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ABSTRACT  Complete nucleotide sequences are described
for three caiman (Caiman crocodylus crocodylus) immunoglob-
ulin Vy genes (C3, E1, and G4) that hybridize with a murine
Vy probe. The EI and G4 genes are physically linked (inter-
genic distance, =6.5 kilobases) in the same transcriptional ori-
entation but are not djrectly contiguous with the C3 gene.
When the coding segments, including both framework and
complementarity-determining regions, of these genes and the
murine probe sequences are compared by metric analysis, it is
apparent that the caiman genes are only slightly more related
to each other than to the mammalian sequence, consistent with
significant preservation of nucleotide sequence over an extend-
ed period of phylogenetic time. Based on the presence of tran-
scriptionally critical 5' sequences and the absence of termina-
tor codons, frameshift mutations, or other recognizable alter-
ations, the genes do not appear to be pseudogenes. The EI
gene, however, is distinguished from other Vy genes because
(i) the spacer region within the 3’ recombination signal se-
quence is 12 base pairs, typical of V, genes but not of Vy
genes, which possess 22- to 23-base-pair spacers and (i) a
near-perfect Vy recombination signal sequence is present
within the intervening sequence that splits the segment encod-
ing the leader. These studies establish Vy; gene multiplicity in a
species that arose prior to mammalian radiation and provide a
description of differences in the configuration and location of
recombination elements associated with an otherwise poten-
tially functional gene.

Based on studies in mammals, it is apparent that multiple
germ line Vy genes contribute to the overall diversity of the
humoral immune response that is amplified further by so-
matic events such as mutation and segmental joining (1-10).
This latter process is mediated by relatively short DNA seg-
ments located 3’ to the coding segments of immunglobulin
Vu(2,3,6,7,9)and Vi genes (9, 11, 12) and by complemen-
tary segments flanking the D, Jy, and J; segments (2, 3, 9-
12) located 5’ of the constant region genes. Understanding
the evolution of the V-region gene families and their associ-
ated recombination mechanisms is essential for understand-
ing the developmental control of antibody expression and
other genetic processes involving somatic changes in DNA.
Since it is likely that significant numbers of V-region genes
are not subject to direct selection during the lifetime of an
individual, the processes that govern the phylogenetic devel-
opment, diversification, and stabilization of this multigenic
family are important and may be unique.

To date, evolutionary studies of Vy genes largely have
been restricted to comparisons between the members of
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structurally related families, identified in inbred mouse
strains (6, 7, 13-18), as well as between murine and human
sequences (19-22). In earlier reports, we described cross-
hybridization between restriction enzyme-digested caiman
genomic DNA and murine Vy probes (23) and demonstrated
sequence similarities between caiman and prototypic mam-
malian Vy genes (24). In this report, we compare the coding
as well as the 5’ and 3’ flanking segments of three different
caiman (Caiman crocodylus crocodylus) Vy genes and iden-
tify unique recombination signal sequences associated with
one of these genes.

MATERIALS AND METHODS

The construction, amplification, and screening of a caiman-
A47.1 library with S107V, a murine Vy probe (3), have been
described (24). Standard phage purification and subcloning
approaches were used. Sequences Were determined using
the dideoxynucleotide termination method and compared by
the mathematical methods of metric analysis (25, 26).

RESULTS AND DISCUSSION

Fig. 1 a and b illustrates partial restriction maps of two Vg
recombinant phages, IVD and VIIIB. Comparison of the
maps and additional restriction mapping data (not shown) in-
dicates that the linked E1 and G4 (intergenic distance is =6.5
kb) are neither directly contiguous with nor most likely alle-
lic to C3. Fig. 1 c-e identifies thé functiondl segments of the
three caiman genes and illustrates the Pfimary strategies
used in determining their nucleotide structure.

The complete nucleotide sequences of the three caiman
genes and their respective noncoding 5’ and 3’ segments are
presented in Fig. 2 a and b. The sequences of the gene seg-
ments adjacent to these (Fig. 1 c—e) will be described at a
later date. All three genes encode homologous leader regions
interrupted by an intervening sequence (IVS), characteristic
of mammalian Vy (and V) genes (2, 3, 19). The putative
splice donor sequence of C3 and E! and acceptor sequences
of C3, El, and G4 conform to the consensus sequence in-
ferred from nuclear and viral genes (27) and are typical of
immunoglobulin Vy genes. The G4 donor sequence cannot
be accommodated into this particular consensus sequence,
but it preserves the general A-G/G-T structure and is con-
sistent with other functional splice donor sequences (27, 28).

