-bp
spacers, respectively.

Only 121 (4 %) 12cRSS and 182 (5 %) 23cRSS
have weighting coefficients equal to 0.80 — 0.95 and
0.75 — 0.88 (total 303 cRSS). Nucleotides typical for
sequences of 140 (70 %) 12fRSS and 80 (76 %)
23fRSS can be found in structure of these motives.
Mentioned above 20 dRSS belong indeed to this group
of motives. The other 163, 3, 113 and 4 cRSS are
located in intergenic space, in pseudogenes Kif22-ps,
LOC50777, Olfri452-psl, in introns of 78
protein-coding genes (A4stnl, Grik3, Jakl, Kras,
Mapk4, Pcsk5, Rblccl, etc.) and in exons of genes
Xkrs, LOC545698, Slc30a4, Neb, respectively. In
genes Bai3, Large, LOC629706, Plcb4, Tcf4, Tnpo3
and Prkgl, Ptprn2, Slc24a2, Trhde they theoretically
can mediate formation of exon deletions and
inversions. Analysis of 100-bp sequences adjacent to
heptamers of the described group of cRSS by BLASTN
lead to a conclusion that two 12cRSS and one 23cRSS
located in intergenic space as well as 23cRSS of
pseudogene LOCS50777 actually are fragments of
undescribed yet duplications of /gk and Tra genes V
segments. In such cases, 79 — 90 bp fragments of
analyzed sequences had 84 — 92 % homology to the
sequences of known V segments (igSeqNt database).
That is why such motives (further referred to as d’RSS)
as well as dRSS should be considered as native RSS of
mouse Ig, Tcr genes. In turn, 158 (52 %) cRSS were
found in structure of 60 types of repeats (B1 Mur2,
Bl Mur3, Bl Mur4, Bl Musl, BI Mus2, B3, B4,
ETnERV, Lx5, Lx6, Lx7, Lx8, Lx9, MTC, MTD,
MTEa, MTEb, PB1, PB1D10, PBID7, RLTRI4,
RSINEI, etc.). It is important to note that the same
nucleotide compositions are typical for 19 (3 %)
12tRSS and 58 (9 %) 23tRSS found in SRNC. As
mentioned above (see materials and methods), total
amount of tRSS was used in this study to estimate
theoretically expected number of cRSS in the mouse
genome (these cRSS are products of random nucleotide
combinations). Therefore, making comparisons, we
can postulate that the existence of 16 % (19/121)
12cRSS and 32 % (58/182) 23cRSS with weighting

coefficients equal to 0.80 — 0.95 and 0.75 — 0.88 are
random in the mouse genome.

Most often nucleotides which are not typical for
fRSS dominate in structure of studied cRSS. 2380 (78
%) 12cRSS and 3249 (88 %) 23cRSS are related to
such motives and have lower W values (0.65—0.74). 30
(15 %) 12fRSS and 20 (19 %) 23fRSS have similar
weighting coefficients. Therefore, based on these data
we can conclude that cRSS with such nucleotide
composition will effectively interact with RAG1/2. In
addition, their heptamers and nonamers have all
functionally significant nucleotides, whereas changes
in spacer regions are not so important to block DNA
cleavage by endonucleases [17, 18]. However, we
propose that such interactions will be less effective
then interactions RAGI1/2 to cRSS with higher
weighting coefficients. Table 3 shows detailed results
of nucleotide compositions of cRSS detected in repeats
of known classes. The highest weighting coefficients
(0.85 — 0.88 and 0.90) have five 12cRSS, located in
MTD, MLT1A1, ORR1B2, MTC and ORR1A4 of
MaLR family repeats (LTR retrotransposones). It is
important to note that cRSS located in similar repeats
can be significantly different from each other. The
exception of the rule is a RSS detected in repeats of B1
family, where 51 % 12cRSS and 11 % 23cRSS of such
motives have sequences CACAGAGAAACCCTGTC
TCAAAAAAACC and CACAGAGAAACCCTGTC
TCGAAAAACAAAAACAAAAACC with weighing
coefficients 0.71 and 0.73, respectively. Table 4 shows
consensus sequences of cRSS found in repeats of
various families.

