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ABSTRACT Two phenotypic markers of mouse immuno-
globulin « light chains, the Ig-peptide marker and the Ef1*
isoelectric focusing marker, are expressed by the C58/J,
AKR/J, RF/J, and PL/J strains (called expressor strains) but
not by BALB/c and most inbred strains. Expression is linked
to the i light-chain locus and the Lyt-2/Lyt-3 genes on chro-
mosome 6. Light chains bearing these markers belong to a
group of variable region s chain (V,) regions called V,Ser,
which has a serine amino terminus and a framework 1 region
not observed to date among BALB/c light chains. Southern
hybridization of genomic DNA with a V,Ser-specific cDNA
probe has demonstrated a single strongly hybridizing DNA
fragment in all strains of mice tested. Characteristic restriction
enzyme polymorphisms define the V,Ser alleles of expressor
(Igk-VSer®) and nonexpressor (Igk-VSer®) strains. In the pres-
ent study, the unrearranged V,Ser gene and its flanking regions
from an expressor (C.C58) and nonexpressor (BALB/c) strain
have been cloned and their nucleotide sequences determined.
The C.C58 V,Ser gene isolated (the Igk-VSer* allele) was shown
to code for the two phenotypic markers described. While the
nucleotide sequence of the BALB/c coding region (the Igk-
VSer” allele) shows 97% identity with the C.C58 gene, single
nucleotide substitutions lead to structural changes in the
encoded protein which render it Ig-negative and Ef1°-negative.
These differences alone can explain the failure of strains
containing the BALB/c allele to express these x-chain pheno-
typic markers. Also, the BALB/c gene contains a single
substitution in a conserved octamer sequence ~100 nucleotides
upstream of the coding region, which could affect its expres-
sion, Finally, the C.C58 allele contains a BAM5/R repetitive
DNA element =~1200 nucleotides upstream of the coding
regions that is not present in BALB/c. This element gives rise -
to the EcoRI and BamHI restriction enzyme polymorphisms,
which distinguish the Igk-VSer® and Igk-VSer® alleles.

Genes coding for the variable (V) regions of antibody « light
(L) chains are assembled by the joining at the DNA level of
a segment encoding the leader and amino-terminal 95 amino
acids (the V, segment) to one of several joining (J) regions that
encode the remainder of the V region and lie 5’ to an exon
encoding the constant region (see ref. 1 for review). Func-
tional heavy (H)-chain V-region genes similarly involve
joining of separately encoded gene segments in cells destined
to produce antibodies. The repertoire of antibody combining
sites that an individual can produce is determined in part by
the number and structure of the germ-line gene segments that
participate in such rearrangements. Differences among indi-
viduals in structure and/or expression of particular V gene
segments could lead to differences in the phenotypes of
antibody molecules produced.
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A number of phenotypic genetic polymorphisms have been
shown to map to immunoglobulin H and L chain loci (see ref.
2 for review). In several instances, the expression of strain-
specific idiotypes has been shown to be due to differences
among strains in the structure or repertoire of particular Vg
gene segments (3-5). A number of immunoglobulin x L-chain
polymorphisms have been described (6-12), and in several
instances Southern hybridization analyses have provided evi-
dence that mice exhibit restriction enzyme polymorphisms
involving V, gene segments (13-15).