Abbreviations: Vy, variable region of immunoglobulin heavy chain;
VL., light chain variable region; V,, « (light) chain variable region;
V., A (light) chain variable region; V, variable; D, diversity segment;
Ju, heavy chain joining segment; J; , light chain joining segment; J,,
k light chain joining segment; CDR, complementarity-determining
region; FR, framework region; IVS, intervening sequence (seg-
ment); kb, kilobase(s); bp, base pair(s).
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FiG. 1. Partial restriction endonuclease mapping of Vj; caiman genomic DNA-X clones IVD (a) and VIIIB (b) with BamHI (1), HindIII (),
Sma 1(0), and Sst I (@) localizing the G4 (T) and E! (&) (a) and the C3 (0) (b) genes. The enclosed distances correspond to the initiation codon
through the recombination signal sequence of the respective genes, L and R are the left and right areas of the recombinant phage (------ ), and the
scales for a—e are indicated directly as kilobases (kb) or 100 base pairs (bp). The essential organizational features of the genes, including (5’ —
3') a hyperconserved upstream octamer and the putative promoter for RNA polymerase II transcription (), interrupted leader (m), mature
coding (0), and recombination signal sequences () of G4, El, and C3 are illustrated in c—-e along with the sequencing strategies for each of these
genes. The first two rows of arrows indicate sequence determination on the (+) strand, the last two rows correspond to the (—) strand. Double-
headed arrows correspond to (same direction) extension of a given sequence (typically achieved by alternative cloning strategy) overlapping the
primary sequence by at least 50 bp or (opposite direction) a single clone sequenced in both directions. Dideoxynucleotide sequencing confirmed
the restriction map as well as the sequence reported earlier for C3 (24) and identified several additional HinfI and Dde sites located within 25 bp
(below the detection limits) of the map positions previously assigned for these enzymes.

The intron length is 98 bp for both C3 and G4 but is 171 bp
for EI, which contains a sequence resembling an immuno-
globulin recombination element (see below). The coding re-
gion of each gene is followed by a two-nucleotide spacer and
a recombination signal segment. Nucleotide identity be-
tween the three genes extends 5' and 3’ of the coding seg-
ments.

Fig. 2b compares the mature coding segments of the three
caiman genes and S107, a murine VyIII prototype (3). These
can be related most efficiently by reference to the lines la-
beled “common acids” and “common bases” that compare
the caiman gene C3 to El, G4, or the murine sequence. The
nucleotide identities are concentrated within the framework
regions FR1, FR2, and FR3 and are significantly lower in the
complementarity-determining regions CDR1 and CDR2. At
the level of the inferred amino acids, no residues are com-
mon to all three caiman sequences in CDR1 (residues 31-35)
and the first 12 positions of CDR2 (residues 50-61). The
three FR regions of all four protein sequences share 37 ami-
no acid residues. Thus, 49% of the 76 FR residues are con-
served identically in the caiman and murine prototype genes.
The distances between pairs of FR gene segments are illus-
trated in the following spanning trees, where each distance
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(edge length) is the number of base changes per 100 bases (%
bc/b) between two segments (vertices). Since C3 is used as
the reference sequence in Fig. 2b, it has been used for the
primary comparisons (solid line) in the spanning trees. For
FR1, caiman C3 is farthest from murine S107, but for FR2,

C3 is closest to $107. Finally for FR3, C3 is closer to murine
S107 than to caiman E/ but closest to caiman G4. Only com-
parison of the FR1 segments distinguishes among these par-
ticular caiman and murine Vy genes.

The three caiman sequences have also been aligned metri-
cally with 17 additional murine (2, 6, 7, 14, 15, 17, 18) and
human (19-21) Vy; genes representing different subgroups
and families. Overall the three caiman sequences are closest
to human VyIII prototypes—e.g., FR1, FR2, and FR3 of G4
are 20, 12, and 20% bc/b, respectively, from the human HII
gene (20) vs. 28, 21, and 29% bc/b for the equivalent com-
parisons of G4 to the murine probe sequence illustrated
above. Although it is tempting to speculate as to the various
selective influences and correction processes that may have
given rise to these patterns, it is important to emphasize that
relaxed criteria were used in selecting the caiman genes and
that members of a specific subset were not isolated. Given
the apparent high degree of intraspecies variation within
these families, individual gene segments from two phyloge-
netically divergent species may be more related to each oth-
er than are equivalent gene segments identified within the
same species.

