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Abstract

Recombination signal sequences (RSS) from immunoglobulin andxT§&Res of zebrafish were analyzed in comparison with RSS from
human and species-specific features were revealed. In contrast to human RSS, in zebrafish RSS fremabdtiGRy genes the last
nonamer position is not conserved. On the contrary, the fourth nonamer position, which is not conserved in human or mouse is conserved
in zebrafish. The 12 bp spacers from human and zebrafish RSS contain 9 bp motif resembling nonamer sequence. Spacers in zebrafish 23 b
RSS from both immunoglobulins and TGRontain 7 bp motif also resembling nonamer sequence while corresponding human sequences
do not contain analogous motif. RSS are recognized by RAG1 protein, which also has specific features in teleost suggesting co-evolution of
RAG1 with corresponding RSS.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction only in lymphoid cells. B cells rearrange only immunoglob-
ulin genes while T cells rearrange only T cell receptors. In
Receptors of the adaptive immune system are encoded inboth types of cells rearrangement takes place only at spe-
genome as multiple segments: variable (V), diversity (D), cific stages of cell development. Recombination follows the
joining (J) and constant (C). Functional genes are created12/23 rule, which dictates that it occurs between two RSSs
by recombination of these gene segments generating a vir-with different spacer lengths.
tually unlimited variety of immune receptors. Recombina- At the first phase of recombination the RAG proteins as-
tion activating proteins encoded RRAGL andRAR genes semble on RSS and nick the DNA at the border between
perform critical DNA recognition and cleavage functions in the RSS heptamer and the gene segment. The resulting 3
V(D)J recombinationGellert, 2002. The recombination is  hydroxyl group on the nicked strand performs a nucleophilic
targeted by specific DNA sequences, known as recombinationattack on the opposite strand of DNA forming a phosphodi-
signal sequences (RSSs), which flank the coding segmentsster bond and hence creating a DNA hairpin at the termi-
(Fig. 1). RSS consists of a conserved heptamer (consensushal end of the coding sequence. In the next step, the 12 and
5-CACAGTG) and nonamer (consensus®CAAAAACC) 23 signal ends are joined heptamer to heptamer in a precise
separated by a moderately conserved spacer of either 12 ojunction. In contrast, joining of coding ends is imprecise due
23 base pairs. The presence of RSS is both necessary antb addition or deletion of nucleotides before ligation, which
sufficient to direct RAG mediated recombination on artificial serves to further diversify the repertoire of antigen specific

substrates. receptors. Many other proteins cooperate with RAGs in the
V(D)J recombinationis strongly regulatedinacell-,locus- recombination proces&gllert, 2002.
and stage-specific mannedwanson, 2004 It takes place The nature of recognition of RSS by RAG proteins remains
poorly understood. Although both RAG1 and RAG2 are nec-
* Tel.: +1 617 253 6705: fax: +1 617 253 8699, essary for recombination, sequence-specific DNA binding
E-mail addressndanilov@mit.edu. sites were found only in RAG1Spanopoulou et al., 1996
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23-RSS 12-RSS 23-RSS

Fig. 1. RSS flank the coding segments of immunoglobulin and TCR genes. Components of the immunoglobulin heavy chain gene ai¢ Sbgnvants
have RSS with 23 bp spacer at tHerdd; Dy sequences have RSS with 12 bp spacer arekgments have 23-RSS.

Variations in RSS sequence are known to influence the brafish in comparison with human RSS sequences indicates
efficiency of recombination. No RSSs have been found to that RSS have both species-specific and gene-specific fea-
recombine more efficiently than the consensus forms of tures.
the joining signals lesse et al., 1989; Ramsden and Wu,

1991). The heptamer as well as nonamer are thought to be

conserved, especially the three heptamer bases closest to the2. Methods

recombination crossover site, and the fifth and sixth posi-

tions of the nonamerHesse et al., 1989; Ramsden and Wu, 2.1. Human RSS

1991). The role of other positions in hexamer and octamer

as well as in spacer have been disputed; however, as recent There are 39 known expressed humap ¥egments
studies suggest they may influence the recombinatiee (  (accession number NU26437). In addition, five puta-

et al., 2003 Montalbano et al., 2003; Nadel et al., 1998; tive functional \{y segments were found during genome
Olaru et al., 2003; Ramsden et al., 1994; Tillman et al., sequencing. These 44 segments were used as a source
2004. A program has been developed to predict RSS effi- of 23-RSS. The vast majority of human immunoglobulin
ciency based on the whole RSS seque@m(ell etal., 2002; heavy chain genes are pseudogenes and they had not been
Lee et al., 2008 This program was based on a database of included in the analysis. There are 27 [gene segments

mouse sequence€@well et al., 20038 It was applied suc- in human genome (accession number_006437). They
cessfully for identification of functional cryptic signals in  have 12-RSS on both sides; all those were included in the
human and mouse genomé&n{vell et al., 2008 However, analysis.

another group applied this program in analysis of RSS of hu-
man Wk genes and found a discrepancy between the predic-2.2. Zebrafish RSS
tion and experimental data: RSSs with close scores differed

substantially in recombinogenic efficiencyM@ntalbano From 47 \{; segments identified in zebrafish genome 33
etal., 2003. These data suggest differences in RSS betweenhave no defects and are presumed functional or expressed
species. (Danilova et al., 200pand Qanilova et al., 2004 RSS

Previously, only a few attempts have been made to analyzefrom these V; segments were analyzed.lgand Igu
the difference between RSS of different speci@tugman heavy chains have 2 and 5yDsegments respectively
etal., 200). It appears that RSS from different genes and/or flanked with 12-RSS. Since there were only 14 sequences
species have been often pooled on the assumption that RSSfom Dy segments available, they were combined with
have the same pattern in all cases. This assumption might20 sequences from light chainsidire et al., 200D A
be based on the fact that the same protein, RAG1, recog-substantial part of zebrafish TGRocus has been sequenced
nizes RSS in all species. RAG1 is a very conserved pro- and annotated. We examined 23-RSS from 54 functional
tein, however, given that substitutions are present even inTCR Va segments (accession numbers AL591481 and
the core region of the RAG1 and that many RSS residues AL591399).
seem to be involved in binding, species-specific variations in
RSS-RAGL1 recognition site are possible. In support, some2.3. Sequence logos
subtle differences have been noted in RSS at TGRavd
VB genes from mouse and humaglgsman et al., 2001 To analyze RSS we created logos of sequences where
Species-specific features may account for the inaccuracy ofthe frequency of each nucleotide at a particular position is
prediction of RSS recombinogenic efficiency in one species presented graphicalyschneider and Stephens, 1990he
using model originally designed based on sequence motifsheight of each letter is proportional to its frequency and the
from another species. letters are sorted so the most common one is on top. Maximal

The zebrafishis the first non-mammalian vertebrate whosesize, 2 bits, corresponds to 100% frequency of a given base
T and B receptor genes’ sequences have become available imit a given position.
numbers sufficient for statistical analysis as a result of ze- RSSs were aligned and the sequence logo was created
brafish genome project. Analysis of RSS sequences fromusing program Delila distributed by Cambridge University
species phylogenetically distant from mammals may help by the authors chneider and Stephens, 199Bleptamer
to better understand the mechanisms of gene rearrangeand nonamer sequences were highlighted using Adobe Pho-
ment. In this study, the analysis of RSS sequences of ze-toshop.
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