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ABSTRACT  The cloned murine B-cell lymphoma line (BCL,) .

that expresses surface IgM and IgD is considered to be a model
for the immunoglobulin gene expression of the mature virgin B
cell. Of particular interest is the mechanism by which a single Vi
gene is shared by two Cy genes. We:examined the organization
of the immunoglobulin heavy chain genes in BCL, DNA. A single
arrangement of Cy genes was found with.the expressed VgDJy
gene complex just 5’ to the C,, gene. The complete DNA sequence
of the Vi gene was determined. No rearrangement occurred in
the intervening DNA between the Jy and C,, genes or between
the C,, and C; genes. We conclude that dual expression of u and
& heavy chains using a single V; gene is accomplished by alternate
processing of a primary transcript that encompasses the VgDJy
complex and both Cy; genes.

The locus coding for immunoglobulin heavy chains in the mouse
contains a series of V genes (1, 2), D segments (3), four ] seg-
ments (4, 5), and eight tandemly arranged Cy genes corre-
sponding to the immunoglobulin class (6). A great deal has been
learned about the expression of antibody genes through the
study of DNA from mouse plasma cell tumors. that represent
aclonal expansion of a single antibody-secreting cell (7). At least
two types of gene rearrangements that can be studied in plasma
cell tumors (5, 8, 9) can occur by the time the B cell has reached
the terminal differentiation state. The first involves transloca-
tion of a given V4 gene (selected from a pool of several hundred
genes) to the immediate 5’ side of the Ji; genes with the inclu-
sion of a short D segment between them. The second immu-
noglobulin gene rearrangement is observed in plasmacytomas
secreting immunoglobulins other than IgM. The latter rear-
rangement is associated with the deletion of all the Cy genes
5’ to the expressed Cy gene (2, 6, 10, 11). Thus, the first Cy
gene to the right of the V;DJy; complex is the one expressed
in a plasmacytoma. This evidence strongly supports the concept
of a deletional “class switch” mechanism originally propounded
by-Honjo and Kataoka (6).

The expression of immunoglobulins by virgin and memory
B cells (plasma cell precursors) is complex, since the majority
of B cells bear IgM and IgD on their surface (12, 13) but do not
secrete immunoglobulin. Dual expression seems difficult to
explain by the deletion model of Honjo and Kataoka.

In this communication, we extend the molecular analysis of
immunoglobulin gene expression. to a cloned B-cell lymphoma
line (BCL,) that shows many of the characteristics of the mature
virgin B cell and. expresses both surface IgM and IgD (14-17).
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Our goal was to determine whether any DNA rearrangement
of the immunoglobulin heavy chain genes other than V-D-]
joining had occurred in this tumor. In particular, we investi-
gated the flanking sequences of the C,, and C; genes to discover
whether a Vy; gene was located between C, and C; as well as
5' to the C, gene. The studies of BCL, cells presented here
show that the germ-line arrangement of C, and C, genes is pre-
served in this dual-expressing cell. A Vy; gene is found 5’ to the
C,, gene, but no other Vy gene is located between the C, and
C; genes.

MATERIALS AND METHODS

Cell Lines, Culture Conditions, and Sera. The cloned BCL,
5b13 line used was derived by limiting dilution of the un-
cloned BCL, 5b line established from the parent BCL, tumor of
BALB/c mouse origin (17). Anti-idiotype serum was derived
by immunization of Lewis rats with BCL, antibody of IgM class
purified from the hybrid cell line BCL.F2/8 derived by fusion
of BCL, tumor cells tothe myeloma NS-1 (16). Constant region
activities were removed by extensive absorption with Sepharose
4B-bound MOPC 104E myeloma protein (i, A) and normal
mouse serum. Monoclonal anti-8 (10-4.22) (18) and specific anti-
A reagents have been described (14).

