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ABSTRACT The constant regions of rabbit K light chains
are unusual because the sequences of the allotypic forms can
differ more from each other than do some variable regions
with which they associate. We report the nucleic acid sequence
of a full-length cDNA clone of b9 allotype and show compari-
sons to available sequences of the rabbit K allotypes b, b5, and
bas-N4. Our analyses suggest that the primordial rabbit K gene
encoded a bas-like sequence. They also reveal a surprising dif-
ference in the position of the variable region cysteine that
forms the interdomain disulfide bond that is unique to most
rabbit K chains. One b9 cDNA sequence lacks the usual cyste-
ine-80 and instead encodes cysteine-108, which in three-dimen-
sional models appears capable of forming the interdomain di-
sulfide bond with cysteine-171 in the constant region. A partial
sequence of a second b9 clone encodes both cysteine-80 and
cysteine-108; the translation product of this clone could have a
free reactive sulfitydryl group that might lead to an unstable
nonfunctional Ig molecule. The fact that pre-B cells with b9 K
chains do not differentiate and expand into productive Ig-pro-
ducing cells with frequencies comparable to the other allotypes
may be explained if a substantial proportion of the gene prod-
ucts have a free sulfhydryl group. Our sequence results sug-
gest that in cells differentiating to produce K light chains of b9
allotype the number and location of the cysteines influence
immunoglobulin expression.

We have undertaken cDNA cloning and sequence analysis to
define the K genetic region (b locus) and to study the regulat
ed expression of K light chains in the rabbit. There are four
common rabbit K allotypes: b4, bS, b6, and b9 (1-3). Recent-
ly, a Basilea strain of rabbit has been developed that ex-
presses low amounts of bas K light chains and exhibits com-
pensatory production of X light chains (4). Experiments from
four laboratories indicate that bas is an isotypic form of rab-
bit K (K2) (5-10). These and earlier observations of latent
(unexpected) allotype expression have led to proposals that
rabbit K allotypes are in fact isotypes whose expression is
regulated in allelic fashion (11-14). Regulated expression of
K allotypes is also evident in heterozygous rabbits where se-
rum levels of the K allotypes follow a "pecking order" (W >
bS . b6 > b9 > bas) (15). The pecking order appears to be
established after the stage when DNA rearrangements nec-
essary for K gene expression have occurred because equal
numbers of pre-B cells expressing b9 and (e.g.) bS are found
in heterozygous rabbits (16). We report the sequence of a
full-length b9 cDNA clone and compare both the nucleic acid
and deduced amino acid sequences with sequences of W
(17), bS (18), and bas-N4 (5, 10). We will refer to this bas
gene sequence and its potential protein product as bas-N4
because it was isolated from the DNA of a rabbit with nomi-

..

L....// . o -~-- - _, ____ ,,

Bgl Pst PstI Bg 1 RsaI Pvu 11 Ava Pst

100 bp

FIG. 1. Strategy of sequence analysis of clones pKb9-17D9 (solid
lines) and pKb9-9G12 (dashed lines). Arrows and lines indicate direc-
tion and length of sequence obtained from sites 3' labeled using the
large fragment of DNA polymerase I and [a-32P]dNTP (o) to fill in,
3' labeled with [32P]ddATP (e), or labeled 5' using [y-32P]ATP and
polynucleotide kinase (A). Dots indicate portions of fragments that
were not resequenced.

nal allotype b4. Our results have given us new insights into
the evolutionary relationships of the constant region K (CK)
allotypes. An unexpected finding is the difference in the lo-
cation of the K variable region (VK) cysteine that forms the
interdomain disulfide bond that is unique to most rabbit K
light chains. In addition, our sequence analysis has revealed
that some b9 mRNAs encode light chains with a free cys-
teine; the translation product of such mRNA may not readily
form functional Ig molecules. Our data raise the possibility
that the number and location of cysteines in the VK and K
joining region (JK) influence differentiation and clonal expan-
sion of B cells, resulting in low expression of the b9 K light
chains compared to the other "allelic" b allotypes. Recent
sequence analysis of a Basilea K light chain cDNA in our
laboratory also suggests a possible relationship of protein
structure to limited expression (19).