Conclusion. We have found that in the mouse
genome there is evolutionary accumulation of possible
RAGI1/2 proteins target sites. Heptamer/nonamer
sequences of such motives match the structure
CACAGTG/ACAAAAACC or share 14 — 15
nucleotides of this structure. In 71 % of cases cRSS are
structural elements of 390 types of repeats. In a
structure of about 5 % motives can be found
nucleotides typical for recombination signal sequences
of functional V, D and J segments of mouse /g and Tcr
genes. The existence of 25 % of such cRSS in the
mouse genome may be considered as a result of random
nucleotide combinations. In most cases, spacers of
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Table 2.

Analysis of nucleotide composition of cRSS found in different regions of the mouse genome as well as analysis of nucleotide
composition of fRSS and tRSS, using frequency matrices

Analyzed structures

Weighting coefficients

Location Type Number 0,95-0,90 0,89-0,85 0,84-0,80 0,79-0,75 0,74-0,70 0,69-0,65 0,64-0,57
Ig, Ter- 12fRSS 199 54, 45, 41, 20,0, 20,0, 10,5, 9
genes 23fRSS 105 1o, . 2706 811, 6015, 4 56
SRNC 12tRSS 606 - 1oy 18,5, 127,,, 2584, 175 ) 27,4
23tRSS 635 - - 3y 50 235, 280, 2
DNA! 12cRSS 3034 8.1, 14, 99,,, 474, 1797 4, 58315, 59,,,
23c¢RSS 3690 - L) 10, 171, 1591, 16605, 257 4,
DNA 12cRSS 2077 1o 4., 52, 286,,,, 13724, 343, 19,
23cRSS 2695 - - 24 9 1230, 1230, 134,
DNA’ 12cRSS 932 - - 39, 188 0, 424, 240, 41,
23¢RSS 988 - - 4. 2 35836) 4324, 122,
RA 12¢RSS 498 - 3, 24, 108 ., 2235 121, 19,
23cRSS 533 - - 1) 50, 1975, 233, 0
IRP 12¢RSS 1170 I, 2. 32, 1694, 7434, 214, 9,
23cRSS 1609 - - 24 34, 69345, 76845, 835,
PG 12cRSS 394 - - 17,4, 750, 1744, 109,55, 19,
23¢RSS 430 - - 4. 354 1515 18944, 514y
PG 12cRSS 904 - 2, 20,,, 16,5, 6284, 129, 9,
23¢cRSS 1071 - - - 53 53550, 451, 50,5,
EPG* 12cRSS 44 — — Ly San 2455, 1255 25
23cRSS 26 - - - 2 10,5, 1035, (16)
12cRSS 4 — - - 1 3 - —
EPG® (25) (75)
23cRSS 14 - - - 1, @ 8s7) 214
12¢cRSS 3 - - 2 - - - 1
PSG (67) (33)
23¢RSS 4 - - 1) - Los) 2s0) -
o! 12¢RSS 17 " Tean, 38 - - - -
23¢RSS 3 - Las) 2 - - - -
D 12¢RSS 2 - 1so) Lso) - - - -
23c¢RSS 2 - - (100) - - - -
Del 12cRSS 91 - 1, 1o, 1, 59,45, 17,59, 20
23cRSS 91 - - - 20 (57) (33) T
Inv 12¢RSS 104 - - 3(3) ]3(13) 7512, 12y Loy
23¢cRSS 104 — — — 2 7

(58)

(33)

Appendix: SRNC is sets of sequences with random nucleotide combination. DNA' is all analyzed mouse genomic DNA. DNA? is genomic
DNA, which includes repeats only. DNA® is genomic DNA, which does not include repeats and sequences of known and identified in this
study duplications of V segments of mouse /g, and Tcr genes. IR is intergenic space. IPG is introns of protein-coding genes. EPG is exons of
protein-coding genes. PSG is pseudogenes. D' is known duplications of V segments of mouse /g, TCR genes. D? is identified in this study
duplications of V segments of mouse /g, TCR genes. Del and Inv is cRSS, which theoretically can mediate formation of deletions and
inversions, respectively. Index * indicates that cRSS in this regions are located in repeats. Index ® indicates that cRSS in this regions are not

located in repeats.
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Table 3.

