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ABSTRACT A hamster-mouse hybrid cell line expressing
both murine IgM and murine IgD on the membrane was shown
to have only one copy of mouse chromosome 12. This chromo-
some is known to carry the structural genes for the immuno-
globulin heavy chains. Cloning of populations selected for loss
of mouse membrane IgM yielded cells that had also lost ex-
pression of membrane IgD, but not the expression of hamster
immunoglobulin heavy chain. Karyotype analysis of these
subclones demonstrated the concurrent loss of the chromosome
12 present in the parental hybrid. Absence of this chromosome
was confirmed by use of the isozyme acid phosphatase 1. The
results of the genetic analysis prove that the coexpression of it
and a immunoglobulin heavy chains is not due to long-lived
immunoglobulin mRNA nor to the transcription of genes on
homologous chromosomes. We conclude that the genetic in-
formation for IgM and IgD expressed by a single cell lies on the
same chromosome.

In all species of mammals that have been carefully examined
the majority of the normal B lymphocytes carry two classes of
membrane immunoglobulins, IgM and IgD (1-5). The evidence
suggests that both immunoglobulin heavy (H) chains are syn-
thesized by the same cell (1, 6), although neither simultaneous
transcription nor translation has been demonstrated. Several
studies have attempted to reconcile the production of two heavy
chains by a single cell with the monospecificity postulated by
the clonal selection theory of antibody formation. These studies
have tried to show serologically and by antigen binding that
membrane IgM and IgD have identical variable region se-
quences. Thus ,A and 6 chains on the membrane of individual
rabbit spleen cells carry the same variable region allotype (5).
Similarly, IgM and IgD chains on cells from human lymphomas
(7) and bone marrow from patients with Waldenstrom macro-
globulinemia (8) have been shown to carry related idiotypes
and specificity, respectively. Furthermore, Herzenberg et al.
(9) have studied spleen cells from F1 mice doubly heterozygous
at the ,u (Ig-6) and 6 (Ig-5) loci by using antiallotypic sera in
immunofluorescence. They observed that anti-Ig-6b and
anti-Ig-5b antisera used individually or combined did not stain
more than 50% of B cells in a heterozygous animal. This implies
that each H chain locus is allelically excluded, and that both loci
are expressed by one or the other parental chromosome (hap-
lotype exclusion). The availability of a hybrid cell line, GCL2,
that produces both murine ,u and 6 chains, offered us the pos-
sibility of studying the genetic basis of this phenomenon.

Subelone GCL28 was found to have only one copy of mouse
chromosome 12, which carries the structural genes for the im-
munoglobulin H chains (10, 11). Biochemical and cytogenetic
analysis of GCL28 subelones demonstrated that the simulta-
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neous expression of it and 6 is controlled by the same copy of
chromosome 12.

MATERIALS AND METHODS
Cell Lines. Cell line GCL2 was established and kindly pro-

vided by W. C. Raschke, San Diego, CA (12). This cell line is
derived from a fusion between a simian virus 40-transformed
hamster lymphoma, GD36A, and lipopolysaccharide-stimu-
lated spleen cells from a BALB/c mouse. GD36A was estab-
lished by G. Diamandopoulos, Boston (13), and made aza-
guanine resistant by R. Hyman, La Jolla, CA. The hybrid line
was subcloned by limiting dilution, and the GCL28 was selected
for further studies.

Antisera. Cell lines 10.4.22 and 11.6.3, established by Oi et
al. (14), were provided by the Salk Institute, Cell Distribution
Center. They produce anti-Ig-5a and anti-Ig-5b allotype anti-
bodies, respectively. The antibodies were used either as present
in the culture supernatant or as prepared by ammonium sulfate
precipitation of ascitic fluids.

Goat anti-mouse A, anti-mouse 7'2, and anti-mouse Yj were
prepared and coupled with fluorochrome by using standard
methods (15). The fluorescent reagents were absorbed with
insolubilized hamster immunoglobulin and with the GD36A
cells. They then were tested for specificity in double staining
experiments for ,u and 6 or ,u and y on both membrane and
cytoplasmic immunoglobulins on the following cells: Spl (,K),
Sp6 (AK), Sp2 (72b), and Sp3 ('yiK) of G. Kohler, Basel, Swit-
zerland; 10.4.22 (y2,K), GD36A, and spleen cells from C57BL/6
and BALB/c mice. Rabbit antiserum to hamster immuno-
globulin, which had been coupled with fluorescein isothiocy-
anate (FITC) or tetramethylrhodamine isothiocyanate
(TRITC), was purchased from Cappel Laboratories, Co-
chranville, PA, and absorbed with insolubilized mouse immu-
noglobulin and mouse spleen cells.

