© 1994 Oxford University Press

Nucleic Acids Research, 1994, Vol. 22, No. 10 1785-1796

Conservation of sequence in recombination signal

seqguence spacers

Dale A.Ramsden*, Kristin Baetz and Gillian E.Wu*
Department of Immunology, University of Toronto, Toronto, Ontario M5S 1A8 and The Wellesley
Hospital Research Institute, 160 Wellesley Street East, Toronto, Ontario M4Y 1J3, Canada

Received October 21, 1993; Revised and Accepted April 13, 1994

ABSTRACT

The variable domains of immunoglobulins and T cell
receptors are assembled through the somatic, site
specific recombination of multiple germline segments
(V, D, and J segments) or V(D)J rearrangement. The
recombination signal sequence (RSS) is necessary and
sufficient for cell type specific targeting of the V(D)J
rearrangement machinery to these germline segments.
Previously, the RSS has been described as possessing
both a conserved heptamer and a conserved nonamer
motif. The heptamer and nonamer motifs are separated
by a ‘spacer’ that was not thought to possess
significant sequence conservation, however the length
of the spacer could be either 12 +/- 1 bp or 23 +/-
1 bp long. In this report we have assembled and
analyzed an extensive data base of published RSS. We
have derived, through extensive consensus
comparison, a more detailed description of the RSS
than has previously been reported. Our analysis
indicates that RSS spacers possess significant
conservation of sequence, and that the conserved
sequence in 12 bp spacers is similar to the conserved
sequence in the first half of 23 bp spacers.

INTRODUCTION

The adaptive immune response in vertebrates combats
environmental pathogens by the use of a vast repertoire of antigen
specific receptors (immunoglobulins and T cell receptors). The
diversity of this repertoire is resident in the variable domain,
which is assembled though a somatic, cell type specific process
involving the site specific recombination of germline V, D and
J segments [V(D)J rearrangement].

Adjacent to the coding sequence of all V, D and J segments
that are capable of V(D)J rearrangement is a conserved non-
coding sequence that functions as a targeting signal for
recombination, termed the recombination signal sequence (RSS)
[1, 2] Recombination substrates have demonstrated that RSS are
both necessary and sufficient for targeting of V(D)J
rearrangement to lymphoid cell types [3, 4] RSS were originally
defined through alignment and comparison of multiple examples,

resulting in a definition of two classes of RSS, both possessing
identical conserved seven bp (heptamer) and nine bp (nonamer)
motifs. One class has an approximately 12 bp spacer of non-
conserved sequence separating the heptamer and nonamer motifs,
while the other class has an approximately 23 bp spacer [5]
V(D)J rearrangement occurs efficiently only between a 12 bp
spacer RSS and a 23 bp spacer RSS.

The RSS spacers, as previously discussed, are generally
assumed to lack conserved sequence. The overall sequence
composition of the spacer was considered as potentially signifi-
cant, however, as early mechanisms of V(D)J rearrangement
suggested that a recombination intermediate required melting of
RSS DNA [1]. Two experiments, involving complete substitution
of spacer sequence with GC base pairs, attempted to address this
question, and have conflicting results. Experiments by Sakano
and colleagues suggested that GC substitution of an RSS spacer
resulted in an impairment of recombination frequency [3], while
in experiments by Lieber and colleagues the authors suggest that
GC substitution of RSS spacers made no significant difference [6]

Previous consensus analysis of RSS have concentrated on the
heptamer and nonamer [7] We have used the considerable
increase in the number of sequenced RSS present in the data bases
to analyse the spacer sequences. We have constructed a large
database of aligned, functional RSS from different species and
different loci, classified according to the size of the RSS spacer.
A comprehensive RSS consensus, based upon classification by
RSS spacer size and including heptamer and nonamer motifs as
well as the spacer, is presented. In contrast to previous definitions
of RSS, we observed significant conservation of sequence in RSS
spacers. Moreover, the conserved sequence for 12 bp spacers
is similar to the conserved sequence in the first half of 23 bp
spacers.

MATERIALS AND METHODS

RSS analysis

Alignment of RSS. We have obtained 453 examples of RSS, from
different species and different loci (see Tables 1 and 2). Sequences
were retrieved from GenBank (release 67.0) or the specified
references using ‘lineup’, a Genetics Computer Group [8] (GCG)
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program that allows visual alignment of multiple sequences. As
our primary goal is to relate sequence conservation to function,
we exclude RSS that are associated with a pseudo-gene segment
(as defined by the ability to contribute to a functional, mature
protein), and classified the RSS solely on the length of the spacer.
Care was taken to include only one example of a given gene
segment’s RSS when multiple versions of the same gene segment
were present in GenBank. We note that while considerable effort
has been expended to ensure this database is comprehensive, it
is not complete. We define here an abbreviation to aid in future
description of the RSS: RSS derived from 12 bp spacer RSS will
be referred to as 12 RSS, while RSS derived from 23 bp spacer
RSS will be referred to as 23 RSS.

Sequences were aligned using ‘pileup’, a GCG program that
aligns groups of sequences based on comparison of the closest
related pairs, and introduces gaps to promote optimal alignment.
As experiments suggest that RSS function efficiently only if the
first three nucleotides of the heptamer are fixed at CAC, and
the heptamer and nonamer are separated by a spacer with
variation in length of 11—13 bp or 2224 bp only [7], gaps were
inserted for optimal alignment based on these criteria. This was
achieved using the pileup parameters ‘gap weight’ set at three,
and ‘gap length weight’ set at 0.2. (see Tables 3 and 4). As similar
sequences are often grouped together in these tables, gap position
may occasionally appear somewhat idiosyncratic when limited
portions of the database are observed. Moreover, while the gap
weight and gap length parameters applied resulted in largely 12
and 23 bp spacers, as hoped, RSS that appear to have longer
spacers than 12 or 24 bp cannot accommodate extensive gaps
without high penalty, and thus may appear misaligned.

Consensus determination. Consensus sequences were determined
using the ‘plurality’ rule [9] (Tables 5 and 6). This method
determines a consensus result with varying degrees of ambiguity,
such that for each position the degree of ambiguity is related to
the significance of the observed nucleotide conservation. A
consensus result may consist of only one nucleotide and thus be
unambiguous, indicating a highly conserved position, or may be
ambiguous for up to all four nucleotides. A position with a
consensus result ambiguous for all four nucleotides has a
nucleotide distribution indistinguishable from random. Analysis
of the properties of this rule indicate that when there are at least
100 sequences in a database (both 12 RSS 23 RSS sets have over
100 sequences), the probability that a randomly generated
database would produce a consensus result ambiguous for less
than four nucleotides is less than 1% [10]. We further define
consensus results ambiguous for more than one nucleotide by
reporting the nucleotides in order of the frequency that they are
observed, from the most frequent to the least frequent.

RESULTS

Alignment of RSS

255 examples of 12 RSS were obtained, largely derived from
IgH D and Igx V loci (Table 1). As described in the Materials
and Methods, gaps were inserted for optimal alignment, although
gaps were rarely required for the alignment of 12 RSS (Tables
3 and 5). 198 examples of 23 RSS were obtained (Table 2). Gaps
were introduced such that there are 24 positions between the
heptamer and the nonamer (see Tables 4 and 6). 80% of RSS
(159/198) contained a single one base pair gap, and therefore
possessed 23 bp spacers. There were 20 (10%) sequences with

Table 1. Sources of 12 RSS

Species
Locus !&M%&b Hef | Xel | Rat | Bov | Shp | Duk | totals
IGHD 20 |32 |16} 12 J12] - | 2 - - - 94
IGkV 130 |17 ] - § | 2131 - - - - 57
IGM 3 4 1 - - - 1 - 1 1 11
TcRaJ } 46 | 5 - - - - - - - - 51
TcRpJ J 12 | 13 | - - - - - - - - 25
TcRED | 2 2 - - - - - - - - 4
TcRyJ | 2 2 - - - 1 - - 5
TcRsD | 2 2 - - - - - - - - 4
TcR&J 2 - - - - 4
totals 1119 |79 | 17 {117 | 14| 3 3 1 1 1 255

Abbreviations: IG; immunoglobulin. TcR; T cell receptor. H; heavy chain. x;
light chain of the kappa isotype. \; light chain of the lambda isotype. Isotype
classification for Xel and Hef chains is not clear, however they are grouped with
whatever light chain isotype has the same sized RSS spacer for the purposes of
these tables. o; T cell receptor alpha chain. 8; T cell receptor beta chain. v;
T cell receptor gamma chain. §; T cell receptor delta chain. V; variable gene
segment. D; diversity gene segment. J; joining gene segment. Species are Mus;
Mouse (Mus musculus). Hum; Human (Homo sapiens). Xel; Frog (Xenopus
laevis). Shp; Sheep (Ovis aries). Hef; Horned shark (Heterodontus franciscus).
Rab; Rabbit (Oryctolagus cuniculus). Chk; Chicken (Gallus gallus). Bov; Cow
(Bos taurus). Rat; Rat, (Rattus norvegicus). Duk; Muscovy duck.