Cell Surface Protein. Labeling. %I labeling of the surface
proteins of (BCL,) cells was carried out by using the lactoper-
oxidase procedure (19). Lysates were incubated with excess
antisera for 30 min at 37°C and 1-18 hr at 4°C. Immune com-
plexes were adsorbed to heat-killed formalin-fixed Staphylococ-
cus aureus (The Enzyme Center, Boston, MA) for 15 min at
room temperature, collected by centrifugation, and eluted as
described (19). In some experiments, u chains were removed
from lysates before immunoprecipitation by absorption with
anti-p-coated S. aureus. Immunoprecipitated samples were
subjected to electrophoresis through 10% polyacrylamide/
NaDodSO, gels (20), and *I-labeled proteins were visualized
by autoradiography.

DNA Clones. Plasmids p854] (6 cDNA) (21) and pNN12
(germ-line Jg, and Jy,) (4) have been described. Plasmid pMK-
1 (1 cDNA) was constructed from BCL.F2/8 RNA by the tech-
nique of Maniatis et al. (22). Plasmid pVy3 (BCL, variable re-
gion) was a 1-kilobase BamHI fragment from phage CH 28-289.1
subcloned in pBR322. Plasmids to be used as hybridization

b Present address: Ste. Genetica, 160 Quai de Polangis 94304, Joinville-
le-Pont, France.

4 Present address: Department of Molecular Biology, University of Cal-
ifornia, Berkeley, CA. .

© Present address: Department of Biology, Reed College, Portland, OR.

2To whom reprint requests should be addressed.



Immunology: Knapp-et al.

probes were labeled with 32P by nick-translation (23). Shotgun
collections of genomic fragments derived by partial Mbo I diges-
tion of DNA from BCL, 5b13 cells were made in Charon 28
(24, 25). Recombinant phage Ch28-288.1 (C,,C;), Ch28-289.1
(VH,C“) and Ch28-291.2 (C,,C,) containing u or & constant
region sequences were identified by plaque hybridization (26).

RESULTS

IgM and IgD on BCL, Cells Share Idiotypic Determinants.
Like the uncloned parent BCL, tumor line (14, 17), all of the
cells in the cloned line BCL, 5b13 used in this study expressed
IgM and IgD on the surface as judged by immunofluorescent
staining with these reagents using the fluorescence-activated
cell sorter (unpublished observations). Fig. 1 shows that lysates
from normal spleen cells and the cloned BCL, line have the
characteristic u and & heavy chain bands after precipitation with
anti-A antisera. The /8 ratio in normal B cells varies over a
considerable range and BCL, has a low 8/high u phenotype
(compare Fig. 14, lane 3, and Fig. 1B, lane 2). When the anti-
idiotype reagent was used to precipitate proteins from the BCL,
lysate directly, large amounts of u chains were observed in the
gels, but proteins migrating in the position of § chains were too
faint to be seen (data not shown). We suspected that the idio-
type-specific antibodies were saturated by the highly abundant
u chains in the BCL, lysates so that little remained to precip-
itate & chains. Therefore, cell lysates were first absorbed with
anti-pu-coated S. aureus to reduce the level of w chains. As seen
in lane 3 of Fig. 1B, the anti-idiotype reagent precipitates a
protein comigrating with that precipitated by the monoclonal
anti-8 reagent (Fig. 1B, lane 1). Thus, u and 8 chains from BCL,
cells share idiotypic determinants and, therefore, have identical
or extremely similar variable regions.

Structure of the BCL, Vi Gene. To examine the variable
region gene of BCL, in greater detail, this region was cloned
and the nucleotide sequence (27) was determined (Fig. 2). The
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FiG. 1. Immunoprecipitation of '?I-labeled surface immunoglob-
ulins from normal spleen (A) and BCL, (B) cell lysates. (A) Lanes: 1,
anti-u reagent; 2, anti-8 reagent; 3, anti-A reagent; 4, anti-BCL, id-
iotype; 5, normal rat serum. (B) Lanes: 1, anti-6 reagent; 2, anti-A re-
agent; 3, anti-BCL, idiotype; 4, normal rat serum. Lanes 3 and 4 were
precleared with anti-u reagent. Gels are from single representative
experiments. It should be noted that the monoclonal anti-5 reagent
precipitates high molecular weight protein from BCL, that is not found
with normal spleen cells.
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protein structure predicted from the DNA sequence is clearly
that of a variable region of Vy; subgroup II (28). The BCL, Vy
sequence is similar (75% match) to that of the MOPC 104E u
chain V region, although BCL, uses the Jy, gene whereas
MOPC 104E uses J;43. A D segment of two amino acids is found
in the BCL, variable region that is different in sequence but
not in length from that of MOPC 104E (29). The sequence was
confirmed by comparison with the 20 NH,-terminal amino acid
residues of BCL, Vy at the protein level (D. Capra, University
of Texas, Southwestern Medical School, Dallas, personal
communication).

