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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 Ig, 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 12cRSS 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 RAG1 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 (Notch1,

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
RAG1/2 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
RAG1/2 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 107 cRSS (frequency is 1.7x10-3) [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 5x10-4 [10].

Our DNA analysis of 21 mouse chromosomes
(Build 35.1) in silico indicated that outside of Ig, 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 Ig and Tcr gene fragments.
Some cRSS were found in repetitive elements such as
B1_Mus1, B1_Mus2, MLT1A1, L1_Mus3, etc. In the
case of protein-coding genes, 97 % of found cRSS are
located in introns. 12cRSS and 23cRSS (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, Suz12, 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:

where N is the number of nucleotides in the DNA
sequence of analyzed chromosome; n is total number of 
nucleotides in analyzed 12cRSS or 23cRSS; PA, PT, PG,
PC is a portion of nucleotides A, T, G, C in DNA of the
analyzed chromosome; NA, NT, NG, NC 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 Ig, 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 (W) of each 6724
analyzed sequences cRSS was calculated by formula
[14]:
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where ni is nucleotide frequency at position i taken
from the frequency matrix; ai 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 23cRSS 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 Ig, 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.

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 23cRSS. 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 1238±35 (619±25 12cRSS 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 Tra (T-cell receptor
alpha chain) genes. Such motives should be considered
as native RSS of Ig, 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, Ankrd12, Abcc4,
Cacna2d1, Ches1, Dock1, Dpp6, Dnahc8, Eif2c3,
Fut8, Hk1, Il1rapl1, Katnal1, Map3k5, Mapk8ip3,
Pkhd1l1, Prkce, Prkg1, Ptprg, Ptprk, Tasp1, Tcf12,
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 B1_Mus1, two repeats B1_Mur2,
B1_Mus2, B4 and one repeat B1_Mur1, B1_Mur4,
PB1D10, L1_Rod, L1MCa, L1VL4, L1MEb,
ORR1A2, ORR1D1-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-RÒ),
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 
12cRSS 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 cRSS, 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, ERV1, 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_Mus1 and B1_Mus2 repeats of B1 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_Mus1, B1_Mus2, B1_Mur1,
B1_Mur1, B1_Mur1, B1_Mur1, B1F, PB1, PB1D1,
PB1D10, PB1D10B, PB1D10I, PB1D10M, PB1D9,
etc.). In turn, in the sequence of MaLR family repeats
(74 types of repeats: MTD, MTC, MTEa, ORR1A1,
ORR1A2, ORR1B1, ORR1B2, MLT1C, MLT1B,
MLT1A1, etc.), L1 family (102 types of repeats: Lx9,
Lx8, Lx7, Lx6, Lx5, L1VL4, L1Md_F, L1_Rod,
L1_Mur3, L1_Mur2, L1_Mur1, etc.) and ERVK
family (46 types of repeats: ETnERV, ETnERV2,
RMER6B, RMER6A, RMER17B, RLTR8, 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
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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

and not located in repeats) were significantly different
from known fRSS (Table 2). Weighting coefficients of
12cRSS 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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12cRSS of group “B” Fragment of 12ñRSS sequence located in repeat (bp) 

Location Number 1–5 6–10 11–15 16–20 21–23 24–25 26–27

NRT 392 16(4) 12(3) 20(5) 31(8) 41(11) 35(9) 237(60)

ER/LTR-RT 57 18(31) 2(4) 2(4) 5(9) 8(14) 7(12) 15(26)

SR 43 17(39) 5(12) 11(26) 6(14) 3(7) 1(2) –

DTR 3 1(33) – – – – – 2(67)

NTR 9 1(11) 3(34) – 2(22) 2(22) – 1(11)

B1 322 2(<1) 3(1) 5(2) 20(6) 35(11) 30(9) 227(70)

L1 27 1(4) 6(22) 9(33) 5(19) 3(11) 1(4) 2(7)

MaLR 42 11(26) 1(2) 1(2) 4(10) 7(17) 7(17) 11(26)

ERVK 7 3(43) – – 1(14) 1(14) – 2(29)

23ñRSS of group “B” Fragment of 23ñRSS sequence located in repeat (bp) 

Location Number 1–5 6–10 11–20 21–25 26–29 30–31 32–38

NRT 1887 21(1) 18(1) 40(2) 75(4) 105(6) 1436(76) 192(10)

ER/LTR-RT 94 43(45) 1(1) 5(5) 8(9) 8(9) 15(16) 14(15)

SR 66 16(24) 2(3) 25(38) 10(15) 7(11) 2(3) 4(6)

DTR 6 – 2(33) 1(17) – 2(33) – 1(17)

NTR 16 – 3(19) 4(26) 2(12) 2(12) 3(19) 2(12)

B1 1761 4(<1) 2(<1) 22(1) 58(3) 97(6) 1416(80) 162(9)

L1 35 6(17) 10(28) 8(23) 5(14) 3(9) – 3(9)

MaLR 64 38(59) 1(2) 5(8) 5(8) 3(5) 4(6) 8(12)

ERVK 17 4(24) – – 1(6) 4(24) 7(41) 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.

