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

Conservation of sequence in recombination signal
sequence 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 ofRSS. 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 22-24 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 of23 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

Locus Mus Hum Chk Rab Hef X.l Rat Bov S uk totals
IGHD 20 32 16 12 12 - 2 94

IG,cV 30 17 - 5 2 3 - 57

IG)J 3 4 1 1 1 1 11
TcRaJ 46 5 - _- . - - -51
TcRPJ 12 13 - _-. - - - 25

TcRPD 2 2-.--- 4

TcRyJ 2 2- - - - - -- 5
TcR6D 2 2-.-- - | 4

TcR6J 2 2- - - - - - - | 4

totals 119 79 17 17 14 3 3 1 1 1 255

Abbreviations: IG; inmmunoglobulin. TcR; T cell receptor. H; heavy chain. x;
light chain of the kappa isotype. X; 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 (Heterodontusfranciscus).
Rab; Rabbit (Oryctolagus cuniculus). Chk; Chicken (Gallus galus). Bov; Cow
(Bos taurus). Rat; Rat, (Rattus norvegicus). Duk; Muscovy duck.

Table 2. Sources of 23 RSS

Spocies
Locus Mus Hum Xel ShHepf Rab Chk Rat Duk totals
IGHV 32 25 16 4 5 1 83
IGHD I - 4 4

IGHD 4 5 4 4 1 1 = 19

IGKcJ 4 5 2 1 _ 5 - 17
IGWV 3 9 14 - 1 1 2 30
TcRaV 9 2 - 11

TcRV 8 8 - - - - - - - 16

TcR*D 2 2- .- . -_ 4

TcRyV 3 5 8
TcR6V - 2 2
TcR6D 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. X; 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. ;
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 (Heterodontusfranciscus).
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

Species iLocus
MUSGHK D 052

D 052
____ D SP2-2
____ D SP2-2
____ D SP2-3
____ D SP2-3

D SP2-4
D SP24

_______ D SP2-5

I D SP2-5
D
D
D
D
D
D
D
D
D
D

egment pHeptamerl Spacer

SP2-6

SP2-7
SP2-7
SP2-8

FL16.1
FL16.i

1 I ..- Y --.--

ICACAGTA I GTAGATCCCTTG I ACAAA

L ID.Z P8E8a~A I N1A'.xAT'..TT' I ACAIUJkAAU. IEruv.cWWAb-v-A | b-s-JtWt-s-XWk-s--sl_ | AXJEA_ | [ | Jl-11FL16.2
Kc V 18.1

V KIAS
V5.1
V K24C

____ V K24A (Pa)
V K24.1
V -Ser
V 167

____ V MOPC173b
V K41
V K2
V KI.6 (21x)

I___ V K21E
V K21B
V

V
_V
V

'K21C ICACAGG I CTCCAGGGCTGI

'K24A
'K24B

I1C CACAGTG ATACAGACCCTA
'Ri1 ICACAGTG I ATACAGGCTGG

V Rl
V L8
VH6
V HI
V H4
VH9
VR9

______ VH13

VH3
MUS IGLX J 1
_ J2

J 3 ICACAGTG I ACTG&AACCCAA I

ICACAGCC I TGCGGGoGCTTT

45 csIacTG CACTGAAGGGCT
.3IIAAGTGIA?1 GccTGTs

IPHDS GCGcAACTCTAC
ITA 84 ACG ATCTCTTCCACC
T2CI CACAGTGIATATCATGTTCT

new 3
TA80
TA46

TCRa J TA65
J new2
J TA91
JCSA
J newl
J 2b4A
J TA27
J TAI
J
J
_
_
J
_3
JI
J
_3
J
J
J
J
J
_3
_
_
'3
J

Nonaner
GTCAAAA(

Reterence
[171

[181
[181
1191
1191
1191
[1 91

[191
[191

ICACAGTA GITAGATCCCTTGr ACAAA

1191
[191
[191

ICACAGTG I CTATATCCATCA I GCPAA

ICACAGTG I CTATATCCAGCA I ACAAA

11 91
1191

[1 91
t201
[201
1201
[211
[211
1211

t231
t241

[261
[271

1271
1271

1281
[281

1291
[301
1301

1301
[301

II (301
1 [301

t301
1301
[311
[311
[311
[321

.[331

[331
_ 331

[331
_[331
_ 331
_ 34]
_ 331

[321
[351
[331
1[321
[331
[331

TA19
TA37
NAT1

A ATACACACTCTA

TA2

[331
[331
[331
[331

[331

IT a

II

i

C(,c

I
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Table 3. (cont.)
es Locus Segment -or Referece