Metric analyses of sequences 5’ to the initiation codons
indicate several regions of extended nucleotide identity. A

potential promoter region for RNA polymerase II, é—T-A-A~

A-T (15, 29), is located 5' of ATG in C3, El, and G4, respec-
tively (Fig. 2a). All three caiman genes also possess the se-
quence A-T-G-C-A-A-A-T located 26-27 bp further 5'. This
conserved octamer presumably is involved in transcriptional
regulation (30, 31). Assuming that the start of transcription is

26-30 bp downstream of é—T-A-A-A-T, each of the three cai-

man genes possesses a C-A sequence flanked by deoxynu-
cleotides with a pyrimidine/purine content (32) equivalent to
functionally mapped transcriptional start sites of murine Vy
genes (15, 29). By these criteria, it appears that all three cai-
man genes would support transcriptional activity. As indi-
cated above, the presence of leader regions, typical splice
sites, and uninterrupted reading frames also are consistent
with functional status for these three genes. Similar consid-



846 Genetics: Litman et al. Proc. Natl. Acad. Sci. USA 82 (1985)

a alignments: 2ie= | emmeecmcccccccaaaab : PP Py
i 329 340 350 360 370 380 390 395 400 405 412 420 430 434
C3 gene} ‘I‘A'l‘AAGGCAGGGGACATGCAAA'l'CACAGACAGGCTGCCCGGTATAAATCACTCTGTGCGGTGCCCAGGCAGCACCTGCACACACAACCCACAGCCCTCAGCTCCAG
common bases: TAT AGG GGGGA ATGCAAATC C C TAAA GGCA C  CTG ACA G G T AG
E1 gene} TATGAGGGGGGGGAGATGCAAATCTAGTGCTGTGGAGGCTTCATAAAT-GCT GGCAACTGCTGGCCTTACAGGGG--TGGGGTGTG T-AAG
i 644 650 660 670 680 690 694 695 700 705 712 720 730
alignments: 2teeenn2:22: 2: ‘: timmeefiia2
1329 340 350 360 370 380 390 395 400 405 430 434
C3 gene| TATAAGGCAGGGGACATGCAAATCACAGACAGGC‘I’GCCCGGTATAAATCACTCTGTGCGGTGCCCAGGCAGCACCTGCACACACAACCCACAGCCCTCAGCTCCAG
common bases: TATA GG G CATGC C GC
G4 gene} TATATGGAGAAGATCATGCAAATAGCCCTCAGCATTTGCTGC TAAAT-GCG-' TGAG GCTTCCCAC CTGCTGGTG CAGCCC TTGGTGTCTGGG CAG
i 259 270 280 290 8 32 330 331 340 351
alignments:  eecccecmm il e 2teecccceee eeebit tiittemeali: fao
t 644 650 670 680 690 69‘0 695 700 705 712 720 730
E1 gene} TATGAGGGGGGGGAGATGCAAATCTAGTGCTGTGGAGGCTTCATAAAT GCT GGCAAuuuuuLLuACAGGGG -TGGGGTGTG-T AAG
common bases: TAT GG G G  ATGCAAAT GCT C TAAAT GC CTG TG CAG TGG GT TG AG
Gl gene; TATATGGAGAAGATCATGCAAATAGCCCTCAGCATTTGCTGC TAAAT GCG TGAG GCTTCCCAC- CTGCTGGTG CAGCCC TTGGTGTCTGGG CAG
i 259 270 280 290 300 308 321 330 331 340 351
COHNON/co::::;I;:; Hzaiss,gucgacﬂsseﬁzc,c,,,CaG,,t,,gctgcaztcﬂ gCt tg,g g,t,cccaggCagCtgeTG,,c,,aCAgece ,tGg,gTctG,t cAG
' -19 =15 =10 -5
Ig C3! Met GlyLeuGlyLe HlsLeuLeuValLeuAlaA Al LeuGlnG
alignments: “3iieee  —--biiiiie2: 3:: 2:
1 435 440 450 470 480 490 500 5!0 520 530 537
C3 gene} GCCCTGA CCACCAACACACGAGAGC‘I’TCCCCCAGCACCAGGGAACATG GGACTTGGGCTCCACCTGCTCGTCCTGGCCGCAGCTCTGCAAGGTATGTCATCTT
common bases: G TGA GAG T CC CAGC CCAG A CATG G C TGGG A TCTC TCCT CC C TGC AGGTA GTC CT
E1 gene} G-GGTGA CCAGG TGTCT GAGCCATCCCTGCAGC-CCAG-CATCATGCTGTCCTGGGGAT-ATTTCCTCTTCCTCCTCCCCACCTTGCCAGGTAAGTCC-CTG
T3 750 760 770 780 790 800 810 820 827
codon phase: <=> €==0ut (=1)> <-m=in (40)eececcccccacacaaaa
g E'Ii MetLeuSerTrpGlyT yrPheLeuPheLeuLeuProThrLeuProG
H -19 - - -5
common acids: Met Leu Leu Leu G
=19 =15 -5
Ig C Net GlyLeuGlyLethsLeuLeuValLeuAlaAlaAlaLeuGlnG
alignment lemeeee B s L Dttt
+ 435 4o “5 460 470 480 490 500 510 520 530 537
C3 gene} GCCCTGA CCACCAACACACGAGAGCTTCCCCCAGCACCAGGGAACATG GGAuwuuu\.\,ALuuww|Luum.wuuunuut.MGGTA‘I'GTCATCTT
common bases: C TGA CCA C C CA GAGAGCT CC CCAG ACC G  ACATG TGG T CTC T CT G AGC T  AGGT GTCATCT
Gu genes -CGTTGAGgCCAGC ~CCCCAGGAGAGCTCCCTCCAG-ACC- GAAGACATGACCCACTGGCTATGTTTTAC'l‘CTTGCTCTT-GTAGCCGTCAGAGGTTGGTCATCTC
io352 360 3 430 52
codon phase: <=> <---out ( 1)-- => {=e-in (00) >
Ig G4} HetThrHisTrpLeuCysPheThrLeuuaLeu ValAlaValArgG
i -19 15 -5
common acids: Met Ala
H 19 15 -5
Ig E1} HetLeuSerTrpGlyT yrPheLeuPheLeuLeuProThrLeuProG
alignnents --==3: ——— 6riiitemoonaeaTizizzs: 2tmmm
731 T40 75 760 770 780 790 800 810 820 827
E1 gene. G GGTGA--CCAGG TGTC‘I‘ GAGCCATCCCTGCAGC CCAG CATCATGCTGTCCTGGGGAT AllILLILIALL)LLILLLLA\.LIlbbLAGGTAAGTCC CTG
common bases: G TGA CCAG GAG  TCCCT CAG CC G CATG CTGG TTT CTCTT CTC T CC T AGGT GTC CT
GU4 gene} CGTTGAGTCCAGC CCCCAGGAGAGCTCCC‘I‘CCAG ACC- GAAGACATGACCCACTGGCTATGTTTTACTCTTGCTCT‘I’ GTAGCCGTCAGAGGTTGG‘I’CATCTC
i352 360 370 380 390 00 410 430 452
codon phas: <---1n (40)a=ued> <---out ( 1)===> C=--in (00) >
Ig G i He;'l’hrl-us'l’rpLeuCysPheThrLeuAlgLeu ValAlaValArgG
H -1 - -1 -
common acids: Met Trp G