Table 2. Sources of 23 RSS

Species
Locus | Mus jHum | Xel | Shp | Het | Rab | Chk | Rat | Duk | totals
IGHV | 32 | 25 | 16 4 5 1 83
IGHD | - - - 4 - 4
IGHJ | 4 5 4 4 1 1 19
1GxJ 4 5 - 2 1 - 5 - 17
IGA\V | 3 9 14 | - - 1 1 2 30
TcRaV ] 9 2 11
[TcRgV ] 8 8 - 16
[TcRED | 2 2 4
[ TcRyv ] 3 5 8
TcRV | - 2 2
TcRD | 2 2 4
[totals | 67 } 65 | 16 | 14 | 14 | 10 | 3 7 2 198

Abbreviations: IG; immunoglobulin. TcR; T cell receptor. H; heavy chain. x;
light chain of the kappa isotype. \; light chain of the lambda isotype. Isotype
classification for Xel and Hef chains is not clear, however they are grouped with
whatever light chain isotype has the same sized RSS spacer for the purposes of
these tables. «; T cell receptor alpha chain. 8; T cell receptor beta chain. v;
T cell receptor gamma chain. §; T cell receptor delta chain. V; variable gene
segment. D; diversity gene segment. J; joining gene segment. Species are Mus;
Mouse (Mus musculus). Hum; Human (Homo sapiens). Xel; Frog (Xenopus
laevis). Shp; Sheep (Ovis aries). Hef; Horned shark (Heterodontus franciscus).
Rab; Rabbit (Oryctolagus cuniculus). Chk; Chicken (Gallus gallus). Bov; Cow
(Bos taurus). Rat; Rat, (Rattus norvegicus). Duk; Muscovy duck.

22 bp separating the heptamer and nonamer, two (1% with 21
bp separating the heptamer and nonamer, and 17 (9%) with 24
bp separating the heptamer and nonamer.

The results of the sequence analysis of these alignments will
refer to the positions in each alignment as belonging to one of
the three elements (heptamer, nonamer, and spacer), and the 5’
terminus of each element will be referred to as the first position
of each element.

Conservation of sequence in the heptamer and nonamer

The consensus sequence for all positions of the heptamer, for
both 12 RSS and 23 RSS, was unambiguous (Tables 5a and 6a).
The first three nucleotides of the heptamer were almost perfectly
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Table 3. Alignment of 12 bp spacer RSS

Specles [Locus [Segment ptamer Spacer Nonamer | Reference
MUS JIGH |DQs2 CACTGTG | GTGCTCCGCTTA | GTCAAAACC 17
D Q52 CACGGTG | ACGCGTGGCTCA | AcAAAAACC 17
D SP2- ICACAGTA | GTAGATCCCTTG | ACAAAAATC 18
D SP2- ICACAGTG | ATATATCCAGCA | ACAAAAACC 18
D SP2-: ICACAGTA | GTAGATCCCTTG | ACAAAAATC 19
D SP2-3 ICACAGTG | ATATATCCAGCA | ACAAAAACC 19
D SP2-4 ICACAGTA | GTAGATCCCTTG | ACAAAAATC 19
D SP2-4 ICACAGTG | ATATATCCAGCA | ACAAAAACC 19
D SP2-5 ICACAGTA | GTAGATACCTTG | ACAAAAATC 19
D SP2-5 CACAGTG | ATATATCCAGCA | ACAAAAACC 19
D SP2-€ ICACAGTA | GTAGATCCCTTG | ACAAAAATC 19,
D SP2-6 ICACAGTG | ATATATCCAGCA | ACAAAAACC 19,
D SP2-7 ICACAGTA | GTAGATCCCTTG | ACAAAAATC 19
D SP2-7 CACAGTG | ATATATCCAGCA | ACAAAAACC 19]
D SP2-8 CACAGTA | GTAGATCCCTTG | ACAAAAATC 19,
D SP2-8 ICACAGTG | ATATATCCAGCA | ACAAAAACC 19
D FL16.1 ICACAGTA | GTAGATCCCTTC | ACAAAAAGC 19
D FL16. ICACAGTG | CTATATCCATCA | GCAAAAACC 19
D FL16.2 CACAGTA | GTAGATCCCTTC | ACAAAAAGC 19,
D FL16.2 ICACAGTG | CTATATCCAGCA | ACAAAAATC 19|
1Gx V_18.1 ICACAGTG | ATGCAGACCCTA | ACAAAAACA 20!
V K1AS CACAGTG | ATACAGACCCTA | ACAAAAATA 20
V 5.1 ICACAGTG | ATACAGACCCTA | ACAAAAATA 20
V K24C ICACGGTG | ATACAGCCCTGA | ACAAAAACC 21
V K24A (Pa) JCACAGTG | ATACAAACCTGA | ACAAAAACC 21
V K24.1 ICACATTG | ATACTGCACTGG | ACAAAAACC 21
V -Ser ICACAGTG | CTTCAGCCTCCT | ACACAAACC 22
V 167 CACAGTG | ATAGAGCCCTGA | ACAAAAACC 23
V MOPC173b _JCACAGTG | ATACAAATCACA | ACATAAACCY  [24
V K41 CACAGTG | ATACAAATCATA | ACATAAACC 25
V K2 CACAGTG | ATTCAAGCCATG | ACATAAACC 26
V K1.6 (21x) JCACAGTG | CTCCAGGGCTGA | ACAAAAACC 27,
V K21E ICACAGTG | CTCCAGGGCTGA | ACAAAAACA 27
V K21B CACAGTG | CTCCAGGGCTGA | ACAAAAACC 27
V K21C ICACAGTG | CTCCAGGGCTGA | ACAAAAACC 27
V K18 ICACAGTG | CTCCAGGGCTGA | ACAAAAACC [27
V K24A CACAGTG | ATGCAGCCCTGA | ACAAAAACC 28
V K248 CACACTG | ATACAGCCCTGA | ACAAAAACA 28
V1B CACAGTG | ATACAGACCCTA | ACARAAATA [29
V1C CACAGTG | ATACAGACCCTA | ACAAAAATA [29
V R11 ICACAGTG | ATACAGGCTGGA | ACAAAAAC. [30!
V R1 ICACAGTG | CTACATACTGAA | ACAAAAACA 30
V L8 ICACAGTG | CTACAGACTGGA | ACAAAAACA 30!
V H6 CACAGTG | ATACAGACTGGA | ACAAAAACC 0
V H1 JCACAGTG | CTACAGACTAGA | ACAAAAACC 30!
V H4 [CACAGTG | ATACAGACTGGA | ACAAAAACC 30!
V H9 CACAGTG | ATACAGACTGGA | ACAAARACC [30
V R9 CACAGTG | ATACAGACTGGA | ACAAAAACC 30!
V H13 |CACAGTG | ATACAGACTGGA | ACAAAAACC 30
V H3 [CACAGTG | ATACAGACTGGA | ACAAAAACC 30,
IMUS IGA [J1 CACTGTG | ATATAGACTCAT | GCAAAAAA . 31
2 CACAATG | ACTAAAACCCAA | CCCAAAACC 31
3 [CACAGTG | ACTGAAACCCAA | cCCTAAACC 31
TCRa |J TA6S JCACTGTG | ACAATAACCTCA | ACAAAAACC 32
J new2 JCACAGCA | AATCAACCCTTT | ACAAAAAAC 33
J TA91 ICACACGT | CTCTTCGTGAGA |AGACACTGT 33
J C5A ICACTGTA | ACACGGGCCTTT | ACAAAAACA 33
J new1 ICACAGCC | TGGGGAGGCTTT | ACAAAAACA 33]
J 2b4A ICACAATG | ACACGGGACTCT |ACAAAAACT 33]
J TA27 ICACACCC | ACACACTGCCTT | ACAAATACT 33]
J TA1 CACACTG | CACTGAAGGGCT | TTGCAAAAA 33]
J45 ICACACTG | CACTGAAGGGCT | TTGCAAAAA 34]
J BDFULI [CACAGTG | ATTTGTCCTGTG | ACAAAATGG 33]
J PHDS JCACAGTG | GCTGACTCTACA | ACAAAAACT 32]
J TA 84 ICACAGTG | ATCTCTTCCACC |ACAAAAACT 32
J T2C CACAGTG | ATATCATGTTCT | ACAAAAACC 35!
J TA31 JCACAGTG | TGCCAAGCCATT | ACAAAATCC 33|
J new 3 CACTGTC | TCCAATAACAGC | ACAGAAAAC 33
J TA80 [CACCCTG | AGGCAAGCCTTG | ACATAAACC 32
J TA46 CTGTG | AGACACTCCATA | TCAGAAACC 33
J newd |CACAGTA | ATACACACTCTA |ACAAAAACT 33)
J new5 ICACAGTC | ATTTGGGGCCTT |ACAATAACC 33]
J TA19 ICACAGTG | TTCTGTGTCTCT |ACATAAACC 32]
J TA37 ICACAGTG | ATCTCCAGCTCA | GCAAAAACC 33]
J NAT1 ICACAGTT | ATAGAGAGCTTT |ACAGAAATG 33]
J TA57 ICACCCCA | ATGCTGCACTTT | ACAAAAACT 33]
J new6 CACAGTG | ATATCATGTTCT | ACAAAAACC 33]
J new? CACAGAC | ACAAAAACCTTA | ACAAAAACA 33)
JTT1 [CACAGCC | CTGCAGAGCCTT |ACAATAACT 32]