MATERIALS AND METHODS
A cDNA library was constructed from splenic mRNA isolat-
ed from a Trypanosoma equiperdum-infected rabbit (CW247-4)
of b9 K light chain allotype (20). Clones were identified by
colony hybridization, screening with nick-translated Pst I
fragment of pKb5-F2, a cDNA clone encoding V and C
regions of bS allotype (18). Eleven positive clones were cho-
sen at random and two containing large inserts (pKb9-17D9
and pKb9-9G12) were selected for sequence analysis by the
method of Maxam and Gilbert (21). The strategy for se-
quence analysis of pKb9-17D9 is shown in Fig. 1. Confirma-
tory partial sequence of pKb9-9G12 was obtained on both
strands from the Pvu II site allowing us to read through the
Ava I site in the C region.

Sequence comparisons were made by using the National
Biomedical Research Foundation's database and computer
programs. After sequences were aligned to maximize homol-
ogies, the matrix of mutation differences was used to esti-
mate the structure of a rootless evolutionary tree (22) and

Abbreviations: VK, JK, and CK, variable, joining, and constant re-
gions of K light chain; bp, base pair(s); CDR, complementarity-de-
termining region; FR, framework.
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from additional information a proposed rooted tree was con-
structed (see Discussion).

RESULTS
Fig. 2a shows the nucleic acid and deduced amino acid se-

quence of pKb9-17D9. The V1K sequence was compared to
that of our bS cDNA clone pKb5-F2 (18) and to a homologous
b4 protein sequence 311 (24) (Fig. 2b). A gap has been insert-
ed in CDR1 to allow for alignment with the 311 protein se-

quence. The deduced protein sequence of a second b9 cDNA
clone (pKb9-9G12) and the 311 light chain have a CDR1 of
similar length. The leader and first two framework regions
of the two cDNA sequences are highly conserved. In con-

trast, FR3 contains a region of variability (positions 77-81)
where five amino acid differences result from four one-base
changes and a single two-base change. The cysteine (TGT) at
position 80 in pKb5-F2 is replaced with an arginine (CGT) in

pKb9-17D9. However, pKb9-9G12 encodes cysteine at this
position and a partial b9 protein sequence (4153-1) was re-

ported with a cysteine at position 80 (29, 30). The cysteines
at positions 23 and 88 remain invariant.

Although a portion of pKb9-17D9 JK, bS JK, and b4 JK (J2)
(25) have considerable homology, the 3' portions are very
different (Fig. 2c). A codon for cysteine occurs in pKb9-17D9
at position 108; that is the site of the J,-CK RNA splice. The
nucleic acid sequence of the second b9 cDNA clone, pKb9-
9G12, differs from the JK of pKb9-17D9 at 14 of 39 positions
(36%) but also encodes a cysteine at position 108. There
have been no published b9 protein sequences that include
the JK.

The nucleic acid and deduced amino acid sequence com-

parisons of the rabbit CK are shown in Fig. 3. Table 1 lists the
percent homologies of the different allotypes at the nucleic
acid and protein levels. We used the sequence of the bas-N4
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FIG. 2. (a) The complete DNA and deduced amino acid sequences ofcDNA clone pKb9-17D9. The bases are numbered along the left margin
and amino acids are numbered above by using the standard system of Kabat et al. (23). We have designated leader (L), VK JK, CK, and 3'
untranslated (UT) regions. (b) Comparison of the DNA and deduced amino acid sequences of pKb9-17D9 in the leader and V region with a
comparable bS cDNA sequence (pKb5-F2) (18) and a light chain protein of b4 allotype (311) (24). The ... at position 87 of the b5 amino acid
sequence reflects the TAA stop codon found in this cDNA. We have designated framework (FR) and complementarity-determining (CDR)
regions. (c) Comparison of the DNA and deduced amino acid sequence of the J region of pKb9-17D9 with a second b9 cDNA sequence (pKb9-
9G12), a bS cDNA sequence (pKb5-F2), the expressed J2 of b4 genomic DNA (25), and genomic mouse Jl (26) and human J4 (27, 28) genes.