Table 1.
 Analysis of location of 12cRSS and 23cRSS of group “B” found in structure of known classes of repeats and repeats of B1, L1, MaLR,
ERVK families



mentioned motives has very high variability. The
identified 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, Olfr1452-ps1, in introns of 78
protein-coding genes (Astn1, Grik3, Jak1, Kras,
Mapk4, Pcsk5, Rb1cc1, etc.) and in exons of genes
Xkr5, LOC545698, Slc30a4, Neb, respectively. In
genes Bai3, Large, LOC629706, Plcb4, Tcf4, Tnpo3
and Prkg1, 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 LOC50777 actually are fragments of
undescribed yet duplications of Igk 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,
B1_Mur3, B1_Mur4, B1_Mus1, B1_Mus2, B3, B4,
ETnERV, Lx5, Lx6, Lx7, Lx8, Lx9, MTC, MTD,
MTEa, MTEb, PB1, PB1D10, PB1D7, RLTR14,
RSINE1, 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 RAG1/2 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
RAG1/2 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 Ig 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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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, Tcr-
genes

12fRSS
23fRSS

199
105

54(27)

1(1)

45(23)

34(32)

41(21)

27(26)

20(10)

18(17)

20(10)

16(15)

10(5)

4(4)

9(4)

5(5)

SRNC
12tRSS
23tRSS

606
635

–
–

1(<1)

–
18(3)

3(<1)

127(21)

55(9)

258(43)

235(37)

175(29)

280(44)

27(4)

62(9)

DNA1 12cRSS
23cRSS

3034
3690

8(<1)

–
14(<1)

1(<1)

99(3)

10(<1)

474(16)

171(5)

1797(59)

1591(43)

583(19)

1660(45)

59(2)

257(7)

DNA2 12cRSS
23cRSS

2077
2695

1(<1)

–
4(<1)

–
52(2)

2(<1)

286(14)

99(4)

1372(66)

1230(45)

343(17)

1230(45)

19(1)

134(5)

DNA3 12cRSS
23cRSS

932
988

–
–

–
–

39(4)

4(<1)

188(20)

72(7)

424(46)

358(36)

240(26)

432(44)

41(4)

122(12)

IRA 12cRSS
23cRSS

498
533

–
–

3(<1)

–
24(5)

1(<1)

108(22)

35(7)

223(45)

197(37)

121(24)

233(44)

19(4)

67(12)

IRB 12cRSS
23cRSS

1170
1609

1(<1)

–
2(<1)

–
32(3)

2(<1)

169(14)

63(4)

743(64)

693(43)

214(18)

768(48)

9(1)

83(5)

IPGÀ 12cRSS
23cRSS

394
430

–
–

–
–

17(4)

4(1)

75(19)

35(8)

174(44)

151(35)

109(28)

189(44)

19(5)

51(11)

IPGB 12cRSS
23cRSS

904
1071

–
–

2(<1)

–
20(2)

–
116(13)

35(3)

628(69)

535(50)

129(14)

451(42)

9(1)

50(5)

EPGÀ 12cRSS
23cRSS

44
26

–
–

–
–

1(2)

–
5(11)

2(8)

24(55)

10(38)

12(27)

10(38)

2(5)

4(16)

EPGB 12cRSS
23cRSS

4
14

–
–

–
–

–
–

1(25)

1(7)

3(75)

3(22)

–
8(57)

–
2(14)

PSG
12cRSS
23cRSS

3
4

–
–

–
–

2(67)

1(25)

–
–

–
1(25)

–
2(50)

1(33)

–

D1 12cRSS
23cRSS

17
3

7(41)

–
7(41)

1(33)

3(18)

2(67)

–
–

–
–

–
–

–
–

D2 12cRSS
23cRSS

2
2

–
–

1(50)

–
1(50)

2(100)

–
–

–
–

–
–

–
–

Del
12cRSS
23cRSS

91
91

–
–

1(1)

–
1(1)

–
11(12)

2(2)

59(65)

52(57)

17(19)

30(33)

2(2)

7(8)