Immunofluorescence. Cells, 2 X 106, were incubated with
antibodies produced by the hybridoma cell line 10.4.22. This
cell line secretes 72a antibody with specificity for murine 6
chain of Ig-5a allotype. After washing, the cells were allowed
to react with a mixture of TRITC-labeled anti-mouse ,1 and
FITC-labeled anti-mouse IgG2 previously absorbed with in-
solubilized hamster immunoglobulin and with the GD36A
cells.

Selection for Subclones with H Chain Loss. GCL28 cells,
2 X 107, were incubated with 300,l of FITC-labeled anti-,u

Abbreviations: IgM, immunoglobulin M; IgD, immunoglobulin D; H,
immunoglobulin heavy chain; L, immunoglobulin light chain; ,u, H
chain of IgM; 6, H chain of IgD; y1, H chain of IgGI; Y2, H chain of
IgG2; K, immunoglobulin L chain; FITC, fluorescein isothiocyanate;
TRITC, tetramethylrhodamine isothiocyanate; ACP-1, acid phos-
phatase 1.
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antiserum (0.5 mg of protein per ml) and washed in phos-
phate-buffered saline containing 10% fetal calf serum and 10
mM sodium azide. Cells devoid of fluorescence were selected
in the fluorescence-activated cell sorter and immediately cloned
in microtiter plates at a dilution of 0.15 cell per well in the
presence of 105 peritoneal cells per ml.

Radiolabeling of Membrane and Cytoplasmic Immuno-
globulin. Membrane labeling was done by lactoperoxidase-
(Sigma) catalyzed iodination with carrier-free [l2sl]iodide
(Amersham) as described by Haustein (16). Biosynthetic la-
beling was performed by culturing cells (3 X 106 per ml)
overnight in methionine-free RPMI 1640 medium supple-
mented with [asS]methionine (1069 Ci/mmol, 500 ,Ci/ml of
culture; 1 Ci = 3.7 X 1010 becquerels) and 5% undialyzed fetal
calf serum. Cell lysates (0.5% Triton X-100 at 40C) were in-
cubated with specific antisera and antigen-antibody complexes
precipitated by the addition of Staphylocus aureus (17). The
immunoprecipitates were analyzed by polyacrylamide gel
electrophoresis, as described by Takics (18). Labeled material
was detected by autoradiography.

Cytogenetic Analysis. Metaphases and Giemsa bands were
prepared by using standard methods (19, 20). After photogra-
phy of the banded metaphases, mouse chromosomes were
recognized by the differential C-banding method, which does
not stain the centromere of hamster chromosomes (21).

Assay for Acid Phosphatase 1 (ACP-1). Mouse and hamster
isozymes were separated by isoelectric focusing on polyacryl-
amide gels. Cells were lysed in 2% Triton X-100 at 108 per ml.
Samples (50 Al) were applied to filter papers (0.6 X 1 cm) 2 cm
from the anode. Gels were prepared with final concentrations
of 5.3% acrylamide, 0.14% N,N'-methylenebisacrylamide
(Bio-Rad), 0.025% N,N,N',N'-tetramethylethylenediamine
(Fluka), 12.5% D-sorbitol (Merck no. 7759), 1% Triton X-100,
0.0002% riboflavin, 1.5% Ampholine pH 4-6 and 3.5% Am-
pholine pH 5-8 (LKB). Focusing was performed at constant
voltage at 40C; isoelectric equilibrium was judged by the mi-
gration of hemoglobins, and the resulting gradient was mea-
sured. The enzyme activity of ACP-1 bands was detected by
overlaying the gel with a filter paper impregnated with 4-
methylumbelliferyl dihydrogen phosphate (Serva, Heidelberg,
Federal Republic of Germany), 0.5 mg/ml in 0.1 M acetate
buffer, pH 5.5, as described (22). After incubation for 30 min
at 370C the bands were visualized under long-wave ultraviolet
light (365 nm).

RESULTS AND DISCUSSION
Clone GCL2 has been reported to synthesize three different
immunoglobulin heavy chains: mouse ,u and 6, and hamster Y2
(12, 23). We established that subclone GCL28 produces & and
A chains and that those chains were indeed of mouse origin, and,
not due to activation of hamster genes after fusion.