Proc. NatL Acad Sci. USA 81 (1984) 1795



1796 Immunology: McCartney-Francis et aL

C 110 120 109 A 110 120
bas K GAT( ]CCAGTTGCGCCTTCTGTCCTCCTCTTCCCACCATCTAAGGAGGAG Asp[ ]ProValAlaProSerValLeuLeuPheProProSerLysGluGlu
b9 -CCT-A A GCT-TC- -Pro-fIle- Thr AlaAspGln
b4 - t -]J QA A- AG-GCT-TC- -t I Thr Ile AlaAlaAspGln
b5 4-tC ]A-TA'GAA,A CCT-CT- Ala[ ]ThrLeu Thr~ Ilc ProAla

130 140 130 140
ha 5 cTGACAACTG;AAt.AGCCACCATC;TGTGCGTT1G.AATAAATTITATlI.ThrThr(:1 vThrA1aTh.r.T1Va1cVaAIT1alnIvchTv1 UAI k uunuxnv u u uvu uuvun MA 16 n

'A T A -CG-
-G-------T T A-T-
C A-C-A-T-

150
bas CCCAGTGACATCACCGTCACCTGGAAGGTGGATGGCACCACCCAACAGAGC
b9 A AA-TG-.
b4 ]-TC C ACA-CT
b5 [ ]-TGG -C AGC-T-ACA-CT

160 170
bas GGCATCGAGAACAGTAAAACACCGCAGAGCCCCGAAGACMTACCTACAGC
b9 C-
b4 ATT-T-C-TTGC -A-

b5 - C ATT-T-T-TTG A-

bas
b9
b4
b5

bas
b9
b4
b5

180 190
CTGAGCAGCACTCTGTCACTGACCAGCGCACAGTACAACAGCCACAGC
-C AA
-C A A AA
-C T A AACGC - GA

200
GTGTACACCTGCGAGGTGGTCCAAGGCTCAGCCTCACCGATCGTCCAGAGC

CM G C
-A A-ACGA-GA-[ JG
-A -C- C ,C

210 214
bas TTCAACAGGGGTGACTGC
b9 T T
b4 T T
b5 -GGT-MGA- T

bas
b9
b4
b5

bas
b9
b4
b5

LeuiCnri nru iyinrm iainrl leva Lysva imiatsnLysrneiyr
Gl u-Val Arg

ValAla Val TyrPhe
-Ala TyrPhe

150
ProSerAspIleTtrValThrTrpLysValAspGlyThrThrGlnGlnSer
-Asn AspGlulle

]-Val--Gl ThrThr
[ ]-Gly G-1 n LysProLeuThrThr

160 170
GlyIl eGl uAsnSerLysThrProGl nSerProGl uAspAsnThrTyrSer

Thr Cys Asn
AsnSerAla-.Cyp Asn

Thr AsnSersp--Cys Asn

180 190
LeuSerSerThrLeuSerLeuThrSerAl aGI nTyrAsnSerHi sSer

Lys
~Thr Thr Lys

Thr-Lys-AspGl Asp

197199200
Val TyrThrCysGl uVal ValGl nGlySerAl aSerProI leValGl nSer

MisAsn-Gly-Al a
Gl u Lys-ThrT- rThr--r [ ]Val
Glu n-Al a ly Val

210 214
PheAsnArgGlyAspCys

-Ser-LysAsn

3' UT

TAGAGCGAGACGCCTGCCAGGGCACCGCCAGGGACCCTGAGGGCCAGCCTCGCCGCTCCCTCCCCTCAGTGGACCCATTCCCACCGCAGTCCTCCAGCCCCTCC
T' ~~~T~C C .T-Ab