The present study explores the molecular genetic basis for
two mouse V, polymorphisms, the Ig-peptide marker (16) and
the Ef1? isoelectric focusing marker (17). Both have been
shown to be manifestations of the production of a character-
istic group of k-chain V regions (called V,Ser) by several
strains of mice (C58/J, AKR/J, PL/J, and RF/J) but not by
BALB/c and most other strains (18). Expression of these and
other k polymorphisms maps to the x locus, which is closely
linked to the Lyt-2 and Lyt-3 genes on chromosome 6 (19).
Gottlieb et al. (18) have identified myeloma tumors producing
k chains corresponding to the Iz-peptide marker and Efl?
polymorphism in the C.C58 and C.AKR strains, which differ
from BALB/c only in the region of the x and Lyt-2/Lyt-3 loci
(20). These myelomas permitted isolation of a cDNA probe
specific for the V,Ser group, and Southern hybridizations
with this probe provided evidence for a single strongly
hybridizing V,Ser-related gene in liver DNA of all strains
tested (13). Restriction enzyme polymorphisms were ob-
served among the strains tested, which correlated completely
with expression or nonexpression of the Ig-peptide and Ef1*
phenotypic markers. Expressor strains contained the Igk-
VSer® allele and nonexpressor strains contained the Igk-
VSer® allele (13, 21).

In the present studies, the V,Ser-related genes of the
expressor strain, C.CS8, and the nonexpressor strain,
BALB/c, have been cloned from phage libraries of liver
DNA. Comparison of their nucleotide sequences demon-
strates differences in their coding and 5’ flanking regions,
which explain the differences observed in expression of the
Ig-peptide and Ef1® phenotypic markers. Findings also bear
generally upon the nature and origins of polymorphisms in
mouse V, genes.

MATERIALS AND METHODS

Cloning of C.C58 and BALB/c V. Ser Genes. Liver DNA
from C.C58 (20) and BALB/cAn mice raised in our colony
was extracted according to a modification of the method of
Maniatis et al. (22). DNA was subjected to partial digestion
with Mbo 1 (New England Biolabs), and fragments 10-20
kilobases long were cloned into the BamHI site of the A phage
vector EMBL3 (Promega Biotec, Madison, WI) according to

Abbreviations: V and J, variable and joining regions of immunoglob-
ulin; H chain and L chain, heavy chain and light chain.
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the procedure of Frischauf et al. (23). Phage plaques (3-4 X
10°) were screened with a 200-nucleotide cDNA probe
specific for the V. Ser group (13). Clones that hybridized with
this probe were grown and DNA was purified according to
Maniatis et al. (22). Restriction mapping was performed
following standard procedures. :

Nucleotide Sequence Determination. Fragments of the
EMBL3 genomic clones were subcloned into the vectors
M13mp8, M13mp18, and M13mp19 (24), and their nucleotide
sequences were determined by the dideoxynucleotide chain-
termination method (25). Deletions were made in some of the
fragments by using BAL-31 nuclease (26) before subcloning.

RESULTS

Partial Mbo I libraries of C.C58 and BALB/c liver DNA in
the A vector EMBL3 were screened with a 200-base-pair
cDNA probe specific for the V,Ser subgroup. Restriction
maps of clones isolated are shown in Fig. 1. The sizes of the
BamHI, EcoRl, and HindIII fragments containing the V,Ser
coding sequences in these clones are consistent with the sizes
detected in Southern hybridizations of liver DNA from the
two strains (13). Thus, the V_Ser genes isolated from the two
strains appear to be the same genes distinguished previously
by restriction polymorphisms that correlated with expression
of V. Ser-related phenotypic markers.

As shown in Fig. 1, the restriction maps of the C.C58 and
BALB/c clones 3’ to the coding segments are very similar,
but they diverge completely in the 5’ flanking regions. To
explore the basis for differences in expression of V,Ser-
related « chains by the two strains, the nucleotide sequences
of the C.C58 and BALB/c V,Ser genes and >1400 base pairs
of flanking DNA were determined as described in Fig. 2 and
Materials and Methods. Results of nucleotide sequence
analyses are presented in Fig. 3.