J BM1O-37 CACACTGITGATTGGGACCAITACC
J nw10 C ATCTGAGCCAA GCAAAAACA [331
b12 C CCGCCCCCTTT A[QCAAATCt331

J 14-4 CATGMGTAG&CACCATT ACACGAAAGC| 13
J TA28 CACTS-rutATTTGCTCAACA ACAAGAACC [331

J BM2T3-1 TCATGTTACATACCCTG TCAAAAACA [331
J newg CAC?G TGACAAACACGT CTACAAAAT [331

J 112-2 CAGTG GGTTCCTCTTA GCAAAAACT 33

J TA61 GTG CTCCGTGCTATT OCAATAACC 331
IJnew8 CACAGAAICTSTCCCTTT COCAAAAACT | 13
J TA26 CAC?GCA GTGGCaCCTTT ACAG&AOCC | 33|
J new14 CAGTA GAAAOGTGC?TTT ACAAGAATT [331
J new13 CACAGT AGGAAAGCCTTT GATAAACC 33

J new12 CACTG AGTAAGTGCTTC ACAAAAACG 1331
J TA72 CAGTG ATTTG?CTG ACAAAGG [33
J nowl I GCAAACCTCTCC ACAAAAATG 33

J TA39 CTGAAGTGAGGTCTTT ACAAAAiTGG 3
J DKI CAGTG AAACGAGGCCCT GCAAATTCT [331
J LB2A CAGTG CCAGCCCCCTTT ACACAATC [331

IUS11 IJ 1.2
MUS TCR iJ 1.3
_____ J 1.4

I J 1.5
I____ J 1.6

J 2.1
J 2.2
J2.3
J42.4
J 2.5
2.7

D 1-1
D2-1

tTCRY J I
T00= J 2

ITCR6 D 2
DD1

CR J 2
iI1

KJM K;H D H052
D H052
DLR1
D LRI

7 ~~~DLR2
D LR2

7 ~~~DLRt3

;7T VDDLR4
D LR4
D XP4

_D XP4
DXP1
D XP
DXPI
DXP1

D Ki
D Ki
DN4
DN4
IDN1
D Ni
DM1
DM1

.DM2
DM2

K;c V 321
HUM IGKc V 305

IV 328-h2
V 328

_ATAGAATACAGTAC TGCAKTATG [361
_CCGCTCCC4GSGTTQC TTCAAAACC 1361
_AAQTTAAAGCCTAGT GWAAAACT 1361
__ccaaCAACTGAGrT GCiULFACTC [361
_AWSC CvGTGCCT'T OGTAAAACC L36
__CQ CA AGTGAC CAZACATC [371
_CQ TC S ATGCTG CoCACAAACC 1371
_CCGCTCQAGGCTCAGG ACAAAAACT [371
_CACAOCCTCSSOTACOG AQAAACT [371
_CCGC CCQGAACCCAAC QA T [371
_QQT COCTCMCCCCAC ACACAACC [3
_CACTTACAOCTTTAT ACAAA [381
_CAGTTACATCGTGAT [QU 381
_AGGCTCAQACCTTCT ACAAAATC 19
__CAAGUGTCACACTTCTACAAAAATC 139
_CCGCCTACAGAGCTTT GCAACACC [401
__CCOGAAACACGCC¢T ACIAAAAACA [401
_ AGTTA TAATCTCTTT CAGATAAC 1401
_CACAGCTCTGAGGCCQTTCCQAAC [401
__CCGCATTG5Gr-CCTCT ACIAAAAACC [411
_CAQGTGGQGCTCA GCCAAAAAC [4 1
_CAGGACACAGCCCCAT TCCCAAAGC [421
_CCGCACACGAGCCCCC ACAAAATCC 1421
_CCGGACACGAGCCCCC CAT [421
_CACGTG AQ QGCCATT CCCAG 1421
_CACAGT A Q CACCCAQT TCCTAAAGC t421
_CCGGACACGQAGCCCCC ACQAAAATCC |421
_ GGAQCA QGCCCCC ACAAAATCC [421
_AQGGACACAGWCCAT TCCCAAACC [421
_CCs ACACAGCCTCA CCsCCAACC L431
__CCGGTCACQAGAGTCCASQlAC 1431
__CCGGACQAQAGACCTCA CCAAC [43|
_AQGGTCACQAGAGTCCA TCAAAAACC 1431
__CAQTGAQC QCCTCACCCCAAACC 1431
_CCG TCACQ GAGTCCA TCAAAAAMCC 131
_TflGATGAACCCAGTG 1431
_ OQGhGAGGCCTTC ACAACAAAGC [431
__CCGGATGAACCQGCA CAAAC [3
_CTAGGAGG(ACCCTTC ACQ AA MGC [3

