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Summary 
Immature and mature B cells differ in the signals generated and transduced through their antigen 
receptor, surface immunoglobulin M (slgM). Whereas signals generated through slgM on mature 
B cells initiate a program leading to the positive activation of these cells, signaling through this 
receptor at the immature stage of development leads to a state of induced unresponsiveness or 
tolerance. Our previous studies have described developmental differences in slgM transmembrane 
signaling that are independent of ligand-receptor affinity. In an attempt to understand the molecular 
basis for signaling differences between immature and mature B cells, we have analyzed the slgM 
receptor complex in neonatal and adult mouse splenic B cells. While previously described components 
of this complex do not exhibit marked developmentally regulated differences in their association 
with slgM, we have identified a 56-kD protein that associates with slgM in mature (antigen- 
responsive), but not immature (tolerance-sensitive) B cells. This protein (p56) associates with 
slgM as a homodimer, is constitutively phosphorylated on tyrosine, and is coimmunoprecipitated 
with IgM but not IgD. The observed inability to iodinate p56 suggests it is an intracellular 
component of the receptor complex. Based upon its migration in one- and two-dimensional 
gel electrophoresis we show, however, that p56 is distinct from the blk, lyn, or fyn src family 
kinases that have been shown to be associated with slgM in mature B cells. The developmentally 
regulated participation of p56 in the B cell antigen receptor complex suggests a role in the differential 
signaling mediated via slgM on immature and mature B cells. 

B lymphocytes at different stages of maturation undergo 
different responses to antigen receptor engagement (1, 

2). In contrast to the response of mature B cells to receptor 
crosslinking, immature B cells are not activated to proliferate 
or secrete antibody in response to such stimulation, but rather 
are rendered nonresponsive to future antigenic stimulation 
(2-5). We have, through previous work, established that regu- 
lation of responsiveness in immature (surface [s]llgM +, 
slgD-) B cells occurs at two levels: (a) silencing of a crit- 
ical activation-associated gene (egr-1) (6); and (b) uncoupling 
of slgM from phosphatidylinositol (PI) hydrolysis (5). Our 
studies have suggested that silencing of egr-1 induction charac- 
terizes only early stage immature B cells (7), while all popu- 
lations of immature B cells manifest the transmembrane sig- 
naling defect. Indeed, this membrane-associated signaling 
difference appears to be the primary mechanism accounting 
for the unresponsiveness of neonatal splenic B cells to anti-/~ 
antibody stimulation (5). 

1 Abbreviations used in this paper: IEF, isoelectric focusing; NRS, normal 
rabbit sera; PI, phosphatidylinositol; slg, surface Ig. 

The molecular basis for the membrane-associated signaling 
defect is as yet undefined. Our previous studies (5) are con- 
sistent with the defect residing upstream of G protein-coupled 
phospholipase C, implicating slgM-associated signaling mol- 
ecules analogous to the TCR-CD3 complex. To date, several 
proteins have been shown to be associated with the B cell 
antigen receptor. These include a 28-30 kD protein (8, 9), 
and more recently, three disulfide bonded proteins, migrating 
in reducing SDS-PAGE gels with molecular masses corre- 
sponding to 32, 34, and 38 kD (10-14). Currently named 
Igor, Ig/~, and Ig~, respectively, these proteins maintain weak 
noncovalent associations with the antigen receptor, as evi- 
denced by the fact that the associations are stable in digitonin, 
but not in NP-40 detergent. Although it appears likely that 
these molecules may play a role in coupling slgM to signal 
transduction machinery, it is possible that they might not 
themselves possess intrinsic signaling capabilities. Indeed, it 
has been shown that Igor and IgM coexpression alone does 
not constitute a receptor capable of transducing activation 
signals (10). 

Given the differences in slgM transmembrane signaling in 
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immature and mature B cells, we have undertaken studies 
to identify molecule(s) that manifest differential association 
with slgM at these critical stages of B cell development. In 
the studies reported here, we fail to observe differences in 
the slgM receptor complex between immature and mature 
B cells with respect to the proteins described above. Rather, 
we have observed a 56 kD IgM-associated protein whose par- 
ticipation in the receptor complex is developmentally regu- 
lated and correlates with developmentally associated signaling 
differences. The potential role of this protein in determining 
the signaling characteristics of immature B cells and its rela- 
tionship to other slgM-associated proteins is discussed. 