DISCUSSION

The V,Ser-specific probe used to isolate the C.C58 and
BALB/c genomic clones shown in Fig. 1 was the 5’ 200 base
pairs of a V,Ser cDNA clone isolated from the C.C58 M75
myeloma (13). The 5’ untranslated, leader, and V segment
sequences present in the EM3.C58 7 clone differ by only 3
single base-pair substitutions (positions 411, 544, and 552)
(Fig. 3) from the corresponding region of the C.C58 M75 L
chain cDNA clone, p9(35) (13). This strongly suggests that
the C.C58 gene present in the EM3.C58 clone is the V,Ser
gene, which is rearranged and expressed by the C.C58 M75
myeloma. This conclusion is supported by nucleotide se-
quence analysis of a clone containing the expressed C.C58
M75 myeloma L-chain gene (unpublished data).

EM3.C58 7
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F1G.2. Strategy for determination of the nucleotide sequences of
C.C58 and BALB/c V,Ser genes and flanking regions. Fragments of
clones EM3.C58-7 and EM3.BALB-1 were subcloned into phage
M13mp8, M13mp18, and M13mp19, and their nucleotide sequences
were determined as described in Materials and Methods. Coding
sequences are indicated by solid bars and phage sequences are
indicated by hatched bars. Restriction enzyme cutting sites used for
subcloning are as follows: K, Kpn I; P, PvuII; M, Mbo I; H, HindIII;
E, EcoRI; S, Sac I; Xm, Xmn 1. bp, Base pairs.

Comparison of the nucleotide sequence of the C.C58 V,Ser
genomic clone with that of BALB/c reveals extensive ho-
mology in the genes and in their flanking regions, which is
consistent with the interpretation that they are alleles (Fig. 3).
In only one other case, that of the mouse T15 V gene family
(28), has the structure of allelic immunoglobulin genes been
compared. A single base substitution leads to a conservative
isoleucine to valine replacement in the leader segment, and as
in C.C58, the amino terminus of the mature L chain encoded
by the BALB/c V,Ser gene is serine. The latter is unique
among k chains, which generally have amino-terminal
aspartic acid, asparagine, or glutamic acid (29). Twelve base
substitutions are observed in the V coding segment, nine of
which result in differences in the amino acid sequences of the
germ-line genes. As shown in Fig. 4, all of the amino acid
substitutions are in the framework (FR1), complementarity
determining region 1 (CDR1), FR3, and CDR3 regions. The
protein product of the BALB/c V. Ser gene has never been
observed among myeloma or other antibodies, although there
is evidence (see below) that the gene can be rearranged in
vivo.

Several of the amino acid substitutions observed in the
BALB/c gene could explain the failure of BALB/c mice to
express k-chain phenotypic markers associated with the
C.C58 V.Ser gene. The replacement of methionine-21 of
C.C58 with isoleucine in BALB/c (Fig. 3) can explain the
failure of the latter strain to express the Ig-peptide pheno-
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F1G.3. Comparison of the nucleotide sequences and encoded amino acid sequences of the unrearranged V,Ser genes of C.C58 and BALB/c
mice. Nucleotide sequences were determined from the EM3.C58 7 and EM3.BALB 1 clones (see Figs. 1 and 2 and Materials and Methods).
The first nucleotide of the ATG codon at which translation is initiated is designated nucleotide position 1. The nucleotide sequences from position
—1070 to —936 and from 930 to 952 of the BALB/c gene have not been determined. Amino acids of the L1 leader segment are numbered —20
to —5, and those of the L2-V coding segment are numbered —3 to +95. In the coding regions, the nucleotide sequences are represented as triplets
with the amino acid encoded by the C.C58 sequence shown directly above. Positions where the BALB/c nucleotide and amino acid sequences
are identical to C.C58 are indicated by dashes. Unidentified bases and bases identified only as pyrimidines are designated x and y, respectively.
Deleted bases are left blank. Amino acid replacements resulting from nucleotide substitutions in the BALB/c gene are shown beneath the
BALB/c nucleotide sequence, and all positions containing amino acid differences are enclosed in boxes. The dc, pd sequences of Falkner and
Zachau (27), the presumed TATA box, and the 7-mer and 9-mer sequences thought to be involved in gene rearrangement are indicated by a bracket
over the C.C58 nucleotide sequence. Recognition sites for the relevant restriction enzymes are indicated by a bar over the C.C58 nucleotide
sequence and are abbreviated as follows: R, EcoRI; H, HindlIl; S, SacI; P, PvuIl; K, Kpn 1. The TGTA repetitive sequence in the neighborhood
of nucleotide —750 is also indicated by a bar over the sequence. The sequence of the BALB/c gene in the region enclosed in parentheses
(positions 608—626) was not determined, probably because the sequencing strategy making use of the Pvu II site resulted in loss of the small
Pvu 11/Pvu 11 fragment. The sequence of the C.C58 gene in the region enclosed in parentheses (positions 874-893) could not be determined by
the dideoxynucleotide method.



