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Summary

Transfectants of mature B cell lines that bind phosphorylcholine were made in order to understand
the role of the COOH terminus of the u chain of membrane IgM (mIgM) in generation of
antigen-specific signals. A chimeric receptor (I-Ac tail) was constructed by replacing 40 amino
acids from the y COOH terminus with that of major histocompatibility complex class II I-A
chain. The effect of wild-type and chimeric tails were studied on representative immediate-early
antigen-specific signals. The I-A« tail hybrid, but not the wild-type receptor, was defective in
antigen-driven Ca?* mobilization, although it could effectively endocytose ligand-receptor
complexes. Signal(s) transduced through the wild-type receptor led to transient induction of
selected immediate-early gene messages (Egr-1, c-fos, Jun) above basal levels. However, the signal(s)
generated after crosslinking of the I-A« tail receptor either showed no effect (c-fos) or actually
repressed basal level expression of Egr-1 and Jun. Thus, we have established that receptor-mediated
endocytosis can be distinguished from other early events associated with B cell activation, based
on their differential dependence upon the structural fidelity of the COOH-terminal sequence

of mIgM.

IgM molecules on the B cell surface serve as antigen-specific
receptors (1). Crosslinking of these receptor molecules by
antigen or antiidiotypic antibody generates a complex series
of biochemical reactions (2, 3). One of the immediate reac-
tions includes activation of phospholipase C—catalyzed hy-
drolysis of phosphatidyl inositol into inositol 3-phosphate and
diacylglycerol, followed by a rise in intracellular Ca?* levels
(4). One of the next documented consequences is induction
of various immediate-early gene messages such as Egr-1, c-fos,
Jun, c-myc (5-7). Recently, several laboratories have identified
phosphorylation of proteins on tyrosine residues after cross-
linking of mIgM (8-10), indirectly implicating the activa-
tion of tyrosine kinase(s). While these and various other bio-
chemical changes are taking place, the mIgM receptor-ligand
complex is endocytosed, ligand is processed, and some of the
ligand peptides are presented to T cells in a MHC class II-re-
stricted fashion (11). Eventually, B cells undergo either growth
arrest (12) or proliferation and differentiation, often requiring
help from T cells (13).

The extracellular NH; terminus of membrane IgM (mIgM)!

1 Abbreviations used in this paper: HRP, horseradish peroxidase; mIgM,
membrane IgM; PC, phosphorylcholine.

endows specificity for antigen, whereas the membrane-as-
sociated COOH terminus in concert with associated mem-
brane proteins (reviewed in reference 14) is responsible for
initiating various biochemical changes inside the cell. The
@ heavy chain COOH terminus consists of 12 extracellular,
26 transmembranal, and three intracellular residues, all unique
to the membrane form (Fig. 1). We have been interested in
understanding the structure-function relationship of mIgM
and in dissecting out various complex biochemical changes
that take place upon antigen stimulation of mature B cells.
The experimental approach we have taken is to replace the
40-amino acid COOH-terminal segment of the p heavy chain
(15) with that of the MHC class II I-Ae chain (16). In 2
previous study, we showed that this I-Aa chimeric receptor,
with T15 idiotype, when transfected into an immature B cell
line, CH33, did not lead to growth arrest upon crosslinking
with anti-T15 antibody (17). To study the effect of this replace-
ment on generation of immediate-early signals in mature B
cells, we have now transfected these chimeric and wild-type
mIgM molecules of identical PC specificity into tumor models
of mature B cells (M12.4, CH12.Lx). We show here that
the COOH terminus of mIgM is required for an induction
of second messenger, Ca?*, and some of the immediate-
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early gene messages. In contrast, another mIgM-mediated
function, endocytosis of antigen, is not dependent upon the
precise structure of the mIgM COOH terminus.

Materials and Methods

Parental Cells and T15-1d*-transfected Cell Lines. M12.4 (I-A¥*,
surface Ig~) (18), CH12.Lx (I-A**, u*, Ly-1*) (19) murine B cell
lymphomas were used as parental cell lines in all experiments. The
T15-1d* transfectants were generated by electroporating 10-15 ug
of linearized plasmid DNAs into parental cells (20). All plasmid
constructs contain Escherichia coli ampicillin and guanine phos-
phoribosyl transferase genes and murine genomic sequences for
productively rearranged V,$107-Cp and V,22-Ck Ig chains (21).
The chimeric plasmid I-Ac tail, as shown in Fig. 1, was made by
replacing the 1.7-kb fragment spanning the gt membrane exons with
a 2.8-kb fragment spanning the membrane exon of the MHC class
II I-Ac chain (22).