T-T- Cr.A
C-C

CTTCCCGGTCCTCCCCCCCTCCTTGGCTTTAACCTTGCGAATGTTGGTGAGATGGATGAATAAAGTGAATCTTTGCACTTGTG
-C ~C A G G
-C C-A []

FIG. 3. Comparisons of the DNA and deduced amino acid sequences of rabbit K light chains of bas-N4 (5, 10), b9 (pKb9-17D9), b4 (17), and
bS (pKb5-F2) (18) types. Across the bottom, the DNA sequences of the 3' untranslated (UT) regions of each type are shown and compared. The
polyadenylylation signal sequence is underlined. Lines signify identity to the first (bas-N4) sequence.

as our prototype because a pattern emerged that suggests an
evolutionary pathway from a duplicated ancestral bas-like
gene (see Discussion). Whereas the intradomain disulfide
bonds are conserved among the different species, only Lago-
morph K chains have evolved a third disulfide bond linking
the VK and CK domains. The b9 sequence encodes a cysteine
(TGT) at position 171 as do the b4 and b5 sequences; howev-
er, the bas-N4 CK sequence (5, 10) encodes an asparagine
(AAT) instead. Of the 315 nucleotides represented in the bas
sequence, Z29 positions are conserved among all of the allo-
types. Only 14 positions differ in each of the allotypes, 10
involving identical substitutions. At 22 additional sites b4
and b5 have identical substitutions, whereas b4 and b9 share
4 and b5 and b9 only 3 additional identical substitutions. Of
these sequences, b9 is most similar to bas (80% amino acid,
89% nucleic acid homologies), followed by b4 and then bS

Table 1. Comparisons of DNA and amino acid sequences of
rabbit light chain C regions of different allotypes

Ck, % amino acid homology
b4 bS b9 bas

b4 73 68 70
b5 86 (96) 59 65
b9 83 (96) 79 (94) 80
bas 84 (96) 80 (98) 89 (94)

Ck, % nucleic acid homology (3' UT)
Numbers shown in parentheses are the % homologies of the nu-

cleic acid sequences of the 3' untranslated (UT) regions.

(Table 1). When the b9, W, and bS C region sequences are
compared with bas-N4, 78-80% of all of the codons with
differences have replacement changes. In addition, changes
in the first, second, and third positions of the codons occur
with similar frequencies.
There are length differences in the CK of the different allo-

types. The b9 contains an extra codon at the start of the C,.
The placement of the gaps to maximize homologies of the
four sequences can vary, depending upon the alignment of
the nucleotides or amino acids. Light chains of b4 and b5
allotype lack an additional codon at position 142 in the align-
ment shown; b4 also lacks a codon at position 204. A gap has
been inserted at position 198'in each rabbit sequence accord-
ing to the numbering system of Kabat et al. (23). The cys-
teines at "positions 134 and 194 that form- the intradomain di-
sulfide bond remain constant between the allotypes, as does
cysteine-214, which forms the interchain disulfide bond'. In-
terspersed within the conserved areas of C region sequence
are highly variable regions, which can potentially contribute
to the allotypic determinants.
The sequence of the 187 nucleotides of the 3' untranslated

region of pKb9-17DI9 is highly homologous to other published
3' untranslated regions of b4, bS, and bas (96%, 94%, and
94% homology, respectively) (Fig, 3, Table 1).' bas and b5
sequences have one gap each to maximize homologies.

DISCUSSION
In this paper we report the sequence ofa cDNA clone encod-
ing rabbit K light chain of b9 allotype (pKb9-17D9). The de-

uCab

b9
b4
b5
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duced amino acid sequence of the b9 cDNA clone is very
similar to the published b9 C, protein sequence (31). The
amide differences at positions 128 and 142 are most likely
due to protein sequence analysis errors, as are the missing
valines at positions 191 and 197. The complete C,, nucleic
acid sequence reported here has been confirmed in the sec-
ond b9 cDNA clone pKb9-9G12. The Ala(Gly,Ser) reported
by Farnsworth et al. (31) at positions 202-204 was most like-
ly incorrect, as both b9 cDNA clones encoded Gly-Ser-Ala
at these positions. Some b9 VKs contain an allotype-correlat-
ed glutamic acid at position 16 (32); however, pKb9-17D9 en-
codes the alternative glycine.
We have compared both the nucleic acid and deduced ami-