Immunology: Boyd et al.

FR1 CDR1 FR2
1 10 20 30 40
c.cs8 SIVMTQTPKFLPVSAGDRVTMTCKASQSVGNNV
BALB/c  ====-====-= L====E===I===f ===~ R

Proc. Natl. Acad. Sci. USA 83 (1986) 9137

CDR2 FR3 CDR3
60 70 80 90

YQQKPGQSPKLLIY[YASNRYTIGVPDRFTGSGSGTDFTFTISSVQVEDLAVYFQQQHYSSP

FiGc. 4. Comparison of the predicted amino acid sequences of positions 1-95 of the L-chain products encoded by the C.C58 and BALB/c
V.Ser genes. Positions where the BALB/c product is the same as C.C58 are indicated by dashes. Frameworks 1, 2, and 3 (FR1, FR2, and FR3,
respectively) and complementarity determining regions 1, 2, and 3 (CDR1, CDR2, and CDR3, respectively) are designated according to Kabat

et al. (29). The one-letter code for amino acids is used (30).

typic marker. That marker, detected in two-dimensional
tryptic peptide maps of fully reduced and [Cliodoacetic
acid-alkylated normal serum immunoglobulin L chains (16),
was shown to be due in part to the peptide Val-Thr-Met-Thr-
Cys-Lys, which includes methionine-21 and is present in the
C.C58 M75 myeloma « chain (18). Substitution of isoleucine
for methionine in this position results in a peptide that does
not migrate as the Ig-peptide marker (H. C.-W. Tsang and
P.D.G., unpublished results). Similarly, substitution of both
asparagine-32 and histidine-91 of the C.C58 gene with
aspartic acid in BALB/c (Fig. 3) would explain the failure of
BALB/c to express the Ef1? phenotypic marker detected by
Gibson (17) by isoelectric focusing of fully reduced and
[**Cliodoacetamide-alkylated normal serum immunoglobulin
L chains. The BALB/c V,Ser gene product would migrate to
a position on an isoelectric focusing gel more acidic than the
C.C58 protein, and BALB/c would therefore lack a protein
at the position of the Efl® marker. Thus, the putative
BALB/c gene product contains amino acid substitutions that
render its protein product both Iz-negative and Efl®-nega-
tive. Lacking a C.C58-like V. Ser gene, the BALB/c strain is
phenotypically negative for these markers.

These results are analogous to those of Bothwell et al. (4)
and Loh et al. (5) in studies of the Vj; gene used by C57BL/6
mice to produce antibodies .against the (4-hydroxyl-3-
nitrophenyl)acetyl (NP) hapten. These antibodies bear an
idiotype, NP?, not produced by BALB/c mice. Genes were
found in BALB/c that were closely related to the C57BL/6
Vu gene used in NP® antibodies. However, the BALB/c
genes contained substitutions likely to make their gene
products unsuitable for anti-NP antibodies. While the antigen
recognized by immunoglobulins bearing V,Ser L chains in
C.C58 mice is not known, the substitutions present in the
BALB/c V. Ser gene, particularly in the complementarity
determining regions, may render its product unsuitable for
the same immune response.