Reagents.  All reagents except hypoxanthine, xanthine, thymi-
dine, adenine, and acetomethyl-ester of Indo 1 (Indo 1-Am) were
purchased from Gibco Laboratories (Santa Clara, CA). The Indo
1-AM was purchased from Molecular Probes (Eugene, OR), and
the remaining reagents were purchased from Sigma Chemical Co.
(St. Louis, MO). The antigen, phosphorylcholine (PC) conjugated
to KLH, was kindly provided by Dr. M.C. Yang (University of
Texas Southwestern Medical Center, Dallas, TX). Purified antiT15-
1d* antibody, AB1-2 (23), fluorescein-conjugated goat anti-mouse
IgG1, and anti-p antibody were obtained from Southern Biotech-
nology Associates (Birmingham, AL). Another anti-T15-Id anti-
body F6 was obtained from Dr. R. E. Ward (Roswell Park Memorial
Institute, Buffalo, NY) (24).

Immunofluorescent Staining. The T15-1d* surface positivity of
transfected cell lines was established by staining transfectants ei-
ther with AB1-2 or F6 as a primary antibody and fluorescein-
conjugated goat anti-mouse IgG1 as a secondary antibody (23).
As controls, transfectants were stained with secondary antibody
alone, and untransfected parental cell lines were stained with anti-

Transmembranal

Segment

Spacer Transmembranal Cytoplasmic

EGEVNAEEEGFE| NLMTTASTFTVLFLLSLFYSTIVILF| KWK Wild-Type
EPETPAPMSELTE| TWCALGLSVGLVEIWETIFTIOR | RSGETSRHPEPL  [-Aq Tail

Figure 1. Schematic representation of a mIgM molecule (wild type).
(A) Hllustrated are the antigen-combining sites and the membrane-anchored
COOH terminus, which is divided into three hypothetical domains: spacer,
transmembranal, and cytoplasmic. (B) Comparison of amino acid sequences
of the COOH termini of wild-type and I-Ac tail mutant.
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T15-1d*. Staining profiles were analyzed by FACS® (Becton Dick-
inson & Co., Mountain View, CA).

Calcium Analysis. The method used to measure changes in
Ca?* levels by FACS® (Ortho SOHH FACS® and associated 2150
computer; Ortho diagnostic systems, Westwood, MA) was as de-
scribed (25). Analysis was done at the rate of ~300 cells/s. The
baseline was established for 1 min before activating cells with ei-
ther antigen (PC-KLH), anti-u antibody, or anti-T15-Id* anti-
body. Within 10-20 s after addition of ligand, recording of changes
in levels of Ca?* was resumed. The data were analyzed using
“Normcon” and “cyto2D” programs.

Northern Blot Analysis.  Cells grown to log phase were harvested,
and 2 x 10° cells/0.9 ml of medium were distributed into the
wells of a 24-well plate. They were rested for 3-4 h and were then
induced by addition of 1 ug of PC-KLH in 0.1 ml of medium.
Cells were harvested at indicated times except for a 0-h sample,
which was harvested along with the 0.5-h sample. This was done
in order to confirm that induction was due to the addition of an-
tigen only and not due to the accompanying manipulations. Total
RNA was isolated by the hot phenol method as described by Mani-
atis et al. (26). Total RNA samples (10 pg/lane) were subjected
to electrophoresis in a 1.2% formaldehyde-agarose gel and were
transferred and covalently linked to Gene-Screen membrane (DuPont
Co., Wilmington, DE). The filters were hybridized with *2P-
labeled probes (Egr-1, c-fos, Jun) under the conditions recommended
by the manufacturer. The washes were done at 42°C for 1 h in
0.1x SSC and 0.5% SDS, and then blots were exposed to Kodak
XAR-5 x-ray film with an intensifying screen at —70°C for 2-3
d. The Egr-1 probe was provided by Dr. J. Monroe (University
of Pennsylvania, Philadelphia, PA) whereas c-fos and Jun probes were
obtained from Dr. B. Ozane (BICR, Glasgow, Scotland).

Monitoring Ligand Endocytosis. Horseradish peroxidase (HRP)-
labeled PC-KLH and an anti-T15-Id* antibody were used to mon-
itor endocytosis. HRP labeling was performed as described by Huru
and Chantler (27). Endocytosis of HRP-labeled ligands by mIgM
was determined and quantitated according to a variation of a method
(28) previously reported by Antoine and Avrameas (29).