J TA20 [CACATCA | TCTCTTGCCTTT |ACTGAAACC 33]
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Table 3. (cont.)
Sped;rLocus Segment Heptamer Spacer Nonamer | Reference
J BM10-37 __ ICACACTG | TGATTGGGACCA | TACCCAAAA 3
J new10 JCACAGTG | ATCTGAAGCCAA | GCAAAAACA [33]
J b12 ICACAGTG | cCA CCTTT |ACACAAATC 33
J 144 ICACAATG | GTTAGCACCATT JACAGAAAGC [33]
J TA28 ICACTGTG | ATTTGCTCAACA | ACAAGAACC [33]
J BM2T3-1 __ JCACTGTG | TTACATACCCTG | TCAAAAACA [33)
J newd ICACACTG | TGACAAACACGT |CTACAAAAT 33|
J 112-2 ICACAGTG | GGTTTCCTCTTA | GCAAAAACT [33)
J TA6 ICACAGTG | CTCCGTGCTATT | GCAATAACC [33]
J newt ICACAGAA | TTTCCTTTCTTT | GCAAAAACT [33]
J TA26 JCACTGCA | GGTGACACCTTT | ACAGAAGCC [33]
J new14 ICACAGTA | GAAAGGTGCTTT | ACAAGAATT [33]
J new1? ICACAGTG | AGGAAAGCCTTT | GATGAAACC [33]
J new1 JCACTCTG | AGTAAGTGCTTC |ACAAAAACG [33]
J TA72 JCACAGTG | ATTTGTCCTGTG | ACAAAATGG [33]
J newit JCACAGCA | GCAAACCTCTCC |ACAAAAATG [33)
J TA39 JCACTGTA | AGTGAGGTCTTT |ACAAAATGG [33]
J DK1 ECAGTG AAACGAGGCCCT | GCAAATTCT [33]
J LB2A CAGTG | CCAGCCCCCTTT | ACACAAATC [33]
MUS _ JTCRg |J 1.1 JCACAGTG | CCATAGGATGAG | GAGAAAAAT [36]
J 1.2 CATCA | GAATACAGATAC | TGCAATATG 6
M [TCRE [J 1.3 ICACAGCC | TCCCGGGTTCAC | TTCAAAACC E:]
J 1.4 ICACAACA | TTAAAGCCTAGT | GGTAAAACT [36]
J 1.5 ICACAGTA | CAACATGAGGGT | GACAAACTC [36)
J 1.6 ICACAGCT | GCAGGTGACCTT | GGTAAAACC [36)
J 2.1 ICACAGCA | GAAAAGGGCTAC | CAAGAATTC [37
J2.2 ICACAGTC | TTGGAAATGCTG | GCACAAACC [37]
J 2.3 ICACAGCC | TCCAGGCTCAGG | ACAAAAACT [37]
J 2.4 ICACAGCC | TCTTGGTACAGG |ACAAAAACT [37]
J 2.5 ICACAGCC | CCAGAACCCAAC | ACAAAAACT 3
J 2.7 ICACAGTG | GCTCAACCCCAC | ACACAAACC 37
TCRB l_D -1 ICACAATG | TTACAGCTTTAT | ACAAAAAAG [38]
D 2-1 ICACAATG | TTACATCGTGAT | ACAAAAAAG [38]
TCRy |J 1 ICACAGTG | CTCACAGCTTCT | ACAAAAATC [39]
J 2 ICACAGTG | CTCACAGCTTCT | ACAAAAATC 39]
TCR3 |D ICACGGTG | CTACAGAGCTTT | GCAAAAACC 40]
3] ICACAGTG | AAMACACAGCCGT | ACAAAAACA 40]
TCR3 |J2 ICACGTTA | TAATCTTGCTTT | GCAGATAAC 40]
J 1 ICACAGCT | ACTGAGGCCCAT | TCCAAAAAC 40]
HOM_[iGH |DHas2 ICACAGTG | ATTGGCAGCTCT | ACAAAAACC 41
|D HQ52 ICACAGTG | GTTCTCAGCTCA | GCCAAAAAC 41
IO LRt ICACAGTG | ACACAGCCCCAT | TCCCAAAGC 42)
ACACGAGCCCCC | ACAAAATCC 42)
ACACGAGCCCCC | ACAAAATCC 42]
ACACAGACCCAT | TCCCAAAGC 42]
ACACAACCCCAT | TCCTAAAGC 42]
ACACGAGCCCCC | ACAAAATCC 42
ACACGAGCCCCC | ACAAAATCC 42]
ACACAGCCCCAT | TCCCAAAGC 42]
ACACAGACCTCA | CCCCAAACC 43]
TCACAGAGTCCA | TCAAAAACC 43]
ACACAGACCTCA | CCCCAAACC 43]
TCACAGAGTCCA | TCAAAAACC 43]
ACACAGACCTCA | CCCCAAACC 43]
TCACAGAGTCCA | TCAAAAACC 43)
ATGAACCCAGTG | GCAAAAACT 43]
GGAGGGCCCTTC | ACAAAAAGC 43
ATGAACCCAGCA | GCAAAAACT 43]
GGAGGACCCTTC | ACAAAAAGC 43
GTGCTGCCCATA | GCAGCAACC 43]
TGACACCCCCTG | ACAATAACC 43]
GTGCCGCCCATA | GCAGCAACC 43]
TGACATCGCCTG | ACAATAACC 43]
ACACTCGCCAGG | CCAGAAACC 43]
ACACAGACACCT | TCAGAAACG 43]
ACACTCACCCAG | CCAGAAACC 43]
ACACAGACACCT | TCAGAAACC 43]
AGAAAAGCTTCG | TCCAAAACG 43
ACTCGGGGCTGT | TCAGAATCC 43)
AGAATAGCTACG | TCAAAAACT 43]
ACTCGGGGCTGT | TCGGAATCC 43}
ATTCAGCTTGAA | ACAAAAACC 44]
| ATTCAGCTTGAA | ACAAAAACC 44] |
ATTCAACATGAA | ACAAAAACC 45]
ATTCAACATGAA | ACAAAAACC 45]
vV TTACCAACCCGA | ACATAAACC 46]
v TTACCAACCCGA | ACATAAACC 46]
V HK101 TTACACACCCAA | ACATAAACC 47)
V HK102 ﬁc.\m TTACACACCCGA | ACATAAACC 47]
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Table 3. (cont.)