This was done by using immunofluorescence and polyac-
rylamide gel electrophoresis of radiolabeled immunoprecipi-
tates. Cells treated with antibody to Ig-5a 6 chain and subse-
quently stained with both TRITC-anti-mouse A, and FITC-
anti-mouse Y2 showed that bothAt and 6 chain were present on
the same cells. Whereas ,u chains were abundant, the amount
of 6 chain was much less than that found on BALB/c spleen
cells. Controls were performed by omitting the anti-6 Ig-5a
antiserum and by using instead anti-Ig-5b antiserum and sub-
sequent staining with anti-mouse yl. Additional controls, in
which UPC1O myeloma proteins of the Y& class were incubated
in combination with the anti-y2 antiserum with the GCL28
cells, were negative. This excludes that binding of the 10.4.22
monoclonal antibodies, which are of the oy2 class, occurs via
Fc receptors specific for y2. After staining for hamster im-

munoglobulin, GCL28 cells showed strong fluorescence. Note
that hamster light (L) and H chains were not discriminated in
this assay. The above immunofluorescence results were con-
firmed by the use of cell surface radioiodination (Fig. 1) as well
as of biosynthetic radiolabeling (not shown) of the immuno-
globulin chains. Anti-mouse A antiserum precipitated mouse
As chain and K chain. The u chain had the same molecular
weight as the ,u on the membrane of BALB/c spleen cells. The
antiserum also precipitated some material from the GD36A cells
with the same molecular weight as mouse ji chain. Membrane
Au of hamster spleen cells, however, ran at a different position
(data not shown). Monoclonal antibodies to the Ig-5a 6 chain
precipitated murine 6 chain of identical molecular weight on
GCL28 and BALB/c spleen cells, but no material on the
GD36A line. On hamster spleen cells some material was pre-
cipitated with the monoclonal antibodies to 6 of Ig-5a allotype
and S. aureus, though banding at different positions from
mouse 6 chain in gel electrophoresis. Presumptive hamster
spleen cell 6 chain precipitated by polyspecific anti-hamster
Ig migrated at a position different from 6 chain of mouse spleen
cells or clone GCL28 (not shown). These results conclusively
show that GCL28 cells synthesize 6 and ,u chains of murine
origin.

Clone GCL28 has a modal complement of 92 chromosomes,
determined on 100 metaphases. As evidenced by nine kary-
otyped metaphases (Table 1), only one copy of chromosome 12,
which carries the genes for the immunoglobulin H chains (10,
11), is present. Most of the hamster chromosomes are meta-
centric, and are thus easily distinguished from the acrocentric
mouse chromosomes. Furthermore, centromere staining allows
a direct identification of mouse chromosomes, because the few
hamster acrocentrics fail to stain by this method (21). Only one
copy of chromosome 17 and one sex chromosome are present.
Except for a short translocation carried by one copy of chro-
mosome 1, all mouse chromosomes are structurally indistin-
guishable from the normal mouse karyotype.
The finding of production of both murine ,u and 6 by a cell
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FIG. 1. Polyacrylamide gel electrophoresis of immunoprecipi-
tated surface immunoglobulin on GD36A (lanes a), GCL28 (lanes b),
and BALB/c spleen cells (lanes c), labeled with 125I. The different
classes were precipitated with anti-a (lanes 1), anti-6 (lanes 2), and
anti-hamster immunoglobulin (Ha Ig) (lanes 3).

6794 Immunology: Wabl et al.



Proc. Nati. Acad. Sci. USA 77 (1980) 6795

Table 1. Distribution of mouse chromosomes in clone GCL28 and four subclones that lack I and 6 chains
Metaphases Chromosomes

Clone karyotyped 1 2 3 4 5 6 7 8 9 10 11 12* 13 14 15 16 17* 18 19 X*

GCL28 9 0.9 0.9 1.0 1.0 0.9 1.0 1.0 1.0 1.0 1.0 0.9 1.0 1.0 0.9 1.0 0.9 1.0 0.9 1.0 1.0
21M3 10 0.5 0.4 0.9 0.8 0.9 0.9 0.8 0.3 0.8 0.4 0.3 - 0.7 1.0 0.3 0.9 1.0 0.3 0.2 0.6
7M6 14 - - 0.4 0.7 0.6 0.4 0.6 - 0.5 0.8 0.1 - 0.5 0.7 0.9 0.9 0.8 0.6 0.5 0.9
iMlo 6 - 0.8 0.2 0.5 - 0.2 0.7 - 0.3 1.0 0.3 - 0.3 0.7 0.5 0.8 0.7 0.3 0.5 1.0
3M6 10 0.1 - 0.7 0.5 0.6 0.8 0.2 0.4 0.7 - - 0.6 0.7 0.9 0.7 0.9 0.5 0.8 0.6