Briefly, the procedure was carried out between 2 and 4°C unless
otherwise specified. HRP-labeled ligands were bound to cells for
30 min on ice, and endocytosis was initiated at 37°C in an at-
mosphere of 5% CO; for various periods of time. Endocytosis was
stopped by placing cells on ice, and excess free ligand was removed
by washing. The samples, in which the tota] amount of cell-
associated ligand was to be measured, were treated with 1% NP-
40 in PBS solution for 10 min at room temperature. The other
samples were kept on ice during this time. The amount of ligand
was determined by measuring HRP activity at pH 6.0 in the dark
for 15 min at room temperature and in the presence of 5 mM
O-phenylenediamine, HCI, and 0.015% H,O; (28). The HRP
reaction was stopped by addition of one drop of 6 N HCL The
reaction mixture was then centrifuged to remove cell debris. The
optical absorbance of the supernatant was measured at 492 nm,
and all values in an experiment were normalized to a value of 100%,
representing the total amount of ligand initially bound to the cells
(30). The distribution of HRP-labeled ligand was determined by
measuring the amount of HRP on the external surface of the cells,
and the total amount of cell-associated HRP detected after lysis
of the cells. The amount of ligand internalized by the cell was then
determined by substracting the amount of ligand detected on the
external surface of the cell from the total amount of ligand de-
tected after cell lysis. The difference between the amount of ligand
detected after cell lysis and the amount of ligand bound initially
was considered as amount of antibody shed.
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Cytochemical Staining for Light Microscopy. The method used to
visualize the morphological distribution of the HRP-labeled ligands
was that of Graham and Karnovsky (31). The procedure for spec-
trophotometrically monitoring ligand endocytosis was followed up
to and including the point where the cells were placed on ice after
the 37°C incubations. For microscopy, the cells were attached to
an alcian blue—coated cover slip (32), fixed, and then stained with
substrate and H,O; for 45 min in the dark. Analysis was per-
formed with a microscope at x1,000 (Swift Instruments Inc., San
Jose, CA).

Results

Establishment of Antigen-specific, Wild-type, and Mutant Cell
Lines. The COOH terminus of the u chain can be divided
into three domains: spacer, transmembranal, and cytoplasmic
(Fig. 1 A). The entire 40 amino acids comprising these do-
mains were replaced with the analogous amino acids from
the MHC class II I-A« (Fig. 1 B). The I'-Aa COOH ter-
minus was chosen because the genomic clone was available,
it used the same RNA-splicing site as um, and there is no
significant homology to um in any of the COOH-terminal
domains (Fig. 1 B).

Wild-type and I-Aa mutant molecules with specificity for
PC were transfected into the B cell lines, M12.4 and CH12.Lx.
The expression of transfected receptors was analyzed by sur-
face immunofluorescence staining with an antiidiotypic an-
tibody, AB-1, whose recognition requires both transfected
heavy and light chains and thus does not recognize endoge-
nous mIgM or molecules formed by the mixing of trans-
fected and endogenous heavy and light chains. The surface
staining of the parental cell line, as shown in Fig. 2, was nega-
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Figure 2. Wild-type and I-A« receptors are expressed equivalently on
the cell surface of transfected cell lines. Shown are the surface expression
profiles of T15 idiotype-bearing receptors on M12.4 and CH12.Lx cells
transfected with wild-type (4 and C) and I-A« tail mutant receptors, respec-
tively (B and D). The untransfected M12.4 and CH12.Lx parental cells
used as control are designated by the dotted line. Cells were stained with
anti-T15 idiotype-specific antibody followed by FITC-labeled goat
anti-mouse IgGl.
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Table 1. Endocytosis of Anti-T15-1d HRP

Distribution M12.4 M12.4
of anti-T15-1d HRP wild type I-Aa tail
External 59+ 45
Internal 37 37
Shed 04 19

HRP-labeled anti-T15-Id antibody was bound to cells on ice and then
incubated for 1 h at 37°C to allow endocytosis. The distribution of HRP-
labeled antibody was determined by measuring the amount of HRP ac-
tivity on the external surface of the cells and the total amount of cell-
associated HRP detectable after lysis of the cells. The amount of anti-
body internalized by the cells was determined by substracting the amount
of ligand detected on the external surface of the cells from the total amount
of cell-associated ligand. The difference between the amount of HRP-
labeled antibody initially bound and the amount detected after the cell
lysis was accounted as “Shed” antibody. The amount of HRP-labeled
antibody bound to control parental cells was below the level of detection.

tive, whereas both wild-type and I-A« tail receptor mole-
cules were generally expressed equivalently. The fact that the
expression of the I-Aa tail receptor in CH12.Lx cells was
higher than the wild-type receptor further confirmed that
differential functional activities (see below) could not be
ascribed to differential cell surface expression.