no acid sequences of pKb9-17D9 to those previously ob-
tained for b4 (17), bS (18), and bas-N4 (5, 10). Whereas the
Vs of the b5 and b9 sequences shown differ by 12% of their
nucleotides, the CKS of bS and b9 differ by 21%, representing
a difference of 41% in amino acid sequence. In contrast to
the CK diversity, the sequences of the 3' untranslated regions
are highly conserved among the different types (94-98% ho-
mology). The significance of this sequence conservation has
been discussed previously with regard to the possible func-
tion of this region (5, 33, 34). The wide divergence in CK
sequences suggests that there may be some selective pres-
sure favoring replacement changes.
Our data support the existence of separate JKs for the dif-

ferent allotypes. In the two b9 clones subjected to sequence
analysis so far, two different JKs have been found. A unique
expressed JK has been found to date in bS proteins and
cDNAs (18, 35) that differs from the five genomic JK genes
associated with b4 CK (25) and the three associated with bas-
N4 (10). It is evident in comparing the rabbit CDR3 and JK
that there are large length differences. Whether this is due to
the different lengths of the coding regions of VK or JK (or
both), to different splice sites between the two regions, or to
an additional diversity-generating mechanism (36, 37) is not
known.
The availability of the CK nucleic acid sequences for four

of the rabbit K allotypes has enabled us to search for possible
evolutionary relationships between them. These analyses re-
veal a high degree of sequence conservation between bas-N4
and each of the other allotypes. Because only 14 of the 315
bas-N4 positions differ in each of the allotypes-at all other
positions, at least one allotype has the same nucleotide as
bas-we propose that the primordial Lagomorph K gene had
a bas-like sequence. The following observations lend sup-
port to this premise: (i) In general, the bas-N4 sequence is
more homologous to the CK of mouse (66%) and rat (67%)
than are the other K allotypes (61-63%). (ii) bas-N4 K, as well
as human, mouse, and rat, lack the cysteine at position 171
that forms the interdomain disulfide bond that is unique to
rabbit K. (iii) bas-N4 has been shown to be an isotypic form
of rabbit K, although all rabbits may not express this com-
mon gene.
We used the difference matrix method to derive a rootless

evolutionary tree that is independent of evolutionary rates
(22). We then derived the following rooted evolutionary tree
that shows a proposed ancestral bas gene (bas') that differs
from modern bas at the 14 positions that are also different in
b9, b4, and b5:

bas b9 W bS
\ ~/ \/

14 18 14 28

bas' 2 20

Although the rootless form is a unique solution consistent
with the mutational differences, the proposed rooted tree is
not the only solution (for example, an ancestral 4' is ten-
able). However, because bas is an isotype, duplication of the
primordial bas gene could have allowed the rapid accumula-
tion of mutations in the evolving b9, b4, and bS (and b6)
genes. The gain of cysteine-171 (AAT-TGT) in the b allo-
types could have occurred after duplication of the primordial
bas but before the evolution of the separate allotypes. The 8
additional identical substitutions in b9, bS, and b4 could also
represent mutations that occurred early after duplication;
alternatively, they could represent mutations in the modern
bas compared to the primordial sequence. The occurrence of
22 additional identical substitutions in the b4 and b5 se-
quences suggests that these sequences diverged after the b9
divergence. However, these sequences may not have evolved
strictly through classical evolutionary pathways; rather, they
may have undergone accelerated diversification by mecha-
nisms akin to gene conversion (38, 39) that appear to have
rapidly generated differences between members of other
gene families (40, 41).
The b9 sequence reported here lacks the normal cysteine-