Materials and Methods 

M/cA Mice used in all experiments were BALB/c, obtained orig- 
inally from The Jackson Laboratory (Bar Harbor, ME), then bred 
and maintained in our colony. 

Reagents. Rabbit anti-mouse # chain was produced in rabbits 
by injection of the purified product of the H013.4.9 hybridoma 
(11) in CFA, followed by subsequent immunizations using the 
8792.6 hybridoma (12) product in saline. Antisera were adsorbed 
using normal mouse IgG-scpharose to remove L chain activity, and 
affinity purified on IgM-coupled Sepharose. Rabbit anti-mouse Fab 
fragment antibody was kindly provided by Dr. M. Cancro (Univer- 
sity of Pennsylvania, School of Medicine, Department of Pathology, 
Philadelphia, PA). Goat anti-mouse # chain affanity-purified anti- 
body was obtained from Sigma Chemical Corp. (St. Louis, MO). 
Goat anti-mouse # chain F(ab')z fragments were obtained from 
Chemicon (Temecula, CA). Rabbit anti-~ affinity-purified poly- 
clonal antibody was kindly provided by R.. Woodland (University 
of Massachusetts, Worcester, MA). Anti-class I H-2DaK a antibody 
was ammonium sulfate cut of 34-1-2S hybridoma supernatant 
(American Type Culture Collection, Rockville, MD). Rabbit an- 
tiphosphotyrosine antibody was kindly provided by Dr. J. Casnellie 
(University of Rochester, Rochester, NY), and was prepared as pre- 
viously described (13). Protein A-Sepharose was obtained from Sigma 
Chemical Co. Rabbit antibodies to blk, lyn, and fyn were kindly 
provided by Dr. J. Bolen (Bristol-Myers Squibb Research Institute, 
Princeton, NJ) (14). 

Preparation ofSlolenic B Cells. Adult mice were killed by cer- 
vical dislocation and neonatal mice (pooled litters g4 d of age) were 
killed by decapitation. Mature splenic B lymphocytes were then 
isolated from adult mice (I>6 wk of age), and purified as previ- 
ously described (15). The neonatal splenic B cell preparations were 
depleted of any mature B lymphocytes by treatment with anti-8 
antibodies and complement. 

Panning for slgM § Cells. Enrichment for slgM + neonatal 
splenic B cells was performed exactly as previously described (5). 

Metabolic Labeling with ~SS]Methionine-Cystein~ Purified splenic 
B cells were resuspended in methionine/75% cysteine-free RPMI 
(Selectamine; Gibco, Gaithersburg, MD) at 1-2 x 107 cells/ml 
with 100 #Ci/ml (Express ~ss Labeling kit; New England Nuclear, 
Boston, MA) for 4 h at 37~ Cells were then washed and 
resuspended at 107 ceUs/100 #1 and lysed for 10 rain on ice in 10 
mM Tris pH 8, 1% NP-40 detergent with freshly added 2 mM 
PMSF and 8 mM iodoacetamide, plus a cocktail of protease inhibi- 
tors. Lysate was spun at 14,000 rpm for 10 min, and supernatant 
was harvested for immunoprecipitation. 

Su~ace Labeling with Na-~ZsI. Purified splenic B cells (>107) 
were washed twice with ice-cold PBS, then resuspended in 100 

#1 PBS, with the addition of 30 #1 lactoperoxidase, 10 #1 Na-12sI 
(1 #Ci, Amersham, Arlington, Heights, IL), and 10 #1 0.5% 
H202. The cells were incubated at room temperature and mixed 
every min for 5 min. 15 #1 of H202 was added, and the cells were 
mixed every minute for 10 min, then 20 #1 of H202 was added 
and the cells were mixed every minute for 15 min. The cells were 
then washed three times with cold PBS and lysed as with meta- 
bolic labeling. 