COMMON/consensus:

gcg,TGA CCAge ,c,Ca,GAGageTeCCtcCAGeaCCaG,,aaCATG, ,8,ccTGGg,at,attT,CTCtTeCTe,tegeagCe, Tge,AGGTa ,GIC:LCT.
EREEERNE

notabl
gene segment: <---LR (leader region) 8 [start] {---1VS
i 538 550 560 0 580 590 596
C3 gene} CCCACAGGTCGGGGAGGGAATCATTGCACTGATGCTGCCCTAATACTAGATCCTCTTGG
gene segment: IVS (intervening segment) within LR (leader region) segment

i 828 840 860 870 880 890 900 910 920 0
E1 gene} GGACCTGCCACGTTCCACAGCCCTGTGGAGCCCAGGGAGCAACACAAAATCCTCACTTGATGTAAAGGCTGATGGAAATCAGCAGCGAATGCCCCCTTGGCGC

inverted repeat: aggtstc .gacacct.
notablei ~  Ce--ee >< >
H heptamer 21-spacer nonamer
H <-RS (recombination signal) segment->
gene segment: ---IVS within LR segment

193 940 950 960 966
E1 gene} CGTGGCTTTGGCAAGCCTGCCAGGACAGAGCCCTGA

gene segment: ---IVS within LR segment--cccccecaaao
453 460 470 48 490 500 510 519
G4 gen CTCTGGGGCACCAGAGAGACACATCCCCGGTTTGGTCTCTGTTTCACAGGCTCCCAGCAGGGATTTC
gene segment: ---IVS within LR segment.
H -4 -1 1 98
Ig C31 lyAlaTrpSerGln.. ...Arg

alignments: LER N

620 62!

i 597 610 9 18 930 940 950 6
C3 gene; ATCCTAC-C-TTGCTTTTCAGGTGCTTGGTCCCAG. . . AGAGACACAGTGACTCAAACCCTATTCACGGCAATACAAAATCC
GTG AR

common bases: ATC T C C TT CT CAGGTGC GTCCCAG AG CAC A ACAAAA CC
E1 gene, ATCGTGCTCTTTTCTCCCCAGGTGCCCAGTCCCAG.. ..AGGCTCACTGTGCGGGAAGCCC AGACAAAAACC
1 967 980 990 100 1300 131 1312 1322
codon phase ==-in (00)---
Ig E‘. lyAlaGlnSerGln..
-4 -1 1
common acxds. 1yAla SerGln e Arg
H <4 -1 1 98 C3: 23-bp spacer
Ig C3i lyAlaTrpSerGln...}}...Arg Camm