Numbers indicate the fraction ofmetaphases with both copies of a given chromosome. Dashes indicate absence of one or both copies of a given
chromosome.
* Chromosomes 12, 17, and X are present in a single copy in the GCL28 parent clone.

containing a single copy of chromosome 12 indicated that the
genes coding for those heavy chains are transcriptionally active
on the same chromosome. This was verified by segregation
analysis of ,u and 6 chains on the GCL28 subelones. Enrichment
for cells that had lost membrane ,u by the fluorescence-activated
cell sorter yielded clones (5 out of 168) that upon subsequent
testing with immunofluorescence proved to be devoid of
membrane i chains. Absence of u chain synthesis was con-
firmed by biosynthetic protein labeling. These clones were
further analyzed for the presence of surface immunoglobulins
by polyacrylamide gel electrophoresis of immunoprecipitated
membrane proteins. As illustrated in Fig. 2, all of the four clones
examined had lost the mouse 6 chains concomitantly with tt.
Retention of the hamster membrane Ig indicates that the cells
have not undergone a mutation with broad regulatory effects
on Ig expression. A fifth clone had also lost 6 together with At,
as determined by immunofluorescence. Ten other subclones
that had retained s also expressed 6, as demonstrated by im-
munofluorescence. That the loss of ,u and 6 chains coincides
with the loss of the single copy of mouse chromosome 12 was
shown by the chromosome analysis of the isolated subclones
(Table 1). The results show that the only karyotypic change that
is correlated with lack of expression of ju and 6 is the loss of
chromosome 12. Besides the immunoglobulin H chain gene
cluster another gene marker assigned to this chromosome is the
enzyme ACP-1 (24). The Syrian hamster and mouse ACP-1
isozymes were found to be distinguishable by isoelectric fo-
cusing, and this difference was exploited to confirm the loss of
chromosome 12 in the A- and 6-negative hybrid subclones (Fig.
3). Isoenzyme analysis would still detect expression of the mouse
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FIG. 2. Polyacrylamide gel electrophoresis of immunoprecipi-
tated surface immunoglobulin on clones 21M3 (lanes a), 4M3 (lanes
b), 1M10 (lanes c), 7M6 (lanes d), and GCL28 (lanes e). Immu-
noprecipitations were with anti-is (lanes 1), anti-6 (lanes 2), and
anti-hamster Ig (Ha Ig) (lanes 3).

enzyme even if less than 1% of the cells carry the chromosome
with the gene marker for ACP-1. Therefore we conclude that
in these subclones loss of mouse ,u and 6 chains is caused by the
loss of the single chromosome 12 present in the parent clone
GCL28.
The results of our genetic analysis formally demonstrate that

the simultaneous expression of two H chain classes by a lym-
phocyte can be due to the expression of two H chain loci on the
same chromosome homolog. This evidence renders plausible
the current hypothesis that multiple immunoglobulin H chains
expressed by a single lymphocyte have identical variable re-
gions. This finding also suggests that the gene deletion model
for the recommitment of a i-producing lymphocyte to the
expression of another H chain gene (H chain switch) cannot be
applied to describe the u-6 situation. This model was proposed
by Kabat (25) and later was proposed by Honjo and Kataoka
(26) and corroborated by evidence from several laboratories
(27-31). According to the model, H chain switch involves a
site-specific recombination that results in the deletion of DNA
sequences. This lost DNA segment will contain the gene for the
constant region of the it chain (CM) and all other sequences
located between CMt and the constant region gene that is ex-
pressed by a particular lymphocyte. Thus a cell producing 6
should lack the constant region sequences forMt on the homolog
from which 6 is transcribed. Our data clearly show that this does
not occur in the cells of GCL28.
We have shown that ,u and 6 chains are stably and concom-

itantly produced in cloned cell hybrids. Lack of production is
seen in those clones that have lost the chromosome carrying
their structural loci. It follows, therefore, that production of the
two H chains is not due to the stability of immunoglobulin
mRNAs. It remains to be determined whether these genes are
transcribed individually or in tandem on a single precursor
mRNA. The finding that the two co-expressed heavy chains of
GCL28 share the same variable region segment (R. Maki and
S. Tonegawa, personal communication) and the evidence that
the genes coding for MA and 6 are adjacent on the chromosome
(32) render the latter a more plausible hypothesis.
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FIG. 3. Isoelectric focusing analysis of mouse and hamster ACP-1
isozymes expressed by the different hybrid clones. The mouse isozyme
focuses at pH 5.7, the hamster isozyme at pH 5.2. From left to right:
mouse myeloma line NS-1; subclones 1M10, 21M3, and 7M6; parent
clone GCL28; and hamster parent line GD36A.
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