Analysis of nucleotide composition of 12¢RSS and 23¢RSS found in repeats of different classes, using frequency matrices

cRSS Weighting coefficients
Classes of Type
repeats Group s . 0,95-0,90 0,89-0,85 0,84-0,80 0,79-0,75 0,74-0,70 0,69-0,65 0,64-0,57
1 Number
A 12cRSS 1181 - - 22, 142, 865, 141, 1,
NRT 23cRSS 380 - - Ly 509) 38) 167, 46,
B 12¢cRSS 392 - - @ 56,4, 27T g, a2) 30)
23¢RSS 1887 - - - 32, 50) 58us) 20
A 12¢RSS 360 - 0 14, 45, 1574 1354 50
ERLTRRT 23cRSS 222 - - Loy L) @ 0) ©
B 12cRSS 57 1, - 10) N ©0) 2 -
23¢RSS 94 - - - 90 26 S4s9) Tay
c - - - - @5) (62) a3
DTR B 12¢cRSS 3 - - 2(67) - 1(33) B -
23cRSS 6 - - - - 5(33) 1(17) -
A 12cRSS 9 - - - 667) Loy 200 -
SR 23cRSS 6 - - - - 46, 253, -
B 12¢RSS 43 - - - 155 51 014) -
23cRSS 66 — - - 2 27 3959 Tan
N 12cRSS 14 - - Loy 425 O 3en i}
NTR 23cRSS 2 - - - - 200) - _
s 12¢RSS 9 - - - 203 6 Loy )
23cRSS 16 - - - - 4as) 103 "

Appendix: NRT is non-LTR retrotransposons, ER/LTR-RT is endogenous retroviruses and LTR retrotransposons, DTR is DNA
transposons, SR is simple repeats and NTR is types of repeats not classified by us. Percentage is shown in brackets.

analyzed 12cRSS and 23cRSS had 58 — 67 % and 30 —
47 % homology with spacers of fRSS, respectively.

A. 1O. I'vockuil, B. I'. 3unvkosckui

CTpyKTypHBIi aHamu3 rpymnimbl Bo3MoxHbIX J[IHK-Murnieneit 6enkos
RAG1/2, 06HapyXeHHBIX B T'€HOME MBIIIH in silico, ¥ ©X UIECHTH-

(I)I/IKaLII/I}I B NU3BCCTHBIX THIIAX NOBTOPAKOMIUXCA 3JICMCHTOB

Pesrome

C ucnoiv3o8anuem Mamemamuyeckux Memooo8 AHaIUu3d, a maxice
CReyuatbHo papadbomantblx a12opummos yCmano8ieHo, 4mo Ko-
JAUHECMB0 panee 0OHAPYICEHHBIX 8 2EHOME MbIUUU BO3MOIICHBIX Cali-
mose — muweneil 6enkoe RAG1/2 (cRSS) 6 5,4 paza npesviwiaem
meopemuuecku odxcudaemoe yucno. B 71 % cnyuaes cRSS saenaiom-
ca cmpykmypuvimu snemenmamu 390 munos noemopos. B cmpyx-
mype okono 5 % momueos oOHapyxcensvl HyKIeomuowvl, MunuiHsle
0151 DONLUWUNCIMEA CUSHATILHBIX NOCAe008AMeNbHOCTEl pPeKoMOU-
Hayuu pyukyuonanvuvix V, D, J-ceemenmos Ig- u Tcr-cenoe muiuiu
(fRSS). Cywecmeosanue 25 % uz nux ¢ JJHK ananuzupyemozo ua
MODICHO pAcCMampugams Kak cieocmeue CiyyatHblx KOMOunayul

Hykieomuoos. Cmpykmypol CRElcepHblX YHaACmMKO8 UCCLeOYeMbIX

12¢RSS u 23¢cRSS, kak npasuno, umeiom 58—67 u 30-47 % zomono-

euu ¢ anano2uynvimu cmpyxmypamu fRSS coomeememeenmo.
Kunwuesvie ciosa: cRSS, V(D)J-pekombunayus, RAGI, RAG2.