_ AQGTGTCTGCCCQATA L GAC431
_AATGSQCQCCCCCTO ACAAC 431
_CCGGTG;CCGCCCQATA GC-AGCAACC [43]
_CCGCTGACATCGCCTG ACAATAACC [431
_CQGGAQCACCGCCAOG CQGAC 431
_CCG ACQACAGACACCT TCAGRMAACG [431
__CGXA CACCACCCQAG CCAGAAACC 1431
_CSG ACQAQAGACACCT TAACC [31
_CCGGACAAAAGvCTTCG TCCAAAkACG 1431
_CCGGACTCGGGTGT TCAGAATCC 1431
_CCGCAGAATACoCTACG TCAAC 431
_ ororc ACTCGOGGCTGT TCGCGATCC I43
_ CAT ATTCAGCSTCah ACAAAAACC [441
_AQGGATTCAGCOCTGAA 4QAAC014
_CQCGATTCQA QATGAA ACAAAACC [451
_AQGGATTCAACATGAA ACQAAAAACC [451
_AGGTTACCAACCCGA AQAAC 461
_ TTQGACCAACCCGA ACATAACC [461
_AGGTTACACACCCQA ACATAAsACC- 1471-

1471I

-

I

rA-
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Table 3. (cont.)
Species Locus Segment

V HK146
V HK137
V HK166
V HKI89
Va'
Vd
Ve

V-h

I IG* J 1
J2
J3
J7

TCRa JC
JB
JAB
J RP
J AA

TCf J 1.1
J 1.2
J 1.3
J 1.4
J 1.5
J 1.6
J2.1
J 2.2

_J 2.3

Reference
I% [481
I_ [481
1 [481

[461
[461
[461
[491
[491
1501

1521

1531
[531
[531

[S41
1551

Ti

1561
1561
rs61

S ICACGGCC I CCCGAGCCCCGC I ACAAAAACC 1[561
J 2.6
J 2.7
D 1.1
D2.1

TCRy J____1
J2

TCR6 DI1
D2

HUM 7CR8 J 2

CHK Gi Di1
DI
D2
D2
D3

CHK K3H D3
D4
D4
DS
DS
D6
D6
D7
D7
DS
D8

IGX J
RAB CH D1a

Dla
Dlb
O 1b

D1c
D ldDl1d
D2a

D_2a
D2b
D2b

IGc V 20
V18a
V 18b
VI9a
V 19b

HEF G D 2 1403
D 2 2807
D1 1113
D 11113
D 1 2807
D 1 1403
D1 1315

[561
1561

[551
1571

1581
t581
1591

1601
1 1601

1601
601
1601

7
c
A
A
I

-,7
-'I

[601
[601

1601
1601

1601
I60L
t611

1621
1621
1621

IACAiATccI 1621
JACAIAMACCI [621

r i

[621
1621

:1 [631
[641
1641
1641
[641

T 1651

V [651
1651
1651

,

rssM
I1551
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Table 3. (cont.)
- -

Locus Sogment o Nornamr Roeforonco
D 2 2807 [GTGAGCACACCGTG TCAATACC 651
D 2 1403 GTG AGACAAACCOTG TCAACT t651
D 2 1315 AGCAAACCGTG TCAAATACT 65
D 2 1315 a A A AC C 65
D 2 1113 GTTCAIGACTGTCAAT ACAAAAAGT 651