As stated earlier, it is not known whether BALB/c mice
express the product of their V_Ser-related gene in antibodies.
That the BALB/c V,Ser gene can be rearranged in vivo is
demonstrated by comparison of its nucleotide sequence with
that of a fragment of a rearranged V, gene isolated by Nishi
et al. (31). With the exception of a silent ¢ to ¢ substitution at
position 538 (Fig. 3), this fragment (clone 4; ref. 31) is
identical in sequence with the BALB/c V. Ser gene segment
from the Kpn 1 site (Fig. 3) to the point of V-J joining.
Although the means of isolation of this gene fragment
precluded obtaining sequence data 5’ of the Kpn I site, the
near perfect identity of the sequences 3’ to that site strongly
indicates that clone 4 represents rearrangement of the
BALB/c V. Ser gene.

While no myeloma or hybridoma L chain with the char-
acteristic amino-terminal serine residue and framework sub-
stitutions of the BALB/c V. Ser gene has been identified
among the large number of BALB/c myeloma and hybridoma
chains examined (29, 32, 33), it is possible that an insufficient
number of BALB/c proteins have been studied at random to
allow its detection. Among 200 myelomas studied in the
C.C58 and C.AKR strains, eight belonged to the V,Ser group
(18), consistent with the level of expression of the Ig-peptide

marker in serum immunoglobulin L chains (16). It is possible
that the rearranged and expressed BALB/c V.Ser gene is
represented less frequently in the B-cell pool than is the
C.C58 gene, and that this may account for the failure to date
to detect its product. The level of normal expression of the
BALB/c V,Ser gene is being assessed by producing hybrid-
omas of lipopolysaccharide-stimulated BALB/c spleen cells
and screening by the method of Manser and Gefter (34) for
clones producing V,Ser-related mRNA.

It is possible that failure to detect the BALB/c V,Ser gene
product to date might be due to defects in nucleotide
sequences required for its rearrangement and/or expression.
As shown in Fig. 3, the region of the BALB/c gene imme-
diately 3’ to the coding segment, which is thought to be
involved in specific joining to the J segment (1), is identical
in sequence to the functional C.C58 gene. Both genes also
contain identical consensus splicing donor and acceptor sites
in the 214-base-pair intron separating the L1 from the L2-V
gene segments, and both contain an apparent TATA box 53
base pairs upstream of the translation start site. Parslow ez al.
(35) and Falkner and Zachau (27) have demonstrated the
existence of a conserved decamer (dc) =100 base pairs
upstream of immunoglobulin L- and H-chain V region genes.
The importance of this region for expression of « genes
transfected into lymphoid cells of the B lineage has been
demonstrated (36, 37), and there is evidence for protein
factors that bind to this region of DNA (38, 39). The
octanucleotide sequence, ctttgcat, present from nucleotides
—101 to —92 5' to the C.C58 gene (Fig. 3) is identical to the
octamer sequence of other functional k-chain V genes (27).
The substitution in the BALB/c sequence of g for a (Fig. 3,
position —94) to give the octamer, ctrtgcgt, has not been
previously observed and it might reduce the frequency of
expression of the BALB/c V.Ser gene by, for example,
weakening the binding of a protein factor necessary for
expression. We have conducted experiments in which a
160-base-pair Sac I/Pvu II fragment containing the con-
served dc sequence of the functional C.C58 M75 myeloma
k-chain gene has been replaced by the corresponding frag-
ment of the BALB/c V. Ser gene, which contains the atypical
octamer sequence and two additional single base-pair sub-
stitutions (Fig. 3). Both genes have been cloned into the
pSV2gpt vector (40), and comparison of gene transcription
after transfection into suitable target cells should determine
the effect, if any, of these nucleotide substitutions.