Species JLocus Seaﬁm_em tamer Spacer Nonamer | Reference
146 ICACAGTG | TTACACACCCAA | ACATAAACC 48]
V HK137 ICACAGTG | TTACACACCCAA | ACATAAACC 48]
V HK166 ICACAGTG | TTACACACCCAA | ACATAAACC 48]
V HK189 ICACAGTG | TTACACACCCAA | ACATAAACC 48]
V a' ICACAGTG | TTACAAACCCGA | ACATAAACC 46]
vVd ICACAGTG | TTACAAACCTGA | ACATAAACC 46]
Ve ICACAGTG | TTACACACCCAA | ACAAAAACC 46]
Vg ICACAGTG | ATTCCACATGAA | ACAAAAACC 49]
V-h ICACAGTG | ATTCAACATGAA | ACAAAAACC 49]
(<N ] ICACAGTG | ACTGAGGCTCAG | ACCAAAACC [50
ICACTGTG | ACACAGGCTCAT | ACAAAAACC [50
J ICACTGTG | ACACAGGCTCAT | ACAAAAACC [so
_ ICACAGTG | Acacacecccac | AcACAAACC [s1
TCRa |JC ICACTATG | ATTTGCTCAACA | ACAAAACCA [52]
JB_ ICACAGTG | TTTCTTAGTCAG | TCAAAAACA [52]
J AB Fgcam ATACTGAGATCT | ACAAAAACC [53]
J RP ICACTGTG | AGATGCTTCATA | ACAGAAACC 53
J AA ICACAGTG | TTATGTGTCTCT | ACATAAACC [53]
TCRB |J 1.1 ICACAGTG | ACAGGGGTCAAG | GTGAAAATC 54
J1.2 ICACATAA | GAATATAGCCAC | TCTAAAAGG [s4
J13 ICACAGCC | TCCCAGGGCCAC | TTCAAAACC [s
J 1.4 JCACAACA | TTAAAGACTGGA | AGGAAAACC [5
J 1 JCACAGTG | CATCATGAGTGT | GGCAAACCC 5
J 1 JCACAGCT | GCAGAGGCTTAG | ATAAAACCC s
J2.1 ICACAGTG | GGAAGGGGCTGC | CCAGAATTC [5¢€
J2.2 ICACAGCC | CTGGGGACCCTG | GCGCAAACC 56
J 2.3 ICACAGCC | TGGAGGCCCAGG | ACAAAAACC [56]
J 2.4 ICACAGCC | CCGAGACGCGGC | ACAGAAACT [56]
J ICACGGCC | CCCGAGCCCCGC | ACAAAAACC [56]
J ICACAGCC | CGGGGACTCCCC | GCAAAAACC [56]
I ¢ lcAcGGAG | GTecacccecee | ATccAAACC [56
D 1.1 ICACAATG | TTACAGCTTTGT | ACAAAAACA [55
___JD21 JCACAATG | TTACACCATGAT | ACAAAAATG [55
TCRy |J 1 ICACAGTG | ATTCAGTCCATA | TCAAAAACT [57]
I 'F ICACAGTG | ATTCAGTCCATA | TCAAAAACT [57
TCR3 |D ICACAATG | AAACACATCAGT | ATAAAAACC 58
____Ip2 ICACAGTG | CTACAGAGCTTT | ACAAAAACT [58]
HUM |TCRS |J2 ICACATTA | TGACAGTGCCTC | ACAGGTAAC {59
1 ICACAGCA | CTTGAGGACGTT | CCAAAAACC [59
CHK__|IGH D ICACGGTG | CTCCATCCCATA | ACAAAAACC [60)
D 1 ICACAGTG | ATACAACGTTGA | CCAAAATCC [60
D JCACGGTG | CTCCATCCCATA | ACAAAAACC [60,
D ICACGGTG | ACACGACGTTGA | CCAAAATCC [60
D¢ ICACGGTG | ATCCATCCCATA | ACAAAAACC [60
CHK |Ig-l D¢ ICACGGTG | ACACAACGTTGA | CCAAAATCC [60
D 4 ICACAATG | CTCCATCCCATA | ACAAAAACC [69)
D 4 ICACGGTG | ACACAACGTTGA | CCAAAATCC 60
D ICACGGTG | CTCCATCCCATA | ACAAAAACC [69]
D ICACGGTG | ACACAACGTTGA | CCAAAATCC [60)
D € ICACGGTG | CTCCATCCCATA | ACAAAAACC [60]
D € JCACGGTG | ACACAACGTTGA | CCAAAATCC 60
Di JCACGGTG | CTCCATCCCATA | ACAAAAACC [60]
107 ICACAGTG | ATACAACGTTGA | CCAAAATCC [60]
D8 ICACAATG | CTCCATCCCATA | ACAAAAACC [69]
D8 JCACGGTG | ACACAACGTTGA | CCAAAATCC [60]
IGA | JCACAGTG | ATACGGAGCAAT | GCAAAAACC 61
RAB JIGH [Dia JCACGGTG | GETTGGCCCTTC | ACAAAATCC [62]
|D1a ICACAGTG | GTGCA . CCCAGC | ACAAAAACC 62
D 1b ICACGGTG | GGTCGGCTCTTC | ACAAAATCC [62]
|0 1b JCACAGTG | GTGCA . CCCAGC | ACAAAAACC [62
ID1c JCACGGTG | GGTCGGCCCTTC | ACAAAATCC [62
D ic JCACAGTG | GTGCA . CCCAGC | ACAAAAACC 62
D 1d JCACGGTG | GEGTCGGCCCTTC | ACAAAATCC [62]
D 1d ICACAGTG | GTGCA . CCCAGC | ACAAAAACC [62]
D2a JCACCATG | CTGCAGACCAGT | ACAAAATCC [62]
|D2a ICACAGTG | CCTCA . GGCCTC | ACATAAAAC [6
Jo2b ICACTGTG | TCTCAGACCAGC | ACAAAATCC [6
[D2b ICACAGTG | CCTCA . GGCCTC | ACATAAAAC [62]
1Ge V20 ICACAGTG | ATACAAGCCCTA | ACAAAAACC [63]
'ﬂ 18a ICACAGTG | ATACAAGCCCTT | ACAAAAACC 64
V 18b ICACAGTG | TTAGAAGCCCTA | ACAAAACCA 64
V 19a ICACAGTG | TTCCAAGCCCTA | ACAAAAACC 64
V_19b ICACAGTG | TTCCAAGCCCTA | ACAACTCCC [64
HEF JiGH [D 2 1403 ICACAGCA | GTTACTGTCAGT | ACAAAAAGT [65)
D 2 2807 ICACAGCA | GTTACTGTCAAT | ACAAAAAGC [65]
D 11113 CAGTG | AGACACACCGTG | TCAAATACT [65
D 11113 % ACACGAACCCGC | ACAAATACT [65]
D 1 2807 ICACAGTG | ACACGAACCAGC | ACAAATACT [65
D 1 1403 ICACAGTG | GACTTCAAAGCT | GTACAAATA [65]
D 11315 JCACAGTG | ACACGAACCTGC | ACAAATACT [65
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AGACACACCGTG | TCAAATACC]  [65]
AGACAAACCGTG | TCAAATACT | [65]
AGACAAACCGTG | TCAAATACT | [65
GTTACTGTCAAT | ACAAMMACT | [65
GTTACTGTCAAT | ACAAAAAGT | [65]
AGACAGGGCAAT | ACAMAAACT | [66]
AGACAGGGCAAT | ACAAMAACT | [66]
ATACAGAGCTGA | ACAAMAACC]  [67]
ATACAGAGCTGA | ACAARAACC] [67]
ATACAGAGCTGA [ ACAAMAACCY  [6
ACTTGTGGCTCA | ACAAMACC | [68]
ATGCTTTGCTTA | GTCAAAACC|  [68]
ACTGAGACTCAA | cccanaacc] — [69]
ATTCAAGTCATA | TcAAAAACT|  [70
ACACAGGCTTGC | ACAAMAACC] (71

Table 3. (cont.)
Species JLocus |S:
D—
D 2 14
D2 13
D 2 13
D2 11
IGL V 122
V 141 JCACAGTG
XEL JiGx |V JcACAGTG
v Ecm
\
RAT_JiGH__[D fcacacre
D fcacacTe
G U2 Jcacacre
BOV ITCRy J %
SHP JIG\A N
Cove o feacacre

ATACAGGGCCAT | GCAMMAACC IZZI

Reforonce |

Abbreviations: IG; immunoglobulin. TcR; T cell receptor. H; heavy chain. x; light chain of the
kappa isotype. \; light chain of the lambda isotype. Isotype classification for Xel and Hef chains
is not clear, however they are grouped with whatever light chain isotype has the same sized RSS
spacer for the purposes of these tables. a; T cell receptor alpha chain. 3; T cell receptor beta
chain. y; T cell receptor gamma chain. §; T cell receptor delta chain. V; variable gene segment.
D; diversity gene segment. J; joining gene segment. Species are Mus; Mouse (Mus musculus).
Hum; Human (Homo sapiens). Xel; Frog (Xenopus laevis). Shp; Sheep (Ovis aries). Hef; Horned
shark (Heterodontus franciscus). Rab; Rabbit (Oryctolagus cuniculus). Chk; Chicken (Gallus gallus).
Bov; Cow (Bos taurus). Rat; Rat, (Rattus norvegicus). Duk; Muscovy duck. Periods in sequences

designate a gap inserted for best alignment.

conserved. While this high conservation is derived to some degree
from alignment considerations (see Materials and Methods), it
is consistent with a previous analysis, which indicated that these
positions were both highly conserved and critical for efficient
function of RSS [7].