The IAa Receptor Endocytoses Ligand-Receptor Complex
Efficiently. mlgM-mediated endocytosis is the first impor-
tant step in the sequential process of antigen presentation.
The replacement of the COOH terminus of mIgM did not
have any effect on mIgM-mediated endocytosis. Wild-type
and I-A« tail transfectants of M12.4 cells endocytosed HRP-
labeled antiidiotypic antibody or PC-KLH equally well, as
analyzed by a spectrophotometric assay, in which ligand was
quantified (Table 1). The same results were obtained com-
paring wild-type and I-A« tail transfectants in CH12.Lx cells
(data not shown). Cytochemical staining monitored by light
microscopy showed that neither HRP-conjugated PC-KLH
nor the anti-T15-Id* antibody bound the parental cell line
M12.4, and that no internalization of either ligand was de-
tectable (Fig. 3, A and B). These results sustain the notion
that the internalization observed with both the wild-type
and [-Ac tail transfectants was due to receptor-mediated en-
docytosis and not by pinocytosis. Binding of HRP-labeled
ligand to the surface of wild-type and mutant transfectant
cells was observed, and the HRP-labeled ligand was endocy-
tosed by both cell lines after 60 min of incubation at 37°C
(Fig. 3, C, D, and E). We conclude that endocytosis of the
receptor-ligand complex of the B cell is not dependent upon
the COOH-terminal sequence of mIgM.

Induction of Intracellular Ca?* Levels Requires the COOH
Terminus of mIgM.  Crosslinking of mIgM leads to a rapid
increase in levels of intracellular Ca?*. This induction is con-
sidered to be a major step in receptor-mediated signaling
pathways (33). Neither M12.4 (Fig. 4 A) nor CH12.Lx (data
not shown) parental cell lines mobilize Ca?* upon induc-



tion with either PC-KLH or antiidiotypic antibody, and, in
the case of M12.4, with anti-u antibody. An immediate rise
in Ca®* was observed upon the crosslinking of wild-type
receptor (Fig. 4 B), whereas the mutant receptor was com-
pletely defective (Fig. 4 C). Since the chimeric receptor is

Figure 3. Both wild-type and
mutant mIgM mediate endocytosis
efficiently. Microscopic analysis of
the endocytosis of anti-T15 antibody
by M12.4 parental (4 and B), M12.4
wild-type (C and D), and M12.4
I-Acx tail mutant (E and F) cells. The
cells were incubated with HRP-
labeled antiT15 antibody for 0 min
(4, C, and E) or 60 min (B, D, and
F) at 37°C. The surface-bound (C
and E) and internalized (D and F)
HRP antiT15 molecules are indi-
cated with arrows.

competent in endocytosis of antigen, its defect in Ca?* in-
duction indicates mechanistic segregation of these two early
activation-associated events.

Immediate-early Gene Induction Requires Signal(s) Transduced
by the COOH Terminus of mIgM. 'The transient induction

Figure4. Crosslinking of wild-type
but not I-Ac tail mutant induces Ca2*
[ca**] mobilization. Comparison of changes
in intracellular Ca2* levels in M12.4
parental (A) cells (2 x 106/ml) in re-
sponse to anti-IgM antibody (10 ug),
M12.4 wild-type (B), and M12.4 [-Aa
tail mutant (C) cells (2 x 10%/ml) in
response to PC-KLH (1 pg). Similar
results were obtained when wild-type
and I-Aq tail mutant cells were induced
with anti-IgM antibody (10 ug) or pa-
rental cells were induced with PC-KLH
(1 ug) (data not presented). Ca?* levels
were monitored for 1 min before induc-
tion with ligand (arow).