Inv
12cRSS
23cRSS

104
104

–
–

–
–

3(3)

–
13(13)

2(2)

75(72)

60(58)

12(11)

35(33)

1(1)

7(7)

Appendix: SRNC is sets of sequences with random nucleotide combination. DNA1 is all analyzed mouse genomic DNA. DNA2 is genomic
DNA, which includes repeats only. DNA3 is genomic DNA, which does not include repeats and sequences of known and identified in this
study duplications of V segments of mouse Ig, and Tcr genes. IR is intergenic space. IPG is introns of protein-coding genes. EPG is exons of
protein-coding genes. PSG is pseudogenes. D1 is known duplications of V segments of mouse Ig, TCR genes. D2 is identified in this study
duplications of V segments of mouse Ig, TCR genes. Del and Inv is cRSS, which theoretically can mediate formation of deletions and
inversions, respectively. Index A indicates that cRSS in this regions are located in repeats. Index B indicates that cRSS in this regions are not
located in repeats.

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

À. Þ. Ãóá ñêèé, Â. Ã. Çèíü êîâ ñêèé

Ñòðóê òóð íûé àíà ëèç ãðóï ïû âîç ìîæ íûõ ÄÍÊ-ìè øå íåé áåë êîâ

RAG1/2, îá íà ðó æåí íûõ  â ãå íî ìå ìûøè in silico, è èõ èäåí òè -

ôè êà öèÿ â èç âåñ òíûõ òè ïàõ ïî âòî ðÿ þ ùèõ ñÿ ýëå ìåí òîâ 

Ðå çþ ìå

Ñ èñ ïîëü çî âà íè åì ìà òå ìà òè ÷åñ êèõ ìå òî äîâ àíà ëè çà, à òàê æå 
ñïå öè àëü íî ðàç ðà áî òàí íûõ àë ãî ðèò ìîâ óñòà íîâ ëå íî, ÷òî êî -
ëè ÷åñ òâî ðà íåå îá íà ðó æåí íûõ â ãå íî ìå ìûøè âîç ìîæ íûõ ñàé -
òîâ – ìè øå íåé áåë êîâ RAG1/2 (cRSS) â 5,4 ðàçà ïðå âû øà åò
òå î ðå òè ÷åñ êè îæè äà å ìîå ÷èñ ëî. Â 71 % ñëó ÷à åâ cRSS ÿâ ëÿ þò -
ñÿ ñòðóê òóð íû ìè ýëå ìåí òà ìè 390 òè ïîâ ïî âòî ðîâ. Â ñòðóê -
òó ðå îêî ëî 5 % ìî òè âîâ îá íà ðó æå íû íóê ëå î òè äû, òè ïè÷ íûå
äëÿ áîëü øè íñòâà ñèã íàëü íûõ ïî ñëå äî âà òåëü íîñ òåé ðå êîì áè -
íà öèè ôóíê öè î íàëü íûõ V, D, J-ñåã ìåí òîâ Ig- è Tcr-ãå íîâ ìûøè
(fRSS). Ñó ùåñ òâî âà íèå 25 % èç íèõ â ÄÍÊ àíà ëè çè ðó å ìî ãî âèäà
ìîæ íî ðàñ ñìàò ðè âàòü êàê ñëå äñòâèå ñëó ÷àé íûõ êîì áè íà öèé

íóê ëå î òè äîâ. Ñòðóê òó ðû ñïåé ñåð íûõ ó÷àñ òêîâ èñ ñëå äó å ìûõ
12cRSS è 23cRSS, êàê ïðà âè ëî, èìå þò 58–67  è 30–47 % ãî ìî ëî -
ãèè ñ àíà ëî ãè÷ íû ìè ñòðóê òó ðà ìè fRSS ñî îò âå òñòâåí íî.

Êëþ ÷å âûå ñëî âà: cRSS, V(D)J-ðå êîì áè íà öèÿ, RAG1, RAG2.