The fifth and sixth positions of the nonamers of 12 RSS are
also almost perfectly conserved (Table 5c). The sixth position
is required for efficient RSS function, however the fifth position
is not [7]. In 23 RSS, only this functionally important sixth
position is highly conserved (Table 6c). The nonamer appears
to have much more variability in the degree to which individual
positions are conserved as in both 12 RSS and 23 RSS the first
position, the fourth position, and the ninth positions of the
nonamer are relatively poorly conserved. This is particularly true
of the fourth position of 23 bp spacer nonamers, where the most
frequently observed nucleotide (A) is found in only 56% of the
aligned 23 RSS. The functional consequences of consensus
substitution at these relatively poorly conserved positions has not
been evaluated.

Conservation of sequence in RSS spacers

Analysis of aligned RSS revealed significant conservation of
sequence in both 12 and 23 bp spacers (Tables 5b and 6b). Of
particular significance is an A located at the fifth position 3’ of
the heptamer in both spacers (this position is hereafter referred
to as A%). An A is observed at this position in 67% of all 12
bp spacers and in 64 % of all 23 spacers. Both spacers often have
a G at this position whenever there is not an A. The plurality
rule therefore returns a consensus result for this position that is
ambiguous for either purine, A or G. 12 bp spacers and 23 bp
spacers have a G at this position in 19% and 25% of spacers,
respectively.

The most frequently occurring nucleotide is the same for 12
bp spacers and the heptamer proximal half of 23 bp spacers at
several other positions as well. In 12 bp spacers the most
frequently observed nucleotides are, from the first base 3’ of the

heptamer, A, T, A, C, and A (‘A®’), found in 50%, 56%, 58%,
62%, and 67% of 12 RSS respectively. The next two positions
possess a more random distribution of nucleotide composition
than the preceding positions. C is the most frequently observed
nucleotide at the following two positions, the eighth and ninth
positions, in 59% and 68% of 12 RSS, respectively, 23 bp spacers
have almost the same pattern, however the extent of conservation
is much lower. The most frequently observed nucleotides from
the first base 3’ of the heptamer in 23 RSS are A, T, G, C and
A (A9, found in 45%, 44%, 40%, 36%, and 64% of 23 RSS,
respectively. At the eighth and ninth positions the most frequently
observed nucleotide is again C, found in 44% and 38% of 23
RSS respectively.

The spacers of 12 RSS and 23 RSS therefore maintain
significant sequence conservation. Surprisingly, the 12 bp spacer
and the first half of the 23 bp spacer possess six positions where
the most conserved nucleotide is the same. In 12 bp spacers the
most conserved nucleotides 3’ of the heptamer are, from 5’ to
3’, ATACA--CC; the most conserved nucleotides at the
analogous positions in 23 bp spacers are ATGCA--CC.

The latter half of 23 bp spacer possess a high frequency of
TG and AG dinucleotides, often tandemly repeated, as well as
occasional runs of Cs or Gs (4—5 bp long). This results in a
number of positions (the 14th, 16th, and 19th through to the 22nd
positions) where the consensus results are ambiguous for two
nucleotides.

DISCUSSION

In this report, we have used the considerable increase in size
of the available database of RSS to redefine the RSS consensus,
particularly with respect to spacer sequences. We found that: 1)
The consensus heptamer and nonamer was the same for both the
types of RSS (the 12 bp spacer RSS and the 23 bp spacer RSS);
2) There is a significant sequence conservation in both the 12
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Table 4. Alignment of 23 bp spacer Recombination Signal Sequences

pecies) ocus Segment JHeptamer Spacer Nonamer JReference
MUS JGH AR100 JCACAGTG JTTCTAA . CCACATCCTGAGTGTGT | . CAGAAACC [73
H16 CACAGTG JGTGCAA . CCACATCCCGACTGTGT | . CACAAACC [74
H124 |CACAGTG [TTGTAA . CCACATTCTGAGAGTGT | . TAGAAACC 75
V PJ14 _ |CACAGTG JAGGGAAGTCCAATGTGAGCCT . GC JACAAATACC 76
V 108A | CACAGTG JTTACAA . ACACATCCTGAGTGTGT | . CAGAAACC [77)
M 108B | CACAGCG [TTGTAA . CCACAGGCTGAGTGTGT | . CAGAAACC 77
H441 | CACAGTG JAGGAAATCTCAGTTTGTACCCA .G |ACATGAACC (78
V H4A-3 ICACAGTG Eccn.ccacmccmcmcr . CAGAAACC [79
V H 30 CACAGTG . CCACATCCCGACTGTGT | . CACAAACC [74
M Hid11__JCACAGTG ITTTTAA . CCACATCCTGAGTGTGT [ACAGAAACC [80!
V H101 | CACAGTG JAGGGAAGTCCATTGTGAACTT . GA |ACAAAAATT [81
NV A1/A4 JCACAGTG JTTGTAA . CCACATCCTGAGTGTGT | . CAGAAACC 82
V H104A JCACAGTG JTTGTAA . CCACATCCTGAGTGTGT | . CAGAAACC [83]
V H10 CACAGTG JTTGCAA . CCACATCCTGAGCGTGT | . CAGAAACC [79]
V 1 IACACAAACC]  [5]
V 13 ACACAAACC [84]
V 11 ACACAAACC] [84

V H2B-3 | CACAGTG ITTGCAA . CCACATCCTGAGAGTGT | . CAGAAACC|  [79
V 186-1 JCACAGTG [TTGCAA . CCACATCCTGAGAGTGT | . CAGAAAAC {85
V 186-2 JCACAGTG ITTGCAA . CCACATCCTGAGAGTGT | . CAGAAAAC [85
V 145 CACAGTG JTTGCAA . CCACATCCTGAGAGTGT | .CAGAAACC]  [8S

23 CACAGTG ITTGCAA . CCACATCCTGAGAGTGT | . CAGAAAAC [85
V6 CACAGTG ITTGCAA . CCACATCCTGAGAGTGT | . CAGAAAAC 85
V3 CACAGCG ITTGTAA . CCACATCCTGAGAGTGT | . CAGAAACC {85

V H102  JCACAGTG [TTGTAA . CCACATCCTGAGAGTGT | . CAGAAACC [85,

V81X ACTAAAACC 86
V 283 ACTAAAACC 87
V 5A ACACAAACC 4
vV RV1i0 [ACACAAACC [74

V 105 CACAGTG ITTGTAA . CCACATCCTGAGTGTGT | . CAGAAACC [83]

V H26-6 JCACAGTG ITTGCAA . CCACATCCTGAGTGTGT | . CAGAAATC {74
V DFL.1__JCACAGTG [TTGCAA . CCACATCCTGAGAGTGT | . CAAAAATA 88
IcH P4 CACAATA |[GTGGGTTTTTCCTCTGTACCC . . G]|ACAAAAACC [76]
K CACATTG ITGACAACAATGATTAGACCCCTGA | CAATAAATG [76]
F CACACTA [TCATAGACCCCTTTAGTGGGTG . T [ACAAAAACC [76]
1 CACAGT. [CTCTGTTCTGCCTCTGTTCCTA . T |ACTAAAACT [76]
JGx IS CACAGTG |JAGGACTATGACA . TGCCCCTCTCT |ACAAAAACC
) 4 CACAGTG JATTCATATCACTGCGCCCCCCTTT |ACAAAAACC t
) 2 CACACTG CCTTCAC . TCAACCCCCAT JACAARAACT ¢
J CACAGTG JGTAGTACTCCAC . TGTCTGGCTGT |ACAAAAACC F
GA M1 CACAATG |ACATGTGTAGATGGGGAAGTAG. A [ACAAGAACA 89
V2 CACAATG TGTGTAGATGGGGAAGTAG.A |ACAAGAACA 90|
V x CACAGTA JACGGAGATAAAGGAGGAAGCAG .G |ACAGAAACT 91
CRa V SH CACAGTG |. . TCCCAGACAC . CTGCAGCCTGT JATGTAAACC 32
V 1-8.2 JCACAGTG|. . TCCCCAGGAC . CTGCAGCCTGC |[ACCTAAACC 92

V 1-8.1__|CACAGTG JCTCTCCAGGCAC . CTGCAGGCTGC [ACCCAAACC]  [92
V 2C CACAGTG [TGTGGGGCTGCAGGGGGAGCTG.A|ACACAAACA|  [35
V F3.2 _JCACAGTG JAGGGAGACTGCAGGGGAAGCTG.C [ACATGAACC]  [93]