1106 Antigen-specific Signals Require COOH Terminus of Membrane IgM



H-2D4

A Egr-1

M1z2-4
Parental

M12-4
Wild=-Type

0 051 2 6 0 05 1 2 6

Time (h) Time (h)
B Egr-1 H=-2D 4

M12-4

Wild-Type* ..-‘-

M12-4

I-Ag Tail BN A .
0 05 1 2 6 0 05 1 2 ®
Time (h) Time (h)

¢-Fos Jun

mM12.4

Wild-Type W8 y’ "‘*

M12-4

I-Ag Tail . “ e
005 1 2 6 0 05 1 2 6
Time (h) Time (h)

C Egr-1 H-204

CH12-Lx

Wild= Type v ‘

CHI12:Lx - - -

I-Ag Tail
005 1 2 0 05 1 2
Time (h) Time(h)

Figure 5. Wild-type but not [-Ac tail mutant crosslinking leads to in-
duction of immediate early gene expression. Induction of Egr-1, c-fos, and
Jun in response to stimulation with PC-KLH was measured by Northern
blot analysis. M12.4 parental cells (4), M12.4 parental cells transfected
with wild type (A and B), and with I-Ac tail mutant (B) were stimulated
with PC-KLH for the indicated times. Each blot was reprobed with a MHC
class I probe (H-2D4) to normalize the loads of RNA per lane. To show
that the induction of immediate early genes was not restricted to M12.4
cells, a similar analysis was performed on CH12.Lx transfectants (C).

of immediate-early gene messages occurs rapidly after Ca?*
mobilization (5-7). Therefore, we analyzed the temporal ac-
cumulation of Egr-1, c-fos, and Jun mRNAs upon crosslinking
of wild-type and mutant receptors.

First, antigen specificity was confirmed by showing that
these messages were not induced in parental cell lines in re-
sponse to PC-KLH (Fig. 5 A). The steady-state levels of
mRNAs of these genes increased within 30 min of cross-
linking of wild-type receptor at PC-KLH concentrations as
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Figure 6. Induction of Egr-1 message in CH12-I-Acx tail mutant cells
by PMA. The cells were incubated with PMA (10 ng/2 x 10%/ml) for
indicated times. Total RNAs were extracted and analyzed (10 pg/lane)
with Egr-1 and MHC class I H-24(H-2D4) probes.

low as 1 ug per 2 x 10 wild-type transfected cells (Fig.
5, B and C). The increased rate of accumulation of these mes-
sages was comparable, but their degradation kinetics were
different. The mRNA of the c-fos gene disappeared rapidly
by 2 h of induction, whereas Egr-1 and Jun mRNAs had slower
rates. After PC-KLH addition to mutant cell lines, these mes-
sages did not accumulate above basal expression level. In fact,
Egr-1 and Jun mRNAs could not be detected after 2-6 h of
induction (Fig. 5, B and C). The mutant cells were fully
capable of Egr-1 message induction after treatment with the
protein kinase C activator, PMA (Fig. 6) (34). This rules out
the possibility that the defect in transient induction in the
mutant cells results from events downstream of the hybrid
mlIgM receptor.

Discussion

The requirement of the COOH terminus of mIgM for
two immediate antigen-specific activational signals, changes
in Ca?* levels and immediate-early gene induction, was es-
tablished in antigen-specific, B cell transfectants of u wild-
type and I-Aa chimeric receptors. In contrast, the indiffer-
ence of endocytosis to the COOH-terminal sequence of mIgM
was established. Keeping in mind the limitations of trans-
formed cell lines, these studies were performed in transfec-
tants of M12.4 and CH12.Lx that produced similar results.
Moreover, the amount and the kinetics of PC-KLH and an-
tiidiotypic antibody internalized by the transfectant cell lines
were very similar to the rate and amount of antigen endocy-
tosis by a different antigen-specific cell line and to endocy-
tosis of anti-Ig by normal BALB/c splenic B lymphocytes (28).

Endocytosis is the first essential step for mIgM-mediated
antigen presentation. Our data suggest that this function of
mIgM does not require (and/or potentiate) Ca?* mobiliza-