Immunoprecipitation of Labeled Proteins. Lysates were precleared 
with protein A-Sepharose overnight at 4~ 5-50 #1 of either 
affinity-purified or ammonium sulfate-cut antibody was then added 
to 50 #1 labeled cell lysate, and samples were incubated on ice for 
90 rain at which time 10 #1 protein A-Sepharose was added to each 
tube. Samples were rotated for 30 min at 4~ then washed four 
times with lysis buffer. PeLlets were resuspended in 2 x reducing 
or nonreducing sample buffer and analyzed by SDS-PAGE. Gels 
were fixed and soaked in Amplify (Amersham) before analysis by 
autoradiography. 

Tu.~imensional Nonreducing-reducing SDS-PAGE Analysis. After 
immunoprecipitation, samples were resuspended in 2 x nonreducing 
SDS-PAGE sample buffer, with the addition of 10 #1 of prestained 
protein standards (Bethesda Research Laboratories, Gaithersburg, 
MD), then analyzed on a 7.5-15% gradient gel. Lanes were then 
excised, incubated for 30 rain in 2 x reducing sample buffer, then 
laid across the stack of a 10% gel and analyzed as above. 

Two-dimensional Isoelectric Focusing (IEF) Gel Analysis of Labeled 
Proteins. After immunoprecipitation, pellets were resuspended in 
IEF sample concentrate (9 M urea, 0.1% fl-ME, 0.8% Bio-Lyte 
5/7, and 0.2% Bio-Lyte 3/10; Bio-Rad Laboratories, Richmond, 
CA), then analysis on tube gds by IEF was carried out at 400-V 
constant voltage for 12-15 h, followed by 2 h at 800 V-constant 
voltage. After the run, gds were expelled, at which time they were 
incubated for 30 rain in 2 x reducing SDS-PAGE sample buffer. 
Tubes were laid across the stack of a slab gel and electrophoresed 
as in the one-dimensional SDS-PAGE analyses. Position of 14C- 
labeled markers in the second dimension was as indicated. 

Immune Complex Kinase Assay. Cells were stimulated as indi- 
cated, then lysed for 10 min on ice in 10 mM Tris, pH 7.6, 50 
mM NaC1, 30 mM sodium pyrophosphate, 50 mM NaF, and 1% 
NP-40 detergent with freshly added 2 mM PMSF, 100 #M sodium 
orthovanadate, and 8 mM iodoacetamide, plus a cocktail of pro- 
tease inhibitors. Lysates were incubated at 4~ for 1 h with 2.5 
/~1 of the appropriate antisera, and then rotated for an additional 
30 rain with protein A-Sepharose. Samples were washed twice with 
lysis buffer, then once with 10 mM "Iris, pH 7.0, 100 mM NaC1, 
and sodium orthovanadate. Pellets were resuspended in kinase reac- 
tion buffer (20 mM Hepes, pH 7.0, 10 mM MnCI2), mixed with 
10 #CiAample of "y[32p]ATP (New England Nuclear) and in- 
cubated for 15 min at room temperature. Samples were then washed 
with ice-cold lysis buffer, resuspended in nonreducing SDS-PAGE 
sample buffer, and analyzed by two-dimensional nonreducing- 
reducing SDS-PAGE. Gels were treated with 1 M KOH for 1 h 
at 56~ to cleave all serine/threonine-bound phosphate groups be- 
fore analysis by autoradiography. 

Results 
The 28-, 32-, 34-, and 38-kD Components of the Mature B 

Cell slgM Receptor Complex Are also lgM-associated in Imma- 
ture B Cells. Potential differences in the sIgM receptor com- 
plex in immature and mature B calls were evaluated with 
regard to previously identified IgM-associated proteins. Ira- 
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Figure 1. Coprecipitation of slgM with four protein 
species in both immature and mature splenic B cells. (,4) 
3sS-labeled proteins from 1% digitonin-lysed immature 
splenic B cells were immunoprecipitated using either rabbit 
anti-/, antibodies or normal rabbit sera (NRS) followed 
by the addition of Protein A-Sepharose. Samples were ana- 
lyzed by reducing SDS-PAGE using a 10% gel. (B and 
C) 3sS-labeled proteins from 1% digitonin-lysed imma- 
ture (/3) or mature (C) splenic B cells were immunopre- 
cipitated using rabbit anti-/z chain antibodies, then ana- 
lyzed by nonreducing SDS-PAGE. Arrows point to protein 
species corresponding to those designated in A. 