80 and instead has a cysteine at position 108. We have exam-
ined the three-dimensional structure of the homologous
mouse K protein MOPC 603 (42) to locate the a-carbons in-
volved in the disulfide bonds. Analysis of the refined model

27E

95 31 68

23 VK

CK

214

FIG. 4. The a-carbon backbone of the K light chain of the Fab
fragment of mouse myeloma protein MOPC 603 deduced from its x-
ray crystallographic structure (ref. 42; Y. Satow, G. H. Cohen, and
D. R. Davies, personal communication) is shown with some key
amino acid positions numbered according to the standard nomencla-
ture of Kabat et al. (23). Dashed lines connect the a-carbons of posi-
tions 80 and 171 and of positions 108 and 171. These appear to be
alternative locations for disulfide bonds in different rabbit K light
chains. The a-carbons of the cysteines that form the invariant intra-
domain disulfide bonds are also connected by dashed lines.
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at 2.7 A resolution for MOPC 603 (Y. Satow, G. H. Cohen,
and D. R. Davies, personal communication) shows that cys-
teine-80 and cysteine-108 are both in sufficient proximity to
cysteine-171 to form the interdomain disulfide bond (Fig. 4).
In this model, the cysteine-80 to cysteine-171 and cysteine-
108 to cysteine-171 a-carbon distances are -7.3 A and -7.0
A, respectively, while cysteine-80 to cysteine-108 are sepa-
rated by -10 A. The a-carbons of the cysteines that form the
V (positions 23-88) and C region (positions 134-194) intrado-
main disulfide bonds are -6.5 A and -6.6 A apart.
Two populations of K light chains (KA and KB) have been

described on the basis of their chromatographic separation
following oxidative sulfitolysis. Most W, b5, and b6 K chains
are of KB type, whereas most b9 K chains are of KA type (43).
It was suggested that the difference in the susceptibility to
oxidative sulfitolysis of b9 KA and KB light chains resulted
from a difference in position of the interdomain disulfide
bond (44). A bond between cysteine-80 and cysteine-171
may indeed be less readily oxidized and thus form a more
stable globular light chain. Because most VKs from b4, bS,
and b6 rabbits have cysteine-80, it may have resulted from a
selectively favored mutation that was expanded or spread by
gene conversion-like events (38, 39) through many pre-exist-
ing genes. In b9 rabbits, the majority of expressed light
chains are of the KA type (43, 44)-that is, we believe, the
population bearing the cysteine-108 to cysteine-171 disulfide
bond. Their expression appears to depend upon available
Vks that lack cysteine-80 or conceivably undergo somatic
mutations (e.g., TGT-CGT). Likewise, the expression of the
minor KB population is dependent upon both available VK
genes encoding cysteine-80 and JK genes lacking cysteine-
108, either in the genome or lost via somatic mutations.
A second b9 clone (pKb9-9G12) encodes both cysteine-80

and cysteine-108. If, as is likely, this second clone is repre-
sentative of a significant proportion of the b9 mRNA, a light
chain translation product would be synthesized with an extra
free cysteine. If the cysteine that forms the more thermody-
namically stable molecule bonds with cysteine-171, the re-
maining cysteine with its free sulfhydryl group may make
this molecule unstable or reactive (45). It is well documented
that a pecking order exists in b allotype expression (b4 > bS
. b6 > b9). However, in pre-B cells of heterozygous rabbits,
equal numbers of cells expressing bS or b9 light chains are
found, suggesting that selection does not occur at the level of
DNA rearrangement, but rather that during differentiation of
the pre-B and early B cell, maturation of cells secreting bS is
favored (16). Could it be that the free sulfhydryl group in the
populations of b9 molecules with both cysteine-80 and cys-
teine-108 is the source of the selective disadvantage due to
molecular instability or reactivity of the free sulfhydryl
group? We think that our studies have not only revealed an
evolutionary pathway of development of the rabbit K allo-
types but also offer a plausible explanation for the relatively
low expression of b9 K light chains based upon their struc-
ture.
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