tion. A role for increased Ca?* levels in ligand-mIgM en-
docytosis via clathrin-coated pits was suggested previously
(35). This was based on the detection of calmodulin in mIgM-
containing, clathrin-coated vesicles and the sensitivity of the
endocytosis to the calmodulin-directed drug, stelazine. Muta-
tional analysis of calmodulin in yeast (36), and ability of
calmodulin to function in the absence of Ca?* in various
other eukaryotic systems (37, 38), indicate that calmodulin
can perform its essential function without Ca?* binding.
Thus, cur results with the I-Ao-transfected cell lines suggest
that either Ca?* binding is not a prerequisite for the func-
tion of calmodulin or it can perform its function in the pres-
ence of basal or increased levels is of Ca?* too low to be de-
tected by FACS® analysis. Even though the I-Aa receptor
did endocytose antigen, we do not know to which endocytic
compartment it was delivered. Differences between mutant
and wild-type exist at this level, as suggested by our observa-
tion that wild-type, but not mutant, cells are able to present
antigen to appropriately MHC-restricted T cells (V.S. Parikh
et al., manuscript in preparation). Segregation of mIgM func-
tions is not without precedent. Recently, using a site-directed
mutagenesis/in vitro transfection approach, Shaw et al. (39)
showed, that a conserved tyrosine residue in the mIgM trans-
membranal segment is essential for antigen presentation but
not for Ca?* induction.

Antigen induction of immediate-early gene messages can
be detected shortly after Ca?* rises. Several laboratories have
studied induction of c-fos (6), Egr-1 (5), and c-myc (7) mes-
sages both in normal splenic B cells and established cell lines.

The most parallel study to this work was antigen induction
of c-myc in TNP-specific splenic B cells (7). Although induc-
tion of immediate-early messages and rise in Ca®* levels are
well documented in vivo and in vitro, whether these events
contribute to the same signaling pathway remains unknown
(6). Our results, indicating that both events are dependent
on structural components of the mIgM COOH terminus,
support the idea of linked pathways. The transient induction
of immediate-early gene mRNA:s is achieved by a fine-tuned
balance between transcriptional activation (40) and trans-
lational-linked, rapid degradation of transcribed messages (41).
The signals generated after crosslinking of the mIgM receptor
may be differentially contributing to both levels of regula-
tion, depending on the structure of the mIgM tail. This is
based on the unexpected downregulation of Egr-1 and Jun
mRNA, which is apparently mediated through the mutant
receptor in the absence of detectable Ca?* flux.

Recently, several laboratories have identified at least two
glycosylated and disulfide-linked heterodimers associated with
mIgM (42-44). Yamanashi et al. (45) coimmunoprecipitated
a tyrosine kinase, lyn, with mIgM. Our results here and
previous observations from our own (17) and other (39) labora-
tories implicate the importance of proper association of the
mIgM COOH terminus with the above-mentioned and other
as yet unidentified accessory polypeptides and kinases in B
cell activation. Mutant B cell lines expressing chimeric receptors
such as the I-Aa should be useful in formally establishing
the details of these interactions and their consequences on
signal transduction.

We thank Dr. M. Wacholtz for very helpful discussions on Ca?* analysis by FACS®. The technical as-
sistance provided by M. Ghosh and T. Do is greatly appreciated.

This work was supported in part by the National Institutes of Health (CA-44016, AI-18016, CA-22786).

Address correspondence to PW. Tucker, Department of Microbiology, University of Texas Southwestern
Medical Center, 5232 Harry Hines Boulevard, Dallas, TX 75235. C. Nakai’s present address is the Depart-
ment of Biochemistry, Shiga University of Medical Science, Seta, Ohtsu, Shiga 520-21, Japan.

Received for publication 25 June 1991 and in revised form 31 July 1991.

References

1. Vitetta, E., E. Pure, P. Isakson, L. Buck, and J. Uhr. 1980.
The activation of murine B cells: the role of surface immuno-
globulins. Immunol. Rev. 52:211.

2. Cambier, J.C., and J.T. Ransom. 1987. Molecular mechanisms
of transmembrane signalling in B lymphocytes. Annu. Rev. Im-
munol. 5:175.

3. DeFranco, A.L. 1987. Molecular aspects of B lymphocyte ac-
tivation. Annu. Rew. Cell Biol. 3:143.

4, Ransom, J.T., L.K. Harris, and J.C. Cambier. 1986. Anti-Ig
induces release of inositol 1,4,5-triphosphate which mediates
mobilization of intracellular Ca** stores in B lymphocytes.
J. Immunol. 137:708.

5. Steyfert, V.L., V.P. Sukhatme, and J.G. Monroe. 1989. Differen-
tial expression of a zinc-finger encoding gene in response to
positive versus negative signalling through receptor immuno-

globulin in murine B lymphocytes. Mol. Cell. Biol. 9:2083.

6. Klemsz, M.J., L.B. Justment, E. Palmer, and J.C. Cambier.
1989. Induction of c-fos and c-myc expression during B cell
activation by IL-4 and immunoglobulin binding ligands. J. Im-
munol. 143:1032.