alignments:  ----ceo
I

i 597 610 62! 629 9 8 930 940 950 61
C3 gene! ATCCTAC C TTGCTTT‘I‘CAGGTGCTTGGTCCCAG... AGAGACACAGTGACTCAAACCCTATTCACGGCAATACAAAATCC

common bases: ACT C T CTTT CAGG G TC AG H AG ACACAG GA AAA GGC A CAAAA C
G4 gene| ACCGTT TC TCTCTTTGCAGGCGTCCTCTCGGAG...} .. .AGGTACACAGCGAGAGAAAGTCCCTCTGAGGCTAGGCAAAAACT
i 520 530 540 552 8u1 850 860 870 880 884
codon phase: e==in (+0)--- -=>
1g G4} lyValLeuSerGl.u... «..Arg
' -4 -1 1 98
common acids: ly Ser Arg
H -4 -1 1 98
Ig E1} lyAlaGlnSerGln...i{...Arg
alignments: —mme2iecl: -
+ 967 9 990 1001 1290 1300 1311 1312 1322
E1 gene} ATCGTGCTCTTTTCTCCCCAGGTGCCCAGTCCCAG. ..} ! ...AGGCTCACTGTGCGGGAAGCCC AGACAAAAACC
common bases: A CGT TC T TCT CAGG G CC TC AGG CAC G G G GAA c AG CAAAAAC
GU4 gene} ACCGTT-TC-TCTCTTTGCAGGCGTCCTCTCGGAG. . .11 .. .AGGTACACAGCGAGAGAAAGTCCCTCTGAGGCTAGGCAAAAACT
! 520 530 540 552 84 850 860 870 880 884
codon phase: <===in (+0)--=~ --)
Ig Gu; lyValLeuSerGlu... <..Arg
i -4 -1 98
common acids: 1y Ser Arg
COMMON/consensus: AtCgT,etC,TttCTtt,CAGGtGeee,gTCecAG H AGg,aCACaGtGag,aAAa »eCy,t,,,,G8C, AgaCMMaCc
otable: ap anen T T )
gene segment| ~-}-LR [end)-><[SEE FIG. 3])()(- >< >
H

i he| nonamer
H S (spacer) segment <--RS (reconbxnatlon stgnn) segment-->

F1G. 2. DNA sequence alignments of the caiman C3, El, and G4 and murine S107 (3) Vy genes. The data in a illustrate the sequences 5’ and
3’ of the predicted coding regions of the caiman genes and include the LR, S, and RS IVS segments. The mature coding segments are shown in
b. Position 480 of C3 corresponds to position 1 of the published C3 sequence (24). Metric analysis (25, 26) was used to obtain the best pairwise
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bC3