A. IO. I'vocoruii, B. I'. 3inbroscoruil

CrpykrypHuit ananiz rpynu MoxiauBux JIHK-mimeneit 6inkis
RAG1/2, BusiBiieHUX y TeHOMI Mulli in silico, Ta ixHs

ineHTudikamis y BIiJOMHUX THIIaX TOBTOPIOBAHHUX €JIEMCHTIB

Pesrome

3 gukopucmanuamM MamemMamuyHux Memoodieé amanizy, a markooic
cneyianbHo po3pobieHUx aieopummis 6CMAHOBIEHO, WO KIIbKICMb
GUABIECHUX Y 2CHOMI MU MONCIUBUX CAUMI8 — MiwleHel OLIKig
RAG1/2 6 5,4 paszy nepesuwyc meopemuuno ouikygamne uucio. ¥
71 % eunaoxie cRSS € cmpyxmypnumu enemenmamu 390 munie no-
emopis. Y cmpykmypi 61uzvko 5 % Momueie 6usgneno HyKieomuou,
Mmunogi 075l 6inbwocmi CUSHANILHUX NOCAI0068HOCHEl peKOMbinayii
¢yuxyionanvnux V, D, J-ceemenmise 1g- i Tcr-eenie muwi (fRSS).
Icnysanns 25 % 3 nux y JJHK 0ocnioacyeanoeo udy nompiono pos-
ena0amu  AK HACAIOOK BUNAOKOBUX KOMOIHAYIU HYKIeomuois.
Cmpykmypu cneiiceprux 0insaHok ananizoganux 12c¢RSS i 23¢RSS,
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Table 4.