À. Þ. Ãó áñüêèé, Â. Ã. Ç³íüêî âñüêèé

Ñòðóê òóð íèé àíàë³ç ãðó ïè ìîæ ëè âèõ ÄÍÊ-ì³øå íåé á³ëê³â

RAG1/2, âè ÿâ ëå íèõ ó ãå íîì³ ìèø³ in silico, òà ¿õíÿ 

³äåí òèô³êàö³ÿ ó â³äî ìèõ òè ïàõ ïî âòî ðþ âà íèõ åëå ìåíò³â   

Ðå çþ ìå

Ç âè êî ðèñ òàí íÿì ìà òå ìà òè÷ íèõ ìå òîä³â àíàë³çó, à òà êîæ
ñïåö³àëü íî ðîç ðîá ëå íèõ àë ãî ðèòì³â âñòà íîâ ëå íî, ùî ê³ëüê³ñòü
âè ÿâ ëå íèõ ó ãå íîì³ ìèø³ ìîæ ëè âèõ ñàéò³â – ì³øå íåé á³ëê³â
RAG1/2 â 5,4 ðàçó ïå ðå âè ùóº òå î ðå òè÷ íî î÷³êó âà íå ÷èñ ëî. Ó
71 % âè ïàäê³â cRSS º ñòðóê òóð íè ìè åëå ìåí òà ìè 390 òèï³â ïî -
âòîð³â. Ó ñòðóê òóð³ áëèçü êî 5 % ìî òèâ³â âè ÿâ ëå íî íóê ëå î òè äè, 
òè ïîâ³ äëÿ á³ëüøîñò³ ñèã íàëü íèõ ïîñë³äîâ íîñ òåé ðå êîìá³íàö³¿
ôóíêö³îíàëü íèõ V, D, J-ñåã ìåíò³â Ig- ³ Tcr-ãåí³â ìèø³ (fRSS).
²ñíó âàí íÿ 25 % ç íèõ ó ÄÍÊ äîñë³äæó âà íî ãî âèäó ïîòð³áíî ðîç -
ãëÿ äà òè ÿê íàñë³äîê âè ïàä êî âèõ êîìá³íàö³é íóê ëå î òèä³â.
Ñòðóê òó ðè ñïåé ñåð íèõ ä³ëÿ íîê àíàë³çî âà íèõ 12cRSS ³ 23cRSS,
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cRSS Weighting coefficients

Classes of
repeats

Group
Type

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
12/23 Number

NRT
À

B

12cRSS
23cRSS
12cRSS
23cRSS

1181
380
392

1887

–
–
–
–

–
–
–
–

22(2)

1(<1)

7(2)

–

142(12)

35(9)

56(14)

32(2)

865(73)

143(38)

277(71)

935(50)

141(12)

167(44)

49(12)

858(45)

11(1)

34(9)

3(1)

62(3)

ER/LTR-RT
À

B

12cRSS
23cRSS
12cRSS
23cRSS

360
222
57
94

–
–

1(2)

–

4(1)

–
–
–

14(4)

1(<1)

6(10)

–

45(12)

21(9)

14(24)

9(10)

157(44)

91(41)

34(60)

24(26)

135(38)

89(40)

2(4)

54(57)

5(1)

20(9)

–
7(7)

DTR

À

B

12cRSS
23cRSS
12cRSS
23cRSS

9
16
3
6

–
–
–
–

–
–
–
–

–
–

2(67)

–

2(22)

–
–
–

3(33)

4(25)

1(33)

5(83)

4(45)

10(62)

–
1(17)

–
2(13)

–
–

SR
À

B

12cRSS
23cRSS
12cRSS
23cRSS

9
6

43
66

–
–
–
–

–
–
–
–

–
–
–
–

6(67)

–
15(35)

2(3)

1(11)

4(67)

22(51)

18(27)

2(22)

2(33)

6(14)

39(59)

–
–
–

7(11)

NTR
À

B

12cRSS
23cRSS
12cRSS
23cRSS

14
2
9

16

–
–
–
–

–
–
–
–

1(7)

–
–
–

4(29)

–
2(22)

–

6(43)

2(100)

6(67)

4(25)

3(21)

–
1(11)

10(63)

–
–
–

2(12)

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.

Table 3. 
Analysis of nucleotide composition of 12cRSS and 23cRSS found in repeats of different classes, using frequency matrices
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FR TG
12cRSS 23cRSS