' i 1 5 10 15 20 25 30
E caiman Ig C3i GlnValGlnLeuValGluSerGlyGlyAspValArgLysProGlyAsnSerLeuArgleuSerCysLysAlaSerGlyPheThrPheGly
| | 40 650 660 670 80 9 700 710 716
Y caiman gene C3! CAGGTGCAGCTGGTGGAGTCCGGAGGAGATGTGAGGAAACCTGGAAACTCTTTGCGCCTCTCCTGCAAAGCCTCGGGGTTCACCTTCGGT
c3 A alignments:
versus | common bases: CAGGTGCAGCTGGTGGAGTC GGAGG GATGT AGGAA CCTGGA ACTCT TGCGCCTCTCCTGCAAAG CTC GG TTCACCTTC G
E1 | caiman gene E1} CAGGTGCAGCTGGTGGAGTCTGGAGGGGATGTAAGGAAGCCTGGAGACTCTCTGCGCCTCTCCTGCAAAGGCTCCGGCTTCACCTTCAGC
1 H 999 1010 1020 1030 1040 1050 1060 1070 1080 1088
H codon phase: C===in (+0)
H caiman Ig E1} GlnValGlnLeuValGluSerGlyGlyAspValArgLysProGlyAspSerLeuArgLeuSerCysLysGlySerGlyPheThrPheSer
i H 1 2! 30
i common acids: GlnValGlnLeuValGluSerGlyGlyAspValArgLysProGly SerLeuArgLeuSerCysLys SerGlyPheThrPhe
c3 A alignments:
versus | common bases: AG T CAGCTGGTGGAGTCCGGAGGAG T AGGAAACCTGGA ACTC TGCGCCTCTCCTGCAAAGCCTC GGGTTCAC TTC GT
Gu i caiman gene Gu} GAGATCCAGCTGGTGGAG‘I‘CCGGAGGAGCCATAAGGAAACCTGGAGALAwuuhuwu,nCCTGCAAAGCuquuIluACTTTCAGT
H 1 550 600 610 620 630 639
1 codon phase: C===in (+0)
H caiman Ig G4} GlulleGlnLeuValGluSerGlyGlyAlalleArgLysProGlyAspSerLeuArgleuSerCysLysAlaSerGlyPheThrPheSer
i H 1 20 25 30
H common acids: GlnLeuValGluSerGlyGly ArgLysProGly SerLeuArglLeuSerCysLysAlaSerGlyPheThrPhe
c3 A alignments:
versus | common bases: AGGTG AGCTGGTGGA TC GGAGGAG TG A CCTGG TCT TG G CTCTCCTG A C TC GGGTTCACCTTC GT
$107 | mouse gene S|07: GAGGTGAAGCTGGTGGAATCTGGAGGAGGCTTGGTACAGCCTGGGGGTTCTCTGAGACTCTCCTGTGCAACTTCTGGGTTCACCTTCAGT
' 216 220 230 2u0 250 260 270 280 290 300 305
1 codon phase' <===in (+0)
i mouse Ig S|07, GluValLysLeuValGluSerGlyGlyGlyLeuValGlnProGlyGlySerLeuArgLeuSerCysAlaThrSerGlyPheThrPheSer
H 25 30
H common aclds val LeuValGluSerGlyGly ProGly SerLeuArgleuSerCys SerGlyPheThrPhe
common | C3,E1,G4 H AG T CAGCTGGTGGAGTC GGAGG G T AGGAA CCTGGA ACTC TGCGCCTCTCCTGCAAAG CTC GG TTCAC TTC G
bases | C3,E1,G4,8107: AG T AGCTGGTGGA TC GGAGG G T A CCTGG TC TG G CTCTCCTG A TC GG TTCAC TTC G
common | C3,E1,G4 GlnLeuValGluSerGlyGly ArgLysProGly SerLeuArglLeuSerCysLys SerGlyPheThrPhe
acids | C3,E1,Gu4, 5107 LeuValGluSerGlyGly ProGly SerLeuArgleuSerCys SerGlyPheThrPhe
gene segment (Ig region): <---FR1 (first framework region) segment >
c3 i 31 35 36 40 45 9 50 55 60 65 66
H GlyTyrGlyMetPhe TrpValArgGlnAlaProGlyLysGlyLeuAspTrpValAla ThrIleA snTh rAsp GlySerSerGlnTr pTyrSerProAlaValGlnGly
| 1 0 731 732 40 75 60 773 774 780 790 800 810 820 824
\] GGCTACGGCATGTTC TGGGTCCGCCAGGCTCCTGGGAAGGGGCTGGACTGGGTGGCT ACAATTA ATAC TGAT GGATCCAGCCAGTG GTACTCCCCGGCCGTTCAGGGG
c3 A yia e L sesgaeg
versus | TA C TGGGTCCG CAGGCTCC GGGAAGG CT GA TGG T CT C ATT A AC T GG AGC TAC CCC G GT GGG
E1 ) AATTACTGGCTGGGC TGGGTCCGTCAGGCTCCCGGGAAGGC-CTTGAATGGATCTCT GCCATTG ACAC CTCT GGCAGCAGCACCTACTTACATCCCTGGAGTGAGTGGG
1 1089 330 1104 1110 1120 1130 1140 1145 1150 1160 1170 180 1190 1196
H > (===0uUt (+1)=ce  cmcccmn —eeo B > <---m (40)=mmemcmeaan
i AsnTyrTrpLeuGly TrpValArgGlnAlaProGlyLysAl aLeuAsnGlySerlLe uProLeu ThrP rolLe wuAlaAlaAlaProThrTyrIleProGlyValSerGly
: 31 35 4 45 u8 50 60 65 66
H Tyr TrpValArgGlnAlaProGlyLys Tyr Pro val Gly
c3 A ----
versus | ATG C TGGG CCG CAG C CCTGGGAAGGGGCTG A TGGGT G T AAT A AT A A AC G TA CCCG GT A GG