Consensus sequences of 12cRSS and 23cRSS found in repeats of 18 families

12¢cRSS 23cRSS
FR TG
Number Consensus sequence Number Consensus sequence
AcHobo 0 - 1 CACCGTGCAAAGTTCTAAAAAAAAAAAAAAAAAAAAACC
B1 A 924 CACAGAGAAACCCTGTCTCAAAAAAACC 104 CACAGTGARTTCCAGGMTAGCCAGGAATACACAAAAACC
B 322 CACAGAGAAACCCTGTCTCAAAAAAACC 1761 CACAGAGAAACCCTGTCTCGAAAAACAAAAACAAAAACC
B2 A 31 CACAGTGTGAGTGCTAGGAACAAAAACC 12 CACAGTGTACTCAAAMAACAAAACAAAAAAACAAAAACC
B 9 CACAGTGAAACAAAAMAAAACAAAAACC 15 CACAGTGAAATAAAAAAAAAAAAAAHAAAAACAAAAACC
B4 A 48 CACAGTGAAAGAGCSTAACACAAAAACC 63 CACAGTGCCCTGGGTTCCATCCCCAGCACCACAAAAACC
B 24 CACAGTGAAAAAAAAACAAACAAAAACC 42 CACAGTGAAATCATGTAACAACAAAAAMAAACAAAAACC
CR1 A 1 CACACTGAAATCACAGTCAACTAAAACC 0 -
ERVI A 5 CACAGTGAGRGWKAAAARMACAAAAACC 7 CACAGTSAGTMTHATMCAGCAAAACCAAAAACAAAAACC
B 4 CACAGTGATTCAWCWGTACASAAAAAGC 2 CACAGTSYTRRYMCMRARMWWRKSMAGMRGAMARAAACM
ERVK A 22 CACAGTGTCAAGMAATWWWACAAAAACC 62 CACAGTGGTTGTTGTTGATCTTGTGGAAAAACACAAACC
B 4 CACAGTGGRNCANRAMAAAACAAAAATC 10 CACAGTGATWAATWWCAAAATACATAAGGTACAAAAACC
ERVL A 4 CACAGTGNRNACAAAWTNMACMAAAACC 9 CACAGTGAKAMMTWACTGGACCHAAWMGAGACAAAAACC
B 2 CACAGTGTTWAWMWMRRCKWCAGAAACC 4 CACAKTGNAGTAGCCWGAGTTTGWAAGCNRACRAAAACC
D A 0 - 2 CACAGWGCMCYRKGCTKKRTCCCYARMAYYWCAAAAASY
B 3 CACAGTGAADAAAAHADGAACAAAAACC 6 CACAGTGCCCTGGGTTCAATCCCCARCAYCACAAAAACC
L1 A 163 CACAGTGAAAAAAAAAAAAACAAAAACC 189 CACAGTGAAACATGGATACAACAAAAAAAAACAAAAACC
B 27 CACAGTGGCTYTAWAAGAAACAAAAACC 36 CACAGTGWAAATAWAAAAAAAAAAAAAAAAACAAAAACC
L2 A 6 CACAGTGRGTGMGAMASAVACAAAAACC 1 CACAGACTAAAATTCCAGTGGGGAAGACAGACAAAAACC
B 0 - 4 CACAGTGCNAAAGCANNTATYGGNNNAWAMACAAAAAMC
MaLR A 319 CACAGTGTCTGTTCACAGCACTAAAACC 143 CACAGTGAGGAAATACTGGACCAAAGCAAGACAAAAACC
B 41 CACAGTGATAAAAAACATAACAAAAACC 64 CACAGTAATGTTTAACTTACACCATAACCTACAAAAACA
Mariner A 0 - 1 CACATTTCTTTCTGCCAATGTCTTTCTGTAACAAAAACC
MER]1 A 6 CACAGTGWYAASVCCCKARACAAAAACC 13 CACAGTGDWGAAWAAAGTCAWTAAGRAAAAACAAAAACC
B 3 CACAGBGADACGTVVCCDAACAAAAACC 5 CACAGTGGCAGAAMACATWGTWYAAMCMATACAAAAACC
MER?2 A 2 CACAGTCYKMAAAWAWRAAAMARAAACC 2 CACASYGTRWTWACWKYWKMSWWMKRWWSKASAAAAAYC
MIR A 1 CACAGTGAAGAGTACTTAGACTAAAACA 7 CACAGAGHYTGTATYAHCTAATTTAAWTAYACAAAAACC
B 4 CACAGTGTGNAATATCNTAACAAAAACC 7 CACAGTGHTGKYHTCTTTCTAMTTCATCTCACAAAAACC
MuDR A 0 - 1 CACAGTGATTTCGAAGAAACTAGGCTGCCTACATAAATC
Tip100 A 1 CACAGGTGCCTTTACTTACACAAAAACC 0 —
SR A 9 CACAGAGAKACACATACASACAAAAACA 3 CACAGTGCAHVCACACACATATGVATACACACACAAACA
B 43 CACAGTGAAAAAAAAAAAAACAAAAACC 64 CACAGTGMAAAACAAAAAAAAAAAAAAAAAACAAAAACC

Appendix: FR is families of repeats; TG is types of cRSS group; SR is simple repeats; Y, R, W, S, K, M, D, V,H, B,Nis C/T, A/G, A/T, G/C,

T/G, C/A, A/T/G, A/G/C, A/T/C, T/G/C, A/T/G/C, respectively.
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Ax npasuno, maiome 58—67 i 30—47 % zomonoeii 3 ananrocivnumu
cmpykmypamu fRSS eionosiono.
Knwuoesi cnosa: cRSS, V(D)J-pexombinayis, RAGI, RAG2.

REFERENCES

1.

2

w2

W

(o))

~

e}

Tonegawa, S. Somatic generation of antibody diversity //
Nature.—1983.-302.—P. 575-581.