F3.3 CACAGTG |AGGGAGACTGCAGGGGAAGCTG.C |ACATGAACC]  [93]
V F3.4  JCACAGTG [AGGGAGACTGCAGGGGAAGCTG.C|ACATGAACC]  [93]

TCRa V F3.5  JCACAGTG |JAGGGAGACTGCAGGGGAAGCTG . C |JACATGAACC] —[93
V F3.6  |CACAGTG |AGGGAGACTGCAGGGGAAGCTG . C [ACATGAACC| (93
Vv 8.3 CACAGTG [ATGTGTGG . CTTCCTTCCCTTTGC [ACAGAAAGT]  [94

V 8.2 CACAGTG JATGTGGGG . TTTCCTCCCCTCTGC |ACAGAAAGG [94)

V 8.1 CACAGTG [ATGTGTGG . CTTCCTTCACTCTGC [ACAGAAAGG [94

V 18 CACAGTG |CTGG . . TTCAAGGGAGAAATCTCA |GCGAGAACT [95

V 19 CACAGTG JGTGACTACT . . GGCTTTTCTCAGA |[ACACAAACT [95

vV 10-8 CACAGTG JGTGCAGAGTCA . CTGTTTCCCTGT | GCACAAACC [92]
5.1 CACAGCC [TTACAGAGCTACTGGCTTTCTGTA [ACTTAATC. |  [94]
5.2 CACAGCC [TTACAAAGCTACTGGCTTTCTGTA |ACTTAATC. [94)
2 CACAATG |JATTCAACT . GGAAGAGGTGCTTTT | ACAAAAAGC [38]
1

CACGGTG JATTCAATT . CTATGGGAAGCCTTT [ACAAAAACC [38
[TCRy V 108A  JCACAACA [TTAGAGCCTCTAGACT . AGCCTGC |ATAAGAACC [39
V 108B | CACAACA [TTAGAGCCTCTAGACT . AGCCTGC |ATAAGAACC [39]

V 4 CACTCTA [TCAAGAT . ACTGCACTGTTAACAAJACAAAACCC] [96
D 1 CACAGGT [TGAAGTAT . ATTAAACCTCTGTTC |[AGAAACACT|  [40)

| 2 CACAGTG [TTGCAAAC . CCCATAGGGACCTGT |ACAAAAACT 40)
HUM JGH M 251 CACAGTG JAGAGAAACCAGCCCCGAGCCC . GT [CTAAAACCC 97
V 12G-1 | CACAGTG |AGGGGAGGTGAGTGTGAGCCCA . G |ACACAAACC 98

V21 CACAGTG |AGGGGAGGTGAGTGTGAGCCCA . G|ACACAAACC] (98
V79 CACAGTG |AGGGGAGGTGAGTGTGAGCCCA . G|AcAcAAAcc] (98
V7-2 CACAGTG [TGAAAACCCACATCCTGAGACCGT] . CAGAAACC] [99]
V 35 CACAGTG [TGAARACCCACATCCTGAGGGTGT | . CAGAAACC] [100]
V714 JCACAGTG |AGGGGAGGTGAGTGTGAGCCCA .G |[ACAAAAACC]  [101]
vV 58 CACAGTG |AGGGGAGGTGAGTGTGAGCCCA . G|AcAAAAAcC] — [98]

MV 71-2 | CACAGTG |[AGGGGAGGTGAGTGTGAGCCCAGG [ACACAAACC] [101] |
V H26 CACAGTG [AG . GGAAGTCATTGTGAGCCCA . G|ACACAAACC 102
V H52 CACAGTG |AG . GGAAGTCAGTGTGAGCCCA . G|ACACAAACC 102
V H11 CACAGTG |AG . GGAAGTCAATGTGAGCCCA . G |ACACAAACC 103]
V H105 JCACAGTG |JAGGGGAGGTCAGTGTGCGCCCA .G |ACACAAACC [74)
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Table 4. (cont.)