Gy i GACACCTGGATGGCC TGGGCCCGGCAGCCCCCTGGGAAGGGGCTGCAGTGGGTTGGT GAAATCA ATGG GAAC TCAGAGACCATCAG ATATGCACCAGAAGTGAAAGGT
\ 650 654 655 660 670 680 690 696 697 700 720 730 747
E AspThrTrpMetAla TrpAlaArgGlnProProGlyLysGlyLeuGlnTrpValGly GlulleA snGl yAsn SerGluThrIleAr gTyrAlaProGluVallysGly
i 31 35 36 40 4 49 50 55 60 65 66
H Met Trp ArgGln ProGlyLysGlyLeu Trpval IleA sn Tyr Pro Val Gly
c3 A 15t
versus | G T C CATG TGGGTCCGCCAG CTCC GGGAAG G CTGGA TGG T GCT CAA TA A AC GT GAT C A G GTAC C C GT AGGG
s107 GATTTCTACATGGAG TGGGTCCGCCAGCCTCCAGGGAAGAGACTGGAGTGGATTGCT GCAAGTAGAAACAAAGCTAATGATTATACAACAGAGTACAGTGCATCTGTGAAGGGT
i 306 310 320 321 330 340 350 362 363 370 380 390 400 410 419
|| eescecccemceess meeececeeeeccdcacccccoccccescc-osssoosss-es s-o-oo > <=1> <=3> <e=-out (=5)=> <=--in (-6)-=-ccucc-mn
H AspPheTyrMetGlu TrpValArgGlnProProGlyLysArglLeuGluTrpIleAla AlaSerArgAsnLysAlaAsnAspTyrThrThrGluTyrSerAlaSerValLysGly
| 3 5 4 4s 49 50 55 60 65 68
H Met TrpValArgGln ProGlyLys Leu Trp Ala TyrSer Val Gly
common | CG TG C TGGG CCG CAG C CC GGGAAGG CT A TGG T T AT A AC TA €C G GT GG
bases | c TG TGGG CCG CAG C CC GGGAAG CT A TGG T T A A c TA c GT GG
common | TrpValArgGln ProGlyLys Tyr Pro Val Gly
acids | TrpValArgGln ProGlyLys Tyr Val Gly
<-CDR1 segment> <---FR2 (second framework region) segment> <CDR2 (second complementarity-determining region) segment>
c3 i 67 70 75 80 85 90 95 98
H LysPheThrIleSerArgGlyAsnSerGlnAsnMetLeuTyrLeuGlnMetSerSerLeuThrProGluAspThrAlaThrTyrTyrCysAlaArg
| 825 830 840 8 890 90 1 920
\ AAATTCACCATCTCCAGAGGCAACTCCCAGAACATGCTGTACCTGCAGATGAGCAGCCTCACACCTGAGGACACAGCCACGTATTACTGCGCCAGA
c3 A
versus | TTCACCATCTCCAG G CAA CC G C TGCTG ACCTG A ATGAGC CCT A CCTGAGGACAC G C TAT ACTGCG AG
E1 1 CGCTTCACCATCTCCAGGGACAATGCCAGGGCCTTGCTGCACCTGGACATGAGCGACCTGAGGCCTGAGGACACCGGCCGATATCACTGCGAGAGG
H 1197 1210 1220 1230 1240 1250 1260 1270
H
i ArgPhe‘l‘nrIleSerArgAspAsnAlaArgAlaLeuLeuHisLeuAspHetSerAspLeuArgProGluAspThrGlyArgTyrHisCysGluArg
1 7 0 75 80 5 90 95 9
H PheThrIleSerArg Asn Leu Leu MetSer Leu ProGluAspThr Tyr Cys Arg
c3 A >
versus | A A TCACCATCTCCAGAG CAAC CCCAGAAC TGCTGT CCTGCAGAT AGCAGCCTCA ACC GAGGACACAGCCACGTATTACTG GC AG
G4 i AGACTCACCATCTCCAGAGACAACACCCAGAACCTGCTGTTCCTGCAGATAAGCAGCCTCAAACCCGAGGACACAGCCACGTATTACTGTGCAAGG
i T48 760 770 780 0 843
i >
5 AggLeuThrIleSerArgAspAsnThrGlnAsnLeuLeuPheLeuGlnIleSerSerLeuLySProGluAspThrMa‘l‘hrTyr‘l‘erysAlaArg
! 7 70 75 9
H ThrlleSerArg Asn GlnAsn Leu LeuGln SerSerLeu ProGluAspThrAlaThrTyrTyrCysAlaArg
€3 A
versus | TTCA C TCTCCAGAG CA TCCCA A CAT CT TACCT CAGATGA CCT A A CTGAGGACAC GCCA TATTACTG GC AGA
5107 | CGGTTCATCGTCTCCAGAGACACTTCCCAAAGCATCCTCTACCTTCAGATGAATGCCCTGAGAGCTGAGGACACTGCCATTTATTACTGTGCAAGA
E 420 430 4u0 450 460 470 480 490 500 510 515
H
5 ArgPhelleValSerArgAspThrSerGlnSerIleLeuTereuGlnMetAsnAlaLeuArsAlaGluAspThrAlalleTyrTerysAlaArg
i 69 70 95 100
H Phe SerArg SerGln LeuTyrLeuGlnMet Leu GluAspThrAla TyrTyrCysAlaArg
common | TCACCATCTCCAG G CAA CC G C TGCTG CCTG A AT AGC CCT A CC GAGGACAC G C TAT ACTG G AG
bases | TCA C TCTCCAG G CA cc CTCT CCT A AT A CCT A C GAGGACAC G C TAT ACTG G AG
common | ThrIleSerArg Asn Leu Leu Ser Leu ProGluAspThr Tyr Cys Arg
acids | SerArg Leu Leu Leu GluAspThr Tyr Cys Arg
<---FR3 (third framework region) segment. >