IGL V 122 AGACAGGCAAT ACAAAAACT 66
V 141 AGTGACAGGrG T ACAA t661

XEL IGK V 1 CAGG ATACAGAGC?GA ACAAAACC [67
V 2 CAGTG ATACAGAGCTGA ACAAAAACC 6
V 3 CAGTG ATACAGAGCTGA ACAAAAACC 6

RAT IGHC acTGTGQC?CA ACAAAAACC 68
D _ CAAAACC [681
J2 C ACTGAGACTCAA CCCAACC 69

BOV TCRY J ATTCAAGTCAT TCAAAAACT 07
SHP I ACAGG ACCAGGCTTGC ACAAAAACC pl1
K J CAGTG AACAGGGCCACT GCAAAACC 1721

Abbreviations: IG; immunoglobulin. TcR; T cell receptor. H; heavy chain. x; light chain of the
kappa isotype. X; 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. S; 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; Homed
shark (Heterodontusftwwiscus). Rab; Rabbit (Oryctolagus cuniculus). Chk; Chicken ((ilos 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 Sb and 6b). Of
particular significance is an A located at the ffth position 3' of
the heptamer in both spacers (this position is hereafter referred
to as A5). 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 ('A5'), 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 (A5), 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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rable 4. Aligr

i -i

_I_

rCRy

Ument of 23 bp spacer Recombination Signal Sequences

tK Spacer

'H16 I

H124
PJ14
108A
108B
H441
H4A-3
H30
Hid1I

H101
AI/A4
H104A
H10

V1
V13
V11
H2B-3
186-1
186-2
145
23
6
3
H102
81X
283
VSA
RV1O
105
H26-6
DFLI
4

3
2
J1

GK 5

4
J2
J1

i 1
V2
Vx

rCRa

_Nonameur Reference

r .CAGAAACC [731
r . CACAAACC w741X
r .TAGAAACC 751
_ AlC..ILTACC 761
r .AGAAACC p71
r .cAGaAAcc P771

8791
[741
[80]

[821
f831

rsl
[841
[841
(791
[851
1851

[851

[851
1851
[851
[861
[871

J74L
[831

A.CAAAAATAI [881
ACAAC 761

2761
121

fSH ICACAGTG1.. Tr

'1-8.1
V 2C
V F3.2
V F3.3
V F3.4

rCRa

[21
[21
[891
1901
1911
[321
[921
92

1351
[931
931
[931
[931
[931
[941

F3.5 ICACAGTG 1AGGGAGACTGCAGGGGAAGCTG.C IACATGAAC

8.3
8.2
8.1 ICACAGTG IATGTGTGG .CTTCCTTCACTCTGC IACAGAAAGGI

.I T TT£

'19 CACAGTG M"ACTACT..
'10-8 CACAGTGIGTGCAGAGTCA
5.1
5.2
2 ICACAATG IATTCAACT . GGAAGAGGTGCTTTT IACAAAAAGC I

I D 1 CACGGTG WTTCAATT . CTATGGGAAGCCTTT ACAAAAACC [381
I108A ICACAACA jTTAGAGCCTCTAGACT .AGCCTGC ATAAGAACC I[391
1 -_-_- -LrGC ATAAGAACC 1391

CAA ACAAAACCC [961
rrc AGAAACACT 401
rGT ACAAAAACT [40
.CT CTAAAACCC [97
k.G ACACAAACC [98]
P. G ACACAAACC [981
k.G ACACAAACC [98
CGT .CAGAAACC [991
rGT . CAGAAACC [100
It.G ACAAAAACC [101
. G ACAAAAACC [981
kGG ACACAAACC |101|

D2
HUM 251

12G-1
_2-1

79
_7-2
_35

71-4
58

71-2

[941
[941
1951
[951
1921
[941
[941
[381

'H26 ICACAGTG IAG .CGAAGTCATTGT GCCCA . GIACACAAACCI [1021

Hll
H10O

I

rV

p-

II

U

U

3

I

17

_

.c

v
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Table 4. (cont.)
Heptamer Spacer

112-2 CACAGCG
'13-2 CACAGTG
8-1B CACAGTG
'15-2B CAGAGTG
'22-2B cAcAGrGm
FHG3 CACAGTG
'21-2 CACAGTG
13-1 CACAGTG
6 CACAATG
5 CACATTG
4 CACATTG
3 CACAGGG
2 CACAGTC