Ejgecies cus [Segment JHeptamer| Spacer Nonamer JReference
1 _JCACAGTG |AGGGGAAGTCAGTGTGAGCCCA . G[ACACAAACC]  [99
1.9l JCACAGTG [AGGGGAGGTGAGTGTGAGCCCA .GJACACAAACC]  [99]
V1.9l _JCACAGTG |AGGGGAAGTCATTGTGCGCCCA . G|[ACACAARCC] [99)
Vv 9-1 CACAGTG |AGGGGAGGTCAGTGTGAGCCCG . G [ACACAAACC]  99]
vV 12-2  Jcacacee hmmcncmmccccc.c‘macmcc [99]
V 13-2  |CACAGTG [AGGGGAAGTCAGTATGAGCCCA . G|JACACAAACC]  [99]
M 8-1B__ | CACAGTG JAGGGGAGGCCATTGTGCGCCCA .G|ACACAARCC]  [99]
V 15-2B  |CAGAGTG |AGGGGAAGTCAGTGAGAGCCCAGG] . CACAAACC 99
V 22-2B | CACAGTG |AGGGGAAGTCAGTGTGAGCCCA . G|ACACAAACC 99
VHG3 _ JCACAGTG [TGAGAAACCACATCCTCAGA . TGT|.CAGAAACC] [104]
21-2  JCACAGTG [TGAGAAACCACATCCTCAGAGTGT | . CAGAAACC]  [99
Vv 3-1 CACAGTG [TGAGAAACCACATCCTCAGAGTGT | . CAGAAACC 99
GH |6 CACAATG |GCAGAATGTCCATCCTCACCC . . C |[ACAAAAACC 41
B CACATTG [TGACAACAATG . CCAGACCCCGAC [AAAGAACCG]  [41
[ 4 CACATTG [TGGGAGGCCCCATTAAGGGGTG . C [ACAAAAACC 41
K CACAGGG JACACAGTCCGTTCCTAGACCCA .GJACACAAACC]  [41
U 2 CACAGTC [CTCTGCCCTCCTGCTTCTCCCA . T [ACAAAAACA]  [41
| <3 'H CACAGTG [TTAACT . TAATTACTTTCCCCTTA JACAAAARTC 105
4 CACAGTG JAGGGATCTCACC . CTTTCCCCTCA JACAAAAACC|  [105]
U3 CACAGTG JATTCGTCTTAA . . CTTTTCCCTTT [ACAAAAACC] [105
U2 CACAATG [GTTCCTCTTAAC . TTCCCTCCTAT |[ACAAAAACT]| [105
HUM K CACAGTG JAGAGCTCTCCAT . TGTCTTGCTGA |ACAGAAACC | [T05
JGL NV 3s1 CACAGTS |ACACAGACAGATGGGGAAGTGA . G [ACAGAAACC] [106]
V7.1 CACAGTG |ACAGACTCATAAGAGGAACCAA . GIACATAAACC] [107]
V 117 JCACAGTG [CTCCAGCCCAATGGGGAACTGA . GJACAAGAACC] [108]
V 119 CACAGTG JCTCCAGCCCAATGGGGAACTGA . G [ACAAGAACC] [108
V 382 |CACAGTG [CTCAGGCCGGGGTGGGAACTGA . G|ACAAGAACC] [109)
21 CACAGTG GTTCATGGGGAACTGA . G |ACCAAAACC 110
V 418 CACAGTG JACACAGACAGATGGGGAAGTGA . G|ACAGAAACC] [111
Vv 318 CACGGTG [ACACAGGCAGATGAGGAAGTGA . G|ACAARAACA] [111
V1.1 CACAGTG [CTCCAGGCCAATGGGGAACTGA . G[ACAAGAACC] [107] |
Ra V pY14.2 |CACAGTG [CCTGAGACTGCAGGAG . AGCTG . A|[ACACARACC]  [52
V 13.1  JCACAGTG JCTCCCCAGGCAC . CTGAAGCCTGT [ACCCAAACC]  [59!
V 16 CACAGTG |CTTCACAGTCGTGC . CCTTGCTGT [GCAAAACCA] [11
V 8.1 CACAGCG |[CTGCAGAATCA . CCCCTTTCCTGT [GCAGAAAAC]  [11¢
vV 8.2 CACAGCG |CTGCAGAATCA . CCCCTTTCCTGT |GCAGAAACC] [113
V8.3 CACAGCG JICTGCAGAATCA . CCTGCTCCCTGT [GCAGAAACC] [113
V M3-2  JCACAGCG JCTGCAGAATCA . CCCCTTTCCTGT [GCAGARACC]  [S54]
V MT1-1_JCACAGCG [CCAGGAGGGGA . TCAGACACCGCG|GCAAGAACC] [114
VATL12-2]CACAGCA JTGGCACAGTTG . CCTCCTTCCTGT [TCACARACC] [114)
V ATL 2-1 JCACAGTG [CTTCTTGG . CCACCTGCTCTCTAC [ACAGAAAGA] [114)
[TCRE P 2.1 CACGATG |ATTCAGGT . AGAGGAGGTGCTTTT |ACARAAACC| _ [55
li‘ D 1.1 CACAATG [ATTCAACT . CTACGGGAAACCTTT |[ACAAAAACC]  [S5
CRy V¢ CACAGTG Emcnmcccccummc [TGAAAATC. | [115
E CACAGTG JATPCAGACCTGTCCTACACCACAC |[TGAAAATC. | [115
V8 CACAGTG I%mamc‘rswcncaccmc TGAAAATC.| [115] |
V9 CACAGCA |[GCAGACAGTTTGAGCCATCCCATT |TCAATAAAAL [116
V 10 CACATAC ITAGAA . CTGTTGAAACAACATGC . [ACAAAATCC] [116
[TCRs N DS6__|cACAGTG %mcmmm.r AcARAAGCC| (117
I A CACAGTG %mrmm.nlmmcc [59
CRS D 1 CACACAG GAGT . GCATTAAGCCTTTGT [CCAAAAACAY  [58
p2 CACAGTG Eacam.ccucmmmr ACAAAAACT|  [S8
XEL JGH N LL3.1 JCACAGTG |GGACATAT . ATTGTGAAAACATGT [ATAAAAACA] [118]
V LL3.4 118] |
V LL3.5 118
V LG2.1 118
V LG2.2 118
ViG2.4 118
V LG2.7 118
VLG28 | 118]
V LLY.1 118] |
LL1.2 118]
V LL1.3 118
V1114 1t
V LL1.€ 118] |
V LL1. 118]
V LL1.8 AAA( 118]
V LL1.9 JCACAGTG IACAAATAGTCTCAGAGCAGTGC . AJACAAAAACA] [118]
SHP JG. N62 CACACTG GTTCATGGGGAAGTGA . C |GCCAAAACC [71
V 12.2 _ JCACAGTG JCTCCAGGCCAGGGGGGAAGCGA . C [Acaraancc] [71
V 4.2 | CACGGTG JCTCCAGGCCAGGGGGGAAGTGA . C [GCGAAACCC] (71
V5.2 CACGGTG [CTCCAGGCCAGGGGGGAAGTGA . C [AccaaAcec]  [71
V17 [ CACGGTG [CTCCAGGCCAGGGGGGAAGTGA - C [ACCARAGCC 1
Vv 10 CACGGTG [CTCCAGGCCAGGTGGGAAGTGA . C [ACCAAAGCC 71
9 CACGGTG [CTCCAGGCCAGGTGGGAAGTGA . C JAcCAAAGec]  [71
V 18 CACAGTG JCTCCAGGTCAAGGGGGAAGTGA . C JACAAAAACC] 71
V 26.3 |CACAGTG JCTCCAGGCCAAGGGGGAAGTGA . C[ACAAAAACC] (71
V3 CACAGTG JCTCCAGGCCA! GAAGTGA . C |ACAAAAACC 71
V 4.1 CACAGTG JCTCCAGGCCAGCGGGGAAGTGA . C [ACAMAAACC]  [71
V 16.1_ JCACAGTG |CTCCAGGCCAGGGGGGAAGTGA .C[ACAAAAACC]  [71
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peciesLocus Begment [Heptamer Spacer Nonamer Refgrence
GA 26.1 CACAGTG JCTCCAGGCCAGGGGGGAAGCGA . C [acaaaaacc] [71
5.1 CACAGTG JCTCCAGGCCAGGGGGGAAGTGA . C |ACAAAAACC 71
HEF 1113 JCACTGCC JACCCAAGCAAATCCTGGGCTCG. T |[ACAGAAACA]  [65
V 2807 JCACAATG |JAGAGGAACCAGGGCTGGACCC . GT [ACAAGAACA]  [65
V 1403 JCACAGCG [AGAGGAACCAGGGCTGGACCC . GT JACAAGAACA 65
V 1315 JCACAACG |AGAGGAACCAGGGCTGGACAT .GT |[ACAATAACA]  [65
2 1113 JCACGGTA |[CTGTACAGAGCGAGTTT.CTTA. T|ACAAAAACC]  [65
1 2807 JCACGGTG JCTGTACAGAACGAGTTC .CTCA . T [ACAAAAACC [65
D 1 1403 JCACGGTG [CTGTACAGAGCGAGTTC.CTCA . T|ACAAAAACC]  [65
D 11315 _|CACGGTG |CTGTACAGAGCGAGATC. TTCA. T |ACAAAAACC]  [65
) 1315 JCACAGTG |[TTACATTCCCTGGGCTGGGTCA .C [ACAATAACC]  [6S]
) 1403 |CACAGTG JTTACATTCCCCGGGCTGGTTCA .G|ACAATAACCY  [65
) 2807 JCACAGTG [TTACATTCCCTGGGCTGGGTCA.G[ACAATAACT]  [6S
) 1113 |CACAGTG [TTACATTCCCTGGGCTGGGTCA .C [ACAATAACC)  [65]
V 122 CACAGTG |CAGTGTTTTAAATGGGACGGGTCA |CTTAAAACC [66]
V 141 CACAGTG JCAGTGTTTTAAATGGGACGGGTCA |[CTTAAAACT]  [66
RAB JGH H1 (a3) JCACAGTG |AGGGGCCCTCAGGCTGAGCCCA .G [ACACAAACC 119
VH3 (a3) JCACAGTG [AGGGTCCCTCAGGCTGAGCCCA . G|ACACAAACC 119
H4 CACAGTG JAGGGGCCCTAGGGCTGAACCCA .G JACACAAACC 119]
VH6 (a3) JCACAGTG [AGGTG . CCTCAGGCTGAGCCCA . G JACACAAACC 119
V 832 CACAGTG Ecccccccqoceccca. . CCTAG |ACACAAACA 20,
F CACAGGG CA . TCCCCTGTTGCTGCCCAG JACACAAACC 121
K CACTGTG JACGACCGTGCCAGGACCCCCGGCA |AGAACCGGT 121
) 4 CACATTG JCTGTAGACACCTT . . AGGGGGCGT |GCAAAAACC 121
B CACATTG [TGATGACCGTGCCAGGACCCCA .G |GCAAGAACC 121) ]
JGx P2 CACAGTG |GTTCCTCCTAAC . CTCCCTCCTGT |ACAAAAACT 122
CHK JGH N CACGGTG JACACCGATCCCCAGCACGGTGG . C JACAAAACCC 60
1 J CACAATG [CCCCAAAATCCGCCTTTTTTCA .C [CCAAAAACT| (60
G. N CACGGTG |[ACACAAAGCAATGGGGAAATGA . T |ACAAAAACC 61
RAT E}‘ J CACAGT. |CTCTGTTCTGCCACTGTTCCT.GT [ACTAAAACT|  [68]
JGx CACAGTG |GTAGTTCTCCAT . TGTCTGGCTGT |[ACAARAACC]  [123
F CACACTG |GTATCCCTTGACTCACCACCGA . T |ACAAAAACT 123
U 2a CACACTG |GTTTCCCTTGACTCACCCCCCA . T [ACAAAAACT 123]
U3 CACAGTG [ATTCATGTCAAAGC . CCCCC . TTT |ACAAAAACC 123]
4 CACAGTG |AAGACTC . TGACATATGCACCTCT | ACAAAAACC 123
Jo. NV CACAATG TGT . CA . GATGAGGAAGTAGG | ACAAAAACC 69]
DUK 'GA V LS CACAGTG JACACAGAGC . AATGGGGAAGTGAT | ACAAAAACC [72)]
V L1 CACAGTG [ACACAAAGC . AATGGGGAAGTGAT | ACAAAAACC [72]

Abbreviations: IG; immunoglobulin. TcR; T cell receptor. H; heavy chain. x; light chain of
the kappa isotype. \; light chain of the lambda isotype. Isotype classification for Xel and Hef
chains is not clear, however they are grouped with whatever light chain isotype has the same
sized RSS spacer for the purposes of these tables. a; T cell receptor alpha chain. 3; T cell
receptor beta chain. v; T cell receptor gamma chain. &; T cell receptor delta chain. V; variable
gene segment. D; diversity gene segment. J; joining gene segment. Species are Mus; Mouse
(Mus musculus). Hum; Human (Homo sapiens). Xel; Frog (Xenopus laevis). Shp; Sheep (Ovis
aries). Hef, Horned shark (Heterodontus franciscus). Rab; Rabbit (Oryctolagus cuniculus).
Chk; Chicken (Gallus gallus). Bov; Cow (Bos taurus). Rat; Rat, (Rattus norvegicus). Duk;
Muscovy duck. Periods in sequences designate a gap inserted for best alignment.

and the 23 bp spacers; and, 3) The conserved sequence in the
12 bp spacer is similar to the conserved sequence in the heptamer
proximal half of the 23 bp spacer.