alignments. The symbol for each identical nucleotide pair is repeated between the two sequences. Each nonidentical nucleotide pair costs 1 base
change and each nucleotide aligned with a null (“-"), corresponding to an insertion—deletion event, costs 2 base changes (26). The alignments
line shows a dash (“-") for each position present in all metric alignments; positions having a blank space are not metrically aligned. Aligned
stretches having a number of equally best alignments are indicated by that number followed by a string of colons (e.g., 4::::: denotes four
alternative alignments in a stretch of six alignment positions). The codon phase line indicates when 2 nucleotide sequences are in or out of phase
in the single metric alignment shown. In a, the Common/consensus line indicates positions having all three (N), two (n), or no (,) shared
nucleotides. In b, common bases and common acids refer 1o nucleotides and amino acids shared by the caiman sequences (top row) and all four
sequences (bottom row). In a, functionally (transcription or recombination) significant (notable) segments are noted by asterisks. In the IVS of

El, an inverted repeat and a RS segment (heptamer/spacer/nonamer) are noted. Extended deletions are present in the 5’ segments of EI (after
694 and 1311) and G4 (after 330).
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erations have led to classification of ~40% of mammalian
Vy sequences as pseudogenes (20, 33).

Recombination signal sequences are located 3’ to the cod-
ing segments of all mammalian Vy and V| genes. Both C3
and G4 sequences match the consensus recombination 7-
mer, C-A-C-A-G-E-G, possess a 23-bp spacer and have typi-
cal dA>dC nonamers. The EI 3’ 7-mer, C-A-C-T-G-T-G, is
an inverse complement of the mammalian C3, G4 prototype.
In addition, the sequence is identical to 7-mers located at the
5’ side of D elements (9, 10, 34, 35) and matches the consen-
sus for human Jy, J,., and J, recombination elements (9, 35).
An identical sequence has been detected 33 bp 3’ of the pro-
totypical recombination 7-mer of murine V! (17) and is
present at the site of an aberrant joining of a murine J,1 to
the nonimmunoglobulin gene segment LI0 (36). The EI 3’ 9-
mer (A-C-A-A-A-A-A-C-C) is identical to the mammalian
Vy prototypes; however, the spacer segment is only 12 bp,
typical of V, (and D) but not Vy (or V,) recombination ele-
ments (9). A spacer segment deletion similar to the EI 3’
structure has been described for a pseudogene member of
the T15 family (37). As noted above (Figs. 1 and 2a), a V-
like recombination element has also been detected within the
IVS of El. Southern blotting of restriction endonuclease-di-
gested parent phage and plasmid subclones relative to geno-
mic DNA isolated from several caiman genes (data not illus-
trated) indicates that neither 5’ nor 3’ structures arose as
cloning artifacts. The close relationship of these sequences is
illustrated.

heptamer 21-bp spacer nonamer
< < >< >
843 850 862 871 879

E1 IVS CACAGCCCTGTGGAGCCCAGGGAGCAACACAAAATCC

common CAC G C G G AGCCCAG ACAAAA CC
E1 3' CACTGTGCGG GAAGCCCAG ACAAAAACC
1295 1302 1313 1314 1322

< >< >< >

heptamer 12-bp spacer nonamer
<-RS (recombination signal) segment->

The two recombination elements could result in either
atypical recombination (5’) or inability to undergo typical so-
matic reorganization (3'). The 5’ element could facilitate 5’
leader — D — Jy joining (assuming that these structures ex-
ist in caiman), although the abbreviated, 21 bp, spacer of the
5' element may not be functionally active. According to the
12/23 recombination rule, the 3’ spacer segment deletion
would preclude typical V-D-J joining; however, El could
participate in a direct V-J (light chain-like) interaction by-
passing D joining and preserving the spacing rule.

Near-perfect direct repeats (831-839:946-954; 843-
852:956-965) flanking the presumably nonfunctional 5’ re-
combination signal segment suggest that a recent transposi-
tion-like event (38) may have occurred within the IVS. In
addition, the 7-mer is part of the 14-bp inverted repeat and
contributes to one of the direct repeats (843-852) (Fig. 2a).
The 3' segment may have originated through homologous re-
combination involving caiman equivalents of V, D, or J seg-
ments.

Taken together these data emphasize the extended evolu-
tionary history of this gene family and its associated reorga-
nization mechanism. Evolution appears to preserve a core
sequence and favors considerable diversification within the
coding segments. The presence of atypical recombination se-
quences in one of the genes suggests that different alterna-
tives to V—D-J joining may operate within this gene family
and that these elements may be capable of recombining in
previously unanticipated fashions.
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