4
3

| ^2~~~~ 1HUJM Gc IJ
Gk- 3S1

7.1
117
119
3S2
2.1
418
318
1.1

- CRa VY14.2
13.1

TCR V16
8.1
8.2
8.3
M3-2
MT1-1
ATL12-2
ATL2-1

TR D 2.1
1.1

CRy 2
3
8
J9
10

TCR6 DS6

XEL 2LU.1
113.4
LL3.5
LG2.1
LG2.2
LG2.4
LG2.7
LG2.8
11L1.1
LLI.2
L1.3
LL1.4
L1.6
111.7
VLL1.8
LL1.9

SHP G 6.2
12.2
4.2
5.2
17
10
9
18

_ 26.3
3
4.1

_ 16.1

Nonamer Reference
ACACAAACC 991
_aACACAAACC [991
ACACAAACC 1991
ACACAAACC 1991
ACACAAACC 99

_ ACACAAACC 1991
_ ACACAAACC 1991
.CACAAACC 199
ACACAAACC [991
. CAGAAACC 104

r . CAGAAACC [991
r .CAGAAACC [991
ACAAAAACC 41
AAAGAACCG 41
ACAAAAACC [41
ACACAAACC [41

r ACAAAAACA 41
t ACAAAAATC 1105
ACAAAAACC [1051

r ACA ACC 11051

CACAGTG C GCCA GACTG. G ACAAGAACC
gCACAGTG CCTGAGACTGCAGGAG .AGCTG.AACwACAAACC_
CACAGTG CTCCCCAGGCAC .CTGAAGCCTGT ACCCAAACC_
CACAGTG CTT'CACJiGTG£C.C. GCAAAACCA
CACAGCG CTGCAGAATCA.CCCCTTTCCTGT GCAGAAAAC_
CACAGCG I GAATCA.CCCCTTTCCTGT GCAGAAACC

ICACAGCA GCAGACAGTTTG&GCCATCCCATT ITCAATAAAA I

I1

Tr

1[1 061
1[1 071

1 [081
[1 091

I[110
[111
[111
[1071
[521
[591
[1121
[1131
[1131

[1161
[1161
[1 171
tS91
[581
[581
[1181
[1181
1[1181
[1181
[1181
[1 181
[1181
[1181
[1181
[1181
[1181
1181
1[1181
1[1181
[1181
[1181
[711P711[711
[711

1 711
1 711

i

CCT(;CTCCCT(;T GCAGAAACC [113
rw CCCCTTTCCTGT GCAGAAACC [541

TCAGACACCGCG GCAAGAACC [1141
PL CCTCCTTCCTOT TCACAAACC [1141

CCACCTGCTCTCTAC ACAGAAAGA [1141
AGAGGAGGTGCTTTT ACAAAAACC [551

'IV T.CTACGGGAAACCTTT ACAAAAACC [551
IV TGAAAATC. [1151

-

I

i 4
j I

I

N

'1.911

& --

T ATAAAAACAI
TIGTAAAAACAI
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Table 4. (cont.)

pecies ocus e ment Heptamer S ac Nonamer Reference
SHP 26.1 CACAGTG TCCAGGCCAGGGGGGAAGCGA . C ACAAAAACC P11

IV5.1 CACAGTG|CTCCAGGCCAGGGGGGAAGTGA.C ACAAAAACC p1
HEF __ 1113 CACTGCC ACCCAAGCAAATCCTGGGCTCG.T ACAGAACA 651

12807 CACAATG AGAGGAACCAGGGCTGGACCC.GT ACAAGAACA [651
1403 CACAGCG AGAGGAACCAGGGCTGGACCC.GT ACAAGAACA 1651

RAB V__ 1315 CACAACG CGAGGGCTGGACAT . GT ACAAAACA 169
D 2 1113 CACGGTA CTGTACAGAGCGAGTTT.CTTA.T ACAAAAACC f651

1 2807 CACGGTG CTGTACAGAACGAGG .CTCA.T ACAAAAACC [651
1 1403 CACGGG TGTACAGAGTCGAGTTC.CTCA.T ACAAAAACC 51
1 1315 CACGGTG TGTACAGAGCAGATC.TTCA.T ACAAAACCG 121
1315 CACAGTG ACACCTGGGCTGGGTCA.C ACAATAACC 1651
1403 CACAGTG CATTCCCGGGCTGGTTCA.G ACAATAACC 1651

i 2807 CACAGTG TTCATCCTGGGCTGGGTCA.G ACAATAACT 1651
1113 CACAGTG ACATCCCCTGGGCTGGGTCA .C ACAATAACC [650
122 CACAGTG CAAAGCAATGGGCGGGTCA CTTAAAACC 661