. Tonegawa S., Brack C., Hozumi N., Pirrotta V. Organization

of immunoglobulin genes // Cold Spring Harbor Symp.
Quant. Biol.—1978.—42.—P. 921-931.

. Oettinger M., Schatz D., Gorka C., Baltimore D. RAG-1 and

RAG-2, adjacent genes that synergistically activate V(D)J
recombination // Science.—1990.-248.—P. 1517-1523.

Aplan P. D., Lombardi D. P., Ginsberg A. M., Cossman J.,
Bertness V. L., Kirsch I. R. Disruption of the human SCL
locus by «illegitimate» V-(D)-J recombinase activity //
Science.—1990.-256.—P. 1426—1429.

. Tsuji H., Ishii-Ohba H., Katsube T., Ukai H., Aizawa S., Doi

M., Hioki K., Ogiu T. Involvement of illegitimate V(D)J
recombination or microhomology-mediated nonhomo-
logouse end-joining in the formation of intragenic deletions
of the Notchl gene in mouse thymic lymphomas // Cancer
Res.—2004.—15.—P. 8882-8890.

.ScheererJ. B., Xi L., Knapp G. W., Setzer R. W., Bighee W. L.,

Fuscoe J. C. Quantification of illegitimate V(D)J
recombinase mediated mutations in lymphocytes of
newborns and adults // Mutat. Res.—1999.-431.—P. 291-303.

. Gubsky A. Yu. Structural analysis of recombination signal

sequences of three types V, D, J segments of human
immunoglobulin and T-cell receptors genes // Odessa
Medical Journal. — 2005. -5 - P. 10 - 12.

.Matsuda F., Ishi K., Bourvagnet P., Kumma I., Hayashida H.,

Miyata T., Honjo T. The complete nucleotide sequence of the
human immunoglobulin heavy chain variable region locus //
J. Exp. Med.—1998.—-188.—P. 2151-2162.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Lewis S. M., Agard E., Suh S., Czyzyk L. Cryptic signals and
the fidelity of V(D)J joining // Mol. and Cell. Biol.-1997.—
17.—P. 3125-3136.

Cowell L. G., Davila M., Yang K., Kepler T. B., Kelsoe G.
Prospective estimation of recombination signal efficiency
and identification of functional cryptic signals in the genome
by statistical modeling // J. Exp. Med.—2003.-197.—P. 207—
220.

Gubsky A. Yu., Zinkovsky V. G. Search of cRSS with
supposedly high recombination potential and identification
of their location in the mouse genome // Odessa Medical
Journal. —2006. — 98, Ne 6. —P. 11 — 14.

Hawley D. K., McClure W. R. Compilation and analysis of
Escherichia coli promoter DNA sequences // Nucl. Acids
Res.—1983.—11.-P. 2237-2255.

Stormo G. D. DNA binding sites: representation and
discovery // Bioinformatics.—2000.—16.—P. 16-23.

Harr R., Haggstrom M., Gustafsson P. Search algorithm for
pattern math analysis of nucleic acid sequences // Nucl. Acids
Res.—1983.—11.-P. 2943-2957.

Altschul S. F., Madden T. L., Schaffer A. A., Zhang J., Zhang
Z., Miller W., Lipman D. J. Gapped BLAST and PSI-BLAST:
anew generation of protein database search programs // Nucl.
Acids Res.—1997.-25.—P. 3389-3402.

Jurka J. Repbase update: a database and an electronic journal
of repetitive elements // Trends Genet.—2000.—16.—P. 418—
420.

Fanning L., Connor A., Baetz K., Ramsden D., Wu G. E.
Mouse RSS spacer sequences affect the rate of V(D)J
recombination // Immunogenetics.—1996.-40.—P. 146—150.

Akamatsu Y., Tsurushita N., Nagawa F., Matsuoka M.,
Okazaki K., Imai M., Sakano H. Essential residues in V(D)J
recombination signals // J. Immunol.—1994.—-153.-P. 4520—
4529.

UDC 575.113 + 577 .2 +599.89
Received 02.10.07

121