Upon separating the RSS on the basis of whether they were
derived from 12 or 23 RSS, we determined that the heptamers
and nonamers appear equivalent, irrespective of which type of
RSS they are derived from. They possess the same consensus
profile, in that equivalent positions are conserved to an equivalent
degree, regardless of classification by size of spacer. For
example, the first, fourth, and ninth positions of the nonamer
are relatively poorly conserved in both 12 and 23 RSS. This
observation provides further support for the hypothesis that the
heptamer and nonamer function in an identical manner (e.g.,
serving as recognition sites for the same protein) for both 12 RSS
and 23 RSS.

Previous examinations of the RSS consensus have concentrated
on the heptamer and nonamer, relying on early studies that
suggested that the intervening sequence is truly a spacer,
conserved in length (12 of 23 bp), but not sequence (reviewed

in [11]). The inclusion of spacer sequences in our analysis of
RSS has yielded conservation that has not previously been
observed.

To best assess the relevance of sequence conservation, we made
our consensus determination using the plurality rule. The plurality
rule returns a result for all positions analyzed in an aligned set
of sequences. The result, however, may have ambiguity varying
from one (highly conserved) to all four (indistinguishable from
random) possible nucleotides [9] There is less than a 1% chance
of randomly getting a plurality rule result with ambiguity for less
than all four nucleotides at any one position, in the databases
observed here [10]. It is with some surprise, therefore, that most
positions in 12 and 23 bp spacers demonstrate consensus results
with ambiguity for less than all four nucleotides.

Some of the sequence conservation observed in this manner
may be due to the inclusion of many members of a gene segment
family that has been expanded only recently in evolution. The
fact that the conserved sequence motif (heptamer proximal) in
12 bp spacers is similar to the conserved sequence motif in the
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Table 5. Consensus sequences for 12 RSS

Table 6. Consensus sequences for 23 RSS

Al rPosiionz 1112134151617 Qf Posttion2 [1[2]3]4]5]6]7
Consensus1 | C|A 1 C | A Consensus! [JC A [C T A T]G
9| 88| 77 %G o] 0 7] 85] 2| 91
%A 10 815 13 [ %A of1 [ 91| 8| 1] 5
%T ol 2| 86| 2 %1 o] of o] 2| 3] 89] 1
[%C [ 10( 412 8] %C___|100] 0] 99] o] 4] o] 3
Positions | 1 ]213]4]5] 6 7 [8]9] 10 ] 1 12 [ Positon ] 1 213 ]415] 6 7 8 ] 9 10 11
Consensus 1 NTIIG| TG |AJT | GIT T A Consensus JAT/C/G| [CAT/AICTTIA NC/G/T/.NC_—'IIT/G
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a. Consensus' and nucleotide frequencies in 12 RSS heptamers

b. Consensus and nucleotide frequencies in 12 RSS spacers

c. Consensus and nucleotide frequencies in 12 RSS nonamers

IConsensus as determined by the plurality rule (see text and reference [9]). We
further define consensus results ambiguous for more than one nucleotide by
reporting the nucleotides in order of the frequency that they are observed, from
the most frequent to the least frequent.

Zbases numbered beginning at the first base of the heptamer

3bases numbered beginning at the first base 3' of the last base of the heptamer
4bases numbered beginning at the first base 3’ of the last base of the spacer
A period in place of a nucleotide code represents a gap

first half of 23 bp spacers argues that the origin of this motif
is distinct from a recent expansion of gene segment families,
however.

The conserved sequence common to both RSS spacers could
be derived from two possible sources. Firstly, both 12 and 23
RSS may have a common ancestral origin. For example, early
RSS may have all possessed 12 bp spacers. A requirement for
the directed joining of one type of segment (e.g. a V segment)
to a second type of segment (e.g. a J segment) might have resulted
in an adaptation of this early version of the V(D)J rearrangement
machinery to include a 12/23 rule, and an accompanying change
of the spacer length of one type to 23 bp.

A second, more likely possibility is that this sequence is
conserved because it contributes to RSS function. In support of
this hypothesis, we found, using extra chromosomal
recombination substrates, that a single substitution of the most
conserved position (replacement of the conserved A at the Sth
position of a 12 bp spacer with a C) resulted in a significant,
though modest (approx. 15%) drop in the frequency with which
the substituted RSS mediated recombination (unpublished results).
This observation appears to contradict a previous report from
Lieber and colleagues, where the authors concluded that complete
replacement of a spacer with GC base pairs did not appear to
influence the frequency with which the substituted RSS mediated
recombination [6]. In the study by Lieber and colleagues, the
substituted and unsubstituted RSS were tested in separate
substrates, rather than in a competitive substrate as was used in
our experiment, and thus subtle differences in recombination
frequency may have been less readily observable. We note,
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a. Consensus' and nucleotide frequencies in 23 RSS heptamers

b. Consensus! and nucleotide frequencies in 23 RSS spacers

c. Consensus! and nucleotide frequencies in 23 RSS nonamers

IConsensus as determined by the plurality rule (see text and reference [9]). We
further define consensus results ambiguous for more than one nucleotide by
reporting the nucleotides in order of the frequency that they are observed, from
the most frequent to the least frequent.

2bases numbered beginning at the first base of the heptamer

3bases numbered beginning at the first base 3’ of the last base of the heptamer
4bases numbered beginning at the first base 3 of the last base of the spacer
A period in place of a nucleotide code represents a gap

however, that the Lieber report does demonstrate a significant
loss of recombination frequency (p<0.05, using a two tailed
Mann—Whitney test) when comparing a substrate where both
the 12 and 23 bp spacers were substituted with GC base pairs
to a substrate with unsubstituted RSS spacers [6]. Thus the
available data are consistent with the conclusion that differences
in RSS spacer sequence contribute to minor differences in the
efficiency with which the RSS mediates recombination.

We suggest two possible methods by which the conserved
sequence in RSS spacers could contribute to RSS function. One
possibility is that this sequence may represent a functional
extension of the heptamer. Thus while the element of recombinase
that recognizes RSS likely makes critical contacts with the highly
conserved heptamer, contact with the RSS may extend into the
spacer. This possibility is supported by the fact that conservation
in both the 12 and 23 bp spacers peak at the fourth and fifth
positions 3’ of the heptamer, which is located approximately one
turn of a B DNA helix from the critical first three nucleotides
of the heptamer. Moreover, in 12 bp spacers this position is also
one turn of a B DNA helix from the beginning of the nonamer.
Thus the sequence recognition component of recombinase could
lie along one face of the 12 RSS DNA helix, making sequence



specific contacts at the heptamer, the fourth and fifth positions
of the spacer, as well as the nonamer.

Alternatively, the observed conserved sequence may induce
functionally important structural changes in RSS DNA. In 12
bp spacers the most conserved positions are C and A, four and
five bp 3’ of the heptamer, respectively. Polymeric CA sequences
have been linked with sequences active in recombination and
transcription [12]. This has been attributed to the fact that CA
tracts cause unusual perturbations in DNA structure, including
the de-stacking of bases and the formation of non-Watson —Crick
base pairs [13, 14], as well as a reduced electrophoretic mobility
associated with helical kinking [15]. It is unknown if the structural
alterations described above would necessarily be associated with
a single CA dinucleotide, in the context of the 12 bp spacer. It
is worth noting, however, that 23 bp spacers are generally rich
in CA, as well as the complementary dinucleotide, TG (data not
shown).

We have demonstrated here that, contrary to previous analysis,
the RSS spacer does possess significant conservation of sequence.
The degree of conservation, as well as experiments using
recombination substrates, suggests that, though significant,
conserved sequences in RSS spacers are not as critical to RSS
function as the heptamer and nonamer motifs. As has been
demonstrated with kappa and lambda RSS, however, multiple,
‘non-critical’ substitutions can still result in a dramatic reduction
in recombination frequency [16] Thus differences in the
sequence of RSS spacers may also make a significant contribution
to the frequencies with which endogenous gene segments
rearrange. The possibility that portions of the RSS spacer could
aid in RSS function, through direct sequence specific contacts
or through DNA structural effects, warrants continued
investigation with extra chromosomal constructs.
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