7. Snow, E.C., J.D. Fetherston, and S. Zimmer. 1989. Induction
of the c-myc proto-oncogene after binding to hapten-specific
B cells. J. Exp Med. 164:944,

8. Gold, M.R., D.A. Law, and A.L. DeFranco. 1990. Stimula-
tion of protein tyrosine phosphorylation by the B-lymphocyte
antigen receptor. Nature (Lond.). 345:810.

9. Campbell, M.-A., and BM. Sefton. 1990. Protein tyrosine
phosphorylation is induced in murine B lymphocytes in re-
sponse to stimulation with anti-immunoglobulin. EMBO (Eur.
Mol. Biol. Organ.) J. 9:2125.

1108 Antigen-specific Signals Require COOH Terminus of Membrane IgM



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Gold, M., L. Matsuchi, R.B. Kelly, and A.L. DeFranco. 1991.
Tyrosine phosphorylation of components of the B-cell antigen
receptors following receptor crosslinking. Proc. Natl. Acad. Sci.
USA. 88:3436.

Germain, R.N, 1986. The ins and outs of antigen processing
and presentation. Nature (Lond.). 322:687.

Page, D.M., and A.L. Defranco. 1988. Role of phosphoino-
sitide-derived second messengers in mediating anti-IgM-induced
growth arrest of WEHI-231 B lymphoma cells. J. Immunol.
140:3717.

Kishimoto, T. 1985. Factors affecting B-cell growth and
differentiation. Annu. Rev. Immunol. 3:133.

Reth, M., J. Hombach, J. Wienands, K.S. Campbell, N. Chien,
L.B. Justment, and J.C. Cambier. 1991. The B-cell antigen
receptor complex. Immunol. Today. 12:196.

Rogers, J., P. Early, C. Carter, K. Calame, C. Bond, L. Hood,
and R. Wall. 1980. Two mRNAs with different 3’ ends en-
code membrane-bound and secreted forms of immunoglob-
ulin p chain, Cell. 20:303.

Benoist, C., D.J. Mathis, M.R. Kanter, V.E. Williams II, and
H.O. McDevitt. 1983. Regions of allelic hypervariability in
the murine Ao immune response gene. Cell. 34:169.
Webb, C.E., C. Nakai, and PW. Tucker. 1989. Immunoglob-
ulin receptor signalling depends on the carboxyl terminus but
not the heavy-chain class. Proc. Natl. Acad. Sci. USA. 86:1977.
Kim, K.J., C. Kanellopoulos-Langevin, R.M. Merwin, D.H.
Sachs, and R.. Asofsky. 1979. Establishment and characteriza-
tion of BALB/c lymphoma lines with B cell properties. J. Im-
munol. 122:549.

Bishop, G.A., and G. Haughton. 1986. Induced differentia-
tion of a transformed clone of Ly-1* B cells by clonal T cells
and antigen. Proc. Natl. Acad. Sci. USA. 83:7410.

Chu, G., H. Hayakawa, and P. Berg. 1987. Electroporation
for the efficient transfection of mammalian cells with DNA,
Nucleic Acids. Res. 15:1311.

Guise, JW., PL. Lim, D. Yuan, and PW. Tucker. 1988. Alter-
native expression of secreted and membrane forms of immu-
noglobulin g-chain is regulated by transcriptional termination
in stable plasmacytoma transfectants. J. Immunol. 140:3988.
Ben-Nun, A., E. Choi, K.R. Mclntyre, S.A. Leeman, DJ.
Mckean, J.G. Seidman, and L.H. Glimcher. 1985. DNA-
mediated transfer of major histocompatibility class II I-A® and
I-Abm12 genes into B lymphoma cells: molecular and func-
tional analysis of introduced antigens. J. Immunol. 135:1456.
Kearney, J.F., R. Barletta, Z.A. Quan, and J. Quintas. 1981.
Monoclonal vs. heterogenous anti-H-8 antibodies in the anal-
ysis of the anti-phosphorylcholine response in BALB/c mice.
Eur. J. Immunol. 11:877.

Wittner, K., M.A. Bach, and H. Kohler. 1982. Immune re-
sponse to phosphorylcholine. IX. Characterization of hy-
bridoma, anti‘TEPC15 antibodies. J. Immunol. 128:595.
Davis, L.S., M.C. Wacholtz, and P.E. Lipsky. 1989. The in-
duction of T cell unresponsiveness by rapidly modulating CD3.
J. Immunol. 142:1084.