A41 CACAGTG CAGTGTTTTAAATGGGACGGGTCA CTTAAAACT [668
RABG 1 CACAGTG AGGGGCCCTCAGGCTGAGCCCA.G ACACAAACC 11191

V(_3)I2CACACTG ATCCCTCAGGCTGAGCCCA.G ACACAAACC [1191
VH4(^a CACAGTG CCTAGGGCTGAACCCA.G ACACAAACC 1121

_(_3) CACAGTG A CCTGTCAGGCTGAGCCCA.G ACACAAACC [1191
V8324 CACAGTG CACTAGGGCATGCA CCTAG ACACAAACA 11201

J2 CACAGGG G TCCCCTGTTGCTGCCCAG ACACAAACC 121
D3 CACAGTG GACGATGCCAGGACCCCCGGCA AGAACC [1211

4 CACATTG CGACCCTT..ACGGGGGGT GCAAAAACC [1211
JS CACATTG TGATGACCGTGCCAGGACCCCA.G GCAAGAACC 11211

GK 2 CACAGTG GTTCCTCCTAAC.CTCCCTCCTGT ACAAAAACT 11221
CHK GHCACGGTG ACCGATCCCCAGCACGGTGG.C ACAAAACCC [0

CACAATG CCCCAAAATCCGC-CTTTrCC CCAAAAACT [601
CACGGTG CACAAAGC.AATGGGGAAATGA.T ACAAAAACC [611

RAT CACAGT.iTCTGCelCrACTGTTCCT.GT ACTAAAACi l 68o
G Jc1 CACAGTG GTGTTCCAT.TGTCTGGCTGT ACAAAAACC [1231

J2 CACACTG GTTCCTTGACTCACCACCGA.T ACAAAAACT 11231
J2a CACACTG GTTCCTTGACTCACCCCCCA.T ACAAAAACT 1 1231
J3 CACAGTrG ATTCATGTCAAAGC.CCCCC.TTT ACAAAAACC [1231
4 CACAGTG AAGACTC.TGACATATGCACCTCT ACAAAAACC l1231

IGk CACAATG GCATGT.CA.GATGAGGAAGTAGG ACAAAAACC [691
DUK MG LS CACAGTG A~CACAGAGC.AATGGGGGAAGTGAT ACAAAAACC [721

= LI CACAGTG. ACACAAAGC.AATOGGGGAAG7TGAT IACAAAAACC 721
Abbreviations: IG; immunoglobulin. TcR; T cell receptor. H; heavy chain. x; light chain of
the kappa isotype. X; 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. 6; 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; Homed 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

a i Positlon2 I I 1 2 1 3 1 4

b

Table 6. Consensus sequences for 23 RSS

b

al

Positon 1 1

%1 L
20

Table 6b cont.

A I CI ^AIA I A I A I A I CIc

2 3 1 4 15 1 6 1 7 1 8 1 9

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
'Consensus 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

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 5th
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,

C

%A 73 1 2 1oI9 S
a

I 3 191 5 19
114 1 0 O0 0

.-3 .

4
. .

I 6 1 7 1 8 1 91

1 31 5 14

3 1 1 1 3
I0 1 0 1 0_.-.I-.I - I , I_, _

a. Consensus' and nucleotide frequencies in 23 RSS heptamers
b. Consensus1 and nucleotide frequencies in 23 RSS spacers
c. Consensus' and nucleotide frequencies in 23 RSS nonamers
'Consensus 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

0o 1

4.

Z I I 1 2 1 3 t4 1 S I e 1f7
,lIC IA I C IA IQ I T GI

11 I 12 1

C r

18 1 14 1

4 I ^ I A I ^ I A
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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 kinling [ 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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