Divergence of Upstream Sequences. As shown in Fig. 1, the
restriction maps of the C.C58 and BALB/c V,Ser genomic
clones diverge extensively =0.65 kilobases upstream of the
coding sequences. As shown in Fig. 3, the absence from
BALB/c of a HindIII site present at position —650 in C.C58
is due to a 2-base-pair insertion within what would be the
HindIII site. The loss of this HindIII site in BALB/c is the
basis for the V.Ser HindIII restriction polymorphism ob-
served between C.C58 and BALB/c (13). A high degree of
homology between the two genes exists at least 284 base pairs
further upstream. A segment of DNA containing 12 copies of
the 4-base repeat, tgra, and one copy of ggta is observed from
position —712 to —763 of C.C58, and the comparable position
of BALB/c contains only 9 tgta repeats. The significance, if
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any, of this repetitive sequence and of the difference in its
length in the two strains is not known.

While the exact position at which the nucleotide sequences
upstream of the C.C58 and BALB/c V.Ser genes diverge
significantly has not been determined, evidence strongly
suggests the insertion of a repetitive DNA element upstream
of the C.C58 gene. The nucleotide sequence of the =500-
base-pair BamHI/BamHI fragment, which lies upstream of
the C.C58 V,Ser gene (Fig. 1), is homologous to the Bam5
DNA fragment, which is a constituent of the complex L1
repetitive DNA unit (41, 42) and is present in ~1 X 10° copies
in the mouse genome. The nucleotide sequence immediately
downstream of this element and extending to the nearby
EcoRlI site demonstrates homology with the R repetitive
DNA unit (43, 44), which is also a constituent of the larger L1
repetitive unit (45, 46). Finally, sequence homology between
the C.C58 and BALB/c sequences is again observed a short
distance upstream of the putative C.C58 insertion (data not
shown). Thus, the major difference in the restriction maps
immediately upstream of the C.C58 and BALB/c V,Ser genes
appears to reflect the insertion of a Bam5/R composite
repetitive unit upstream of the C.C58 gene. This insertion
introduces one EcoRI site and two BamHI sites upstream of
the C.C58 V. Ser gene that are not present upstream of the
BALB/c gene. These differences are responsible for the
EcoRI and BamHI restriction polymorphisms described by
Goldrick et al. (13) using a V,Ser-specific probe. Wilson and
Storb (47) and others have previously observed the presence
of Bam5/R composite elements in the vicinity of immuno-
globulin V genes. It is possible that other EcoRI and BamHI
restriction enzyme polymorphisms associated with V, genes
(14, 15) are also due to insertion of repetitive elements of this
type.

It has been suggested that repetitive DNA may affect the
expression of neighboring genes (48, 49). It is not known
whether the difference in distribution of repetitive DNA in
the neighborhood of the C.C58 and BALB/c V,.Ser genes has
any effect on expression of the two genes. It is possible,
however, that the divergence observed between the two
genes, which by their homology are almost certainly allelic,
has been in some way fostered by the introduction of
repetitive DNA elements into flanking DN A regions, and that
insertion of repetitive elements of this type may have been a
general force in the divergence of V, genes among mice. We
have suggested previously on the basis of restriction enzyme
polymorphisms that the Igk-VSer” allele of the inbred C.C58
strain is derived from Asian mice as seen in the recently
inbred wild mouse strains MOLF/Ei and CAST/Ei (21). The
Igk-VSer® allele of BALB/c and most other inbred strains is
likely to have originated in mice of European or Middle
Eastern ancestry as seen in the IS/CamEi strain. We have
defined two additional V.Ser alleles, Igk-VSer and Igk-
VSer?, in other recently inbred wild mice from different
geographical locations on the basis of EcoRI and BamHI
restriction enzyme polymorphisms (21). Analysis of these
alleles for comparison with C.C58 and BALB/c should shed
further light on the nature and mechanisms of divergence of
the Igk-VSer locus of mice. Findings may have relevance for
the evolution and divergence of other gene families at the V,
locus and perhaps for other multigene families as well.
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