Maniatis, T., E.F. Fritsch, and J. Sambrook. 1982. Molecular
Cloning: A Laboratory Manual. Cold Spring Harbor Labora-
tory, Cold Spring Harbor, NY. 194 pp.

Huru, B.A.L., and S.M. Chantler. 1980. Production of reagent
antibodies. Methods Enzymol. 70:104.

Drake, J.R., E.A. Repasky, and R.B. Bankert. 1989. Endocy-

1109 Parikh et al.

29.

30.

31.

32.
. Berridge, M.J., P.H. Cobbold, and K.S.R. Cuthbertson. 1988.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

tosis of antigen, anti-idiotype and anti-immunoglobulin anti-
bodies and receptor re-expression by murine B cells. J. Immunol.
143:1768.

Antoine, J.-C., and S. Avrameas. 1974. Surface immunoglob-
ulin of rat immunocytes: quantitation and fate of cell-bound
peroxidase-labelled antibody and Fab fragment. Eur. J. Immunol.
4:468.

Granger, BL., E.R. Repasky, and E. Lazarides. 1980. Synemin
and vimentin are associated with desmin and vimentin fila-
ments in muscles. Cell. 22:727.

Graham, R.C., and M.J. Karnovsky. 1965. Cytochemical
demonstration of peroxidase activity with 3-amino-9 ethyl car-
bozole. J. Histochem. Cytochem. 13:150.

Sommer, J.R. 1977. To cationize glass. J. Cell Biol. 75:745.

Spatial and temporal aspects of cell signalling. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 320:325.

Castagna, M., Y. Takai, K. Kaibuchi, K. Sano, U. Kikkawa,
and Y. Nishizuka. 1982. Direct activation of calcium-activated,
phospholipid dependent protein kinase by tumor-promoting
phorbol esters. J. Biol. Chem. 257:7847.

Salisbury, J.L., ].S. Condeelis, P. Satire. 1980. Role of coated
vesicles, microfilaments, and calmodulin in receptor mediated
endocytosis by cultured B lymphoblastoid cells. J. Cell Biol.
87:132.

Geiser, J.R., D. van Tuinen, S.E. Brocker, M.M. Neff, and
T.N. Davis. 1991. Can calmodulin function without binding
calcium? Cell. 65:949.

Greenlee, DV, T.J. Andreasen, and D.R. Storm. 1982. Cal-
cium independent stimulation of Bordetella pertussis adenylate
cyclase by calmodulin. Biochemistry. 21:2759.

Conzelman, K.A., and M.S. Mooseker. 1987. The 110-kD pro-
tein calmodulin complex of the intestinal microvillus is an actin
activated MgATPase. J. Cell Biol. 105:313.

Shaw, AC., R.N. Mitchell, YK. Weaver, J. Campos-Torres,
AK. Abbas, and P. Leder. 1990. Mutations of immunoglob-
ulin transmembrane and cytoplasmic domains: effect on intra-
cellular signalling and antigen presentation. Cell. 63:381.
Runkel, L., P.E. Shaw, R.E. Herrera, R.A. Hipskind, and A.
Nordheim. 1991. Multiple basal promoter elements determine
the level of human c-fos transcription. Mol. Cell. Biol. 11:1270.
Wilson, T., and R. Treisman. 1988. Removal of poly(A) and
consequent degradation of c-fos mMRNA facilitated by 3' AU-
rich sequences. Nature (Lond.). 336:396.

Hombach, J., T. Takeshi, L. Leclercq, H. Stappert, and M.
Reth. 1990. Molecular components of the B-cell antigen
receptor complex of the IgM class. Nature (Lond.). 343:760.
Chen, J., A.M. Stall, L.A. Herzenberg, and L.A. Herzenberg.
1990. Differences in glycoprotein complexes associated with
IgM and IgD on normal murine B cells potentially enable trans-
duction of different signals. EMBO (Eur. Mol. Biol. Organ.) J.
9:2117.

Campbell, K.S., and J.C. Cambier. 1990. B lymphocyte an-
tigen receptors (mlg) are non-covalently associated with a
disulfide linked, inducibly phosphorylated glycoprotein com-
plex. EMBO (Eur. Mol. Biol. Organ.) J. 9:441.

Yamanashi, Y., T. Kakiuchi, J. Mizuguchi, T. Yamamoto, and
K. Toyoshima. 1991. Association of B cell antigen receptor with
protein tyrosine kinase Lyn. Nature (Lond.). 251:192.