Genomic Arrangement of the Vy; Gene in BCL, DNA. The
nucleotide sequence shown in Fig. 2 predicts the existence of
Pst I and Xba I sites in the BCL, Vi gene. Thus, Pst I and Xba
I were used to digest BCL, and liver DNA for Southern blot
hybridization (30) with a Jy;Jy. probe. The analysis is shown
in Fig. 3.

As shown in the germ-line map in Fig. 3, the Jy,Ju, probe
contains a single Pst I site located between Jg, and J;;,, and thus
two Pst I fragments are labeled in the hybridization to liver DNA
with this probe. The larger [1,200-base pair (bp)] fragment con-
tains Jy; whereas the 590-bp fragment (whose sequence from
germ-line DNA is completely known) contains J, and Jy3. A
single 720-bp Pst I fragment observed in BCL,; DNA is exactly
the size that would be predicted by splicing the variable region
of BCL, to Jy, and, as expected, the 1,200-bp germ-line frag-
ment containing Jy, is missing in BCL, DNA. The Xba I digest
of germ-line DNA shows a single DNA fragment since there is
no Xba I site in the segment covered by the probe. In BCL,;
DNA, this fragment is replaced by a shorter one, as would be
expected due to the introduction of the Xba I site in the Vi
segment. Although the germ-line Xba I sites are not in a region
for which the sequence is known, the size of the Xba I fragment
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F1G. 2. Nucleotide sequence of DNA coding for the leader peptide
and Vy segment of BCL,, including the 5’ flanking sequence. The pre-
dicted amino acid sequence is shown beneath the nucleotide sequence.
The numbering system and single letter amino acid abbreviations are
according to Kabat e al. (28). Amino acids listed below the predicted
sequence are found in the Vy protein of MOPC 104E. Xba I and Pst
I sites are shown above the sequence.
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FiG. 3. Comparison of restriction fragments containing Jy;Jdy.
genes in recombinant phage and BCL, genomic DNA. DNA (7.5 ug)
from normal BALB/c liver (lanes 1 and 4), a mixture of 7.5 ug of nor-
mal BALB/c liver DNA and 100 pg of phage Ch28-289.1 DNA (lanes
2and 5), and 7.5 ug of BCL, genomic DNA (lanes 3 and 6) were digested
with Pst I (lanes 1-3) or Xba I (lanes 4-6) and probed for the presence
of the Jy;Ju, genes. Maps of germ-line and BCL, DNAs with only
those sites contributing to labeled fragments are shown below. bp, Base
pair(s).

in BCL, DNA is the same as that found in clone 289.1.

These data establish that the V,; found .contiguous to the Jy,
gene in Ch28-289.1 occupies the same position in the BCL,
genome, and the absence of any other hybridization bands in
the germ-line position or elsewhere indicates that there is only
one copy of the V]2 complex in the BCL,; genome.

To relate the V] complex to the C, gene in the BCL, ge-
nome, BCL, and liver DNAs were digested with Kpn I, which
is known to produce a single fragment from germ-line DNA that
carries both C,, and the entire Jy; gene locus. The fragments
were probed for C, sequences and, as shown in Fig. 4A, each
DNA contained a single fragment, but mobilities were different
from the two DNA sources. Identical-sized fragments were also
shown to hybridize with the J;;;J. probe (data not shown).
These studies show that there is a single copy of the C, gene
in BCL; DNA and that this copy is associated with the Vulu
gene complex for which we have determined the sequence.