Number Consensus sequence Number Consensus sequence

AcHobo À 0 – 1 CACCGTGCAAAGTTCTAAAAAAAAAAAAAAAAAAAAACC

B1
À
B

924
322

CACAGAGAAACCCTGTCTCAAAAAAACC
CACAGAGAAACCCTGTCTCAAAAAAACC

104
1761

CACAGTGARTTCCAGGMTAGCCAGGAATACACAAAAACC
CACAGAGAAACCCTGTCTCGAAAAACAAAAACAAAAACC

B2
À
B

31
9

CACAGTGTGAGTGCTAGGAACAAAAACC
CACAGTGAAACAAAAMAAAACAAAAACC

12
15

CACAGTGTACTCAAAMAACAAAACAAAAAAACAAAAACC
CACAGTGAAATAAAAAAAAAAAAAAHAAAAACAAAAACC

B4
À
B

48
24

CACAGTGAAAGAGCSTAACACAAAAACC
CACAGTGAAAAAAAAACAAACAAAAACC

63
42

CACAGTGCCCTGGGTTCCATCCCCAGCACCACAAAAACC
CACAGTGAAATCATGTAACAACAAAAAMAAACAAAAACC

CR1 À 1 CACACTGAAATCACAGTCAACTAAAACC 0 –

ERV1
À
B

5
4

CACAGTGAGRGWKAAAARMACAAAAACC
CACAGTGATTCAWCWGTACASAAAAAGC

7
2

CACAGTSAGTMTHATMCAGCAAAACCAAAAACAAAAACC
CACAGTSYTRRYMCMRARMWWRKSMAGMRGAMARAAACM

ERVK
À
B

22
4

CACAGTGTCAAGMAATWWWACAAAAACC
CACAGTGGRNCANRAMAAAACAAAAATC

62
10

CACAGTGGTTGTTGTTGATCTTGTGGAAAAACACAAACC
CACAGTGATWAATWWCAAAATACATAAGGTACAAAAACC

ERVL
À
B

4
2

CACAGTGNRNACAAAWTNMACMAAAACC
CACAGTGTTWAWMWMRRCKWCAGAAACC

9
4

CACAGTGAKAMMTWACTGGACCHAAWMGAGACAAAAACC
CACAKTGNAGTAGCCWGAGTTTGWAAGCNRACRAAAACC

ID
À
B

0
3

–
CACAGTGAADAAAAHADGAACAAAAACC

2
6

CACAGWGCMCYRKGCTKKRTCCCYARMAYYWCAAAAASY
CACAGTGCCCTGGGTTCAATCCCCARCAYCACAAAAACC

L1
À
B

163
27

CACAGTGAAAAAAAAAAAAACAAAAACC
CACAGTGGCTYTAWAAGAAACAAAAACC

189
36

CACAGTGAAACATGGATACAACAAAAAAAAACAAAAACC
CACAGTGWAAATAWAAAAAAAAAAAAAAAAACAAAAACC

L2
À
B

6
0

CACAGTGRGTGMGAMASAVACAAAAACC
–

1
4

CACAGACTAAAATTCCAGTGGGGAAGACAGACAAAAACC
CACAGTGCNAAAGCANNTATYGGNNNAWAMACAAAAAMC

MaLR
À
B

319
41

CACAGTGTCTGTTCACAGCACTAAAACC
CACAGTGATAAAAAACATAACAAAAACC

143
64

CACAGTGAGGAAATACTGGACCAAAGCAAGACAAAAACC
CACAGTAATGTTTAACTTACACCATAACCTACAAAAACA

Mariner À 0 – 1 CACATTTCTTTCTGCCAATGTCTTTCTGTAACAAAAACC

MER1
À
B

6
3

CACAGTGWYAASVCCCKARACAAAAACC
CACAGBGADACGTVVCCDAACAAAAACC

13
5

CACAGTGDWGAAWAAAGTCAWTAAGRAAAAACAAAAACC
CACAGTGGCAGAAMACATWGTWYAAMCMATACAAAAACC

MER2 À 2 CACAGTCYKMAAAWAWRAAAMARAAACC 2 CACASYGTRWTWACWKYWKMSWWMKRWWSKASAAAAAYC

MIR
À
B

1
4

CACAGTGAAGAGTACTTAGACTAAAACA
CACAGTGTGNAATATCNTAACAAAAACC

7
7

CACAGAGHYTGTATYAHCTAATTTAAWTAYACAAAAACC
CACAGTGHTGKYHTCTTTCTAMTTCATCTCACAAAAACC

MuDR À 0 – 1 CACAGTGATTTCGAAGAAACTAGGCTGCCTACATAAATC

Tip100 À 1 CACAGGTGCCTTTACTTACACAAAAACC 0 –

SR
À
B

9
43

CACAGAGAKACACATACASACAAAAACA
CACAGTGAAAAAAAAAAAAACAAAAACC

3
64

CACAGTGCAHVCACACACATATGVATACACACACAAACA
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, N is 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.

Table 4. 
Consensus sequences of 12cRSS and 23cRSS found in repeats of 18 families



ÿê ïðà âè ëî, ìà þòü 58–67 ³ 30–47 % ãî ìî ëîã³¿ ç àíà ëîã³÷íè ìè
ñòðóê òó ðà ìè fRSS â³äïîâ³äíî.

Êëþ ÷îâ³ ñëî âà: cRSS, V(D)J-ðå êîìá³íàö³ÿ, RAG1, RAG2.
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