The C,-C; Region in BCL, DNA Does Not Differ from the
Germ-Line Arrangement. Clones 288.1 (C,, C,) and 291.2
(C,.C,) from the BCL, DNA library were mapped with restric-
tion endonucleases and no differences from liver DNA clones
were found. To directly examine the organization of the C, and
C; genes in uncloned BCL, genomic DNA, restriction dlgests
of BCL; and liver DNA were hybridized to the C, and C,
probes. From the germ-line restriction map (4, 24), enzymes
were chosen that would be sensitive to rearrangements of the
BCL, DNA within or between the C, and C; genes. BamHI,
which cuts within the C, gene and on the 3" side of the C s gene,
generates a single fragment containing the entire region. As
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FiG. 4. Comparison of restriction fragments containing C, genes
in liver and BCL,, genomic DNAs. (A) BALB/c liver (lane 1) and BCL,
genomic (lane 2) DNAs were digested with Kpn I and probed for the
presence of the C,, gene. (B) Liver (lanes 1, 3, and 5) and BCL, (lanes
2, 4, and 6) genomic DNAs were digested with BamHI (lanes 1 and 2),
EcoRI (lanes 3 and 4), and HindIII (lanes 5 and 6) and probed for the
C,gene with plasmid p54. The germ-line map shows only sites leading
to labeled fragments. kb, Kilobase(s).

seen in Figs. 4B and 5, the BamHI fragments containing the
C, and C; genes in the BCL; DNA migrate identically to those
from liver DNA. Since these are relatively large fragments
(>10 kilobases), small differences between the two DNA sam-
ples might not be detected. Therefore, Bgl II and Xba I digests
were examined with the C,, probe (Fig. 5), and a HindIII digest
was examined with the C; probe (Fig. 4B). Since Xba I cuts in
the V gene (Fig. 2), we would expect an especially clear test of
whether a copy of the BCL,; V-] region gene had been inserted
upstream of the C; gene. In all cases, the fragment mobilities
of DNA from BCL, and BALB/c liver were identical.

DISCUSSION

Several general mechanisms of dual heavy chain expression in
B lymphocytes have been proposed (31). One possibility is that
simultaneous expression does not reflect simultaneous gene
transcription but instead is due to a transitional stage in heavy
chain synthesis in which long-lived 4 mRNA accounts for the
persistence of IgM on the surface of a cell after it has deleted
the C, gene and become committed to the C, gene. The main-
tenance of a surface IgM/IgD phenotype on all cells of the
cloned cell line BCL, 5b13 for many generations argues against
this possibility. It is also possible that u and § expression orig-
inates from genes located on different chromosomes. This
mechanism is ruled out in the case of the BCL, because only
one copy of the Jy, C,, and C; genes is present in the BCL,
genome. The latter finding is consistent with the loss of one
copy of chromosome 12, which was previously noted in the
karyotype analysis of the in vivo BCL, parent line (32). Chro-
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Fic. 5. Comparison of genomic contexts of the C, gene in BCL,
and BALB/c liver DNAs. Liver (lanes 1, 3, and 5) and BCL, (lanes 2,
4, and 6) DNAs were digested with BamHI (lanes 1 and 2), Bg!II (lanes
3 and 4), and Xba I (lanes 5 and 6) and probed for the C, gene with
plasmid pMKI. Map shows relevant sites only. kb, Kilobase(s).

mosome 12 has been shown to carry the immunoglobulin heavy
chain genes (33). A third potential genetic mechanism of si-
multaneous u and 8 synthesis might involve translocation of a
copy of the V; gene to a position between the C,, and C, genes.

The finding that the C,, and C, genes in the BCLl genome are
present in the germ-hne context rules out this hypothesis and
indicates that the C, and C, genes share the Vy; gene that is 5’
to C,.. This supports the conclusion that surface IgM and IgD
share the same variable region as judged by immunoprecipi-
tation analysis.

The only remaining plausible explanation is that u and &
chains are expressed with a common V gene by an alternate
RNA splicing mechanism. We propose that 8 chains are trans-
lated from mRNA derived by processing of a primary transcript
that includes sequences from both C, and C, genes. The u
mRNA may be processed either from an identical transcript or
from one that terminates in the intervening sequence separating
the C, and C, genes. A similar mechanism has been invoked
to expla.m the production of two functionally distinct u chains
having different COOH-terminal amino acid sequences (34,
35). It should be pointed out that regulation of the processing
of the ud precursor must be quite complex to avoid aberrant
mRNAs. For example, it is not clear why immunoglobulins are
not produced bearing . domains spliced to 8 domains. Highly
controlled regulation of splicing patterns is found in adenovirus
mRNA processing. We assume that similar mechanisms are in
force in both cases to avoid inappropriate fusion of exons.

It is not clear whether these mechanisms are used by B lym-
phocytes to express only the IgM/IgD combination or whether
these are general mechanisms by which nonsecreting lympho-
cytes can express other combinations of surface immunoglob-
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ulin classes simultaneously, as reported by several investigators
(12, 13, 36). It is reasonable to assume that other Cy; genes might
be translocated to a position downstream of C,, possibly re-
placing C; with another isotype. In this case, dual expression
of other isotypes would be explained by the mechanism de-

scribed here for w8 expression.

Thus, the immunoglobulin gene context during B-cell de-
velopment may involve at least three gene rearrangements: (i)
VD] translocation with commitment to a single idiotype and
IgM/IgD surface expression; (i) a translocation at the level of
the mature B cell bringing other Cy genes 3’ to the C, gene
and deleting C, for dual or multiple surface 1mmunogf(;bulin
expression; and (jii) a translocation at the level of the mature
immunoglobulin-secreting plasma cell that brings the Cy gene
whose product is to be secreted immediately proximal to the
VyDJy gene complex, deleting all the intervening genes and
restricting immunoglobulin secretion to a single class.

We thank D. Capra, University of Texas, for protein sequence anal-
yses; M. McGrath, Stanford University, for a gift of the anti-idiotype
antiserum; A. Bothwell, Harvard University, for help with cloning of
u cDNA; and J. Richards, University of Wisconsin, for help with clon-
ing of the V region gene. S.S. is an Investigator of the Howard Hughes
Medical Institute. This work was supported by National Institutes of
Health Grants AI 18016, AI-10293, and BM 21812 and the Howard
Hughes Medical Institute. C.P.L. was supported by National Institutes
of Health Postdoctoral Training Grant 07131. This paper is no. 2490
from the Department of Genetics, University of Wisconsin.

1. Kamp, D. J., Cory, S. & Adams, ]J. M. (1979) Proc. Natl. Acad.

Sci. USA 76, 4627-4631.

Cory, S. &Adams J. M. (1980) Cell 19, 37-51.

Schilling, J., Clevmger, B, Davne,] M. & Hood, L. (1980) Na-

ture (London)283 35-40.

Newell, N., Richard, J. E., Tucker, P. W. & Blattner, F. R.

(1980) Science 209, 1128-1132.

Sakano, H., Maki, R., Kurosawa, Y., Roeder, W. & Tonegawa,

S. (1980) Nature (London) 286, 676-683.

Honjo, T. & Kataoka, T. (1978) Proc. Natl. Acad. Sci. USA 75,

2140-2144.

Potter, M. (1972) Physiol. Rev. 52, 631-719.

Davis, M. M., Calame, K., Early, P. W., Livant, D. L., Joho,

R., Weissman, I. L. & Hood, L. (1980) Nature (London) 283,

733-739.

9. Kataoka, T., Kawakami, T., Takahashi, N. & Honjo, T. (1980)
Proc. Natl. Acad. Sci. USA 77, 919-923.

10. Rabbitts, T. H., Forster, A., Dunnick, W. & Bentley, D. L.
(1980) Nature (London) 283, 351-356.

11. Yaoita, U. & Honjo, T. (1980) Nature (London) 286, 850.

12. Pemnis, B., Forni, L. & Luzzati, A. L. (1976) Cold Spring Harbor
Symp. Quant. Biol. 41, 175-183.

13. Cooper, M. D., Kearney, J. F., Lydyard, P. M., Grossi, C. E.
& Lawton, A. R. (1976) Cold Spring Harbor Symp. Quant. Biol.
41, 139-145.

14. Knapp, M. R., Jones, P. P., Black, S. J., Slavin, S., Vitetta, E.
S. & Strober, S. (1979) J. Immunol. 123, 992-999.

15. Knapp, M. R., Severinson-Gronowicz, E., Schroder, J. &
Strober, S. (1979) J. Immunol. 123, 1000-1006.

16. Strober, S., Severinson-Gronowicz, E., Knapp, M. R., Slavin,
S., Vitetta, E. S., Warnke, R. A., Kotzin, B. & Schroder, J.
(1979) Immunol. Rev. 48, 169.

17. Gronowicz, E. S., Doss, C. A., Howard, F. D., Morrison, D. C.
& Strober, S. (1980) J. Immunol. 125, 976-980.

18. Oi, V. T., Jones, P. P., Goding, J. W., Herzenberg, L. A. &
Herzenberg, L. A. Curr. Top. Mol Immunol. 81, 1261-1279.

19. Phillips, D. R. & Morrison, M. (1970) Biochem. Biophys. Res.
Commun. 40, 284-289.

20. Laemmli, U. K. (1970) Nature (London) 227, 680-685.

21. Tucker, P. W., Liu, C.-P., Mushinski, J. F. & Blattner, F. R.
(1980) Science 209, 1353-1360.

22. Maniatis, T., Kee, S. G., Efstratiadis, A. & Kafatos, F. C. (1976)
Cell 8, 163-182.

23. Rigby, P. W. ]., Dieckmann, M., Rhodes, C. & Berg, P. (1977)
J. Mol. Biol. 113, 237-251.

PN O ;A



3000

Immunology: Knapp et al.

Liu, C.-P., Tucker, P. W., Mushinski, J. F. & Blattner, F. R.
(1980) Science 209, 1348-1352.

Rimm, D., Horness, D., Kucera, J. & Blattner, F. R. (1980) Ge-
net. Eng., in press.

Benton, W. D. & Davis, R. W. (1977) Science 196, 180-182.
Maxam, A. M. & Gilbert, W. (1977) Proc. Natl. Acad. Sci. USA
74, 560-564.

Kabat, E. A., Wu, T. T. & Bilofsky, H. (1979) U.S. Department
of Health, Education and Welfare. N.I.H. Publication No.
80-2008.

Kehry, M., Sibley, C., Fuhrman, J., Schilling, ]J. & Hood, L. E.
(1979) Proc. Natl. Acad. Sci. USA 76, 2932-2936.

Southern, E. M. (1975) J. Mol. Biol. 98, 503-517.

Proc. Natl. Acad. Sci. USA 79 (1982)

Goding, J. W., Scott, D. W. & Layton, J. E. (1977) Immunol.
Rev. 37, 152-186.

Schroder, J., Suomalainen, H., Knapp, M., Gronowicz, E. S. &
Strober, S. (1979) Cancer Genet. Cytogenet. 1, 57-62.
Hengartner, H., Meo, T. & Uller, E. (1978) Proc. Natl. Acad. Sci.
USA 75, 4494-4498.

Alt, F. W., Bothwell, A. L. M., Knapp, M., Siden, E., Mather,
E., Koshland, M. & Baltimore, D. (1980) Cell 20, 293-301.
Rogers, J., Early, P., Carter, C., Calame, K., Bond, M., Hood,
L. & Wall, R. (1980) Cell 20, 303-312.

Zan-Bar, 1., Assisi, F., Vitetta, E. S. & Strober, S. (1978) J. Exp.
Med. 147, 1374.