mature (day 4 neonatal) or mature (6 wk) splenic B cells were 
labeled with [3SS]methionine-cysteine, and then solubilized 
in lysis buffer containing 1% digitonin detergent. Although 
prior studies have primarily used 32p (16) or cell surface 
labeling (9, 17-19) to visualize slg-associated proteins in non- 
transformed B cells, we reasoned that the use of metabolic 
labeling would enable visualization of a broader range of 
receptor-associated components. The labeled lysates were im- 
munoprecipitated using polyclonal anti-/~ antibodies, and the 
resulting complexes analyzed using SDS-PAGE. Shown in 
Fig. 1 are one- and two-dimensional SDS-PAGE analyses of 
IgM-associated proteins from immature and mature B cells. 
We observed four specific proteins coprecipitating with IgM 
from immature B cells (Fig. 1 A) that migrated with molec- 
ular weights consistent with four previously described receptor- 
associated proteins in mature B cells (8, 16, 19-21). The un- 
designated band at the bottom of the gel represents the slgM- 
associated L chains. 

A comparison of immature and mature B cells with re- 
spect to these proteins was accomplished by nonreducing/ 
reducing SDS-PAGE. Each of the proteins visualized in Fig. 
1 A was identified (1-4; 38, 34, 32, and 28 kD, respectively). 
It is important that each protein species was associated with 
IgM in both immature (Fig. 1 B) and mature (Fig. 1 C) B 
cells. In addition, these proteins migrate to positions below 
the diagonal, indicating their participation in reducible covalent 
associations, as previously reported (16, 21). Finally, the labeling 
intensities of the 34- (no. 2) and the 28-kD (no. 4) proteins 
were relatively increased in immature versus mature B cells. 
Although this is a reproducible finding, we do not know 
whether this reflects true stoichiometric differences or differ- 

ences in the turnover rates of these proteins in immature and 
mature B cells. 

Differential Association between IgM and a 56-kD Protein Dis- 
tinguishes the Mature and Immature B Cell Populations. Al- 
though no qualitative differences were observed between im- 
mature and mature B cells with respect to the association 
of IgM with the 28-, 32-, 34-, and 38-kD components of 
the receptor complex, these analyses revealed a differential 
association between IgM and a protein migrating with a rel- 
ative molecular mass of 56 kD (Fig. 2). 3sS-labeled mature 
and immature B cells were solubilized in lysis buffer con- 
taining 1% NP-40. Precleared lysates were immunoprecipi- 
tated with rabbit anti-# or normal rabbit serum and protein 
A-Sepharose, and analyzed by SDS-PAGE (Fig. 2). A protein 
migrating with an apparent molecular mass of 56 kD (p56) 
coprecipitated with IgM in the mature, but not the imma- 
ture B cells. These gels were intentionally overexposed to max- 
imize our ability to detect a p56 association in the immature 
B cells. However, p56 was not found in IgM precipitates from 
immature cells. 

Coprecipitation of p56 and IgM in 1% NP-40 suggests 
a relatively strong association between these molecules in ma- 
ture cells. The lack of an association in the immature B cells 
was not due to the use of this relatively strong detergent, 
as identical results were obtained using 1% digitonin (not 
shown). We have, therefore, relied on NP-40 lysis conditions 
(unless stated otherwise) for our subsequent studies of p56 
because immunoprecipitations were much cleaner under these 
conditions. 

Studies shown in Fig. 3 demonstrate that coprecipitation 
of p56 is specific to Ig, as no association was detected in im- 
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Figure 2. Association between 
slgM and a 56-kD protein distin- 
guishes the mature and immature 
B cell populations. Mature or im- 
mature splenic B cells were labeled 
with [3SS]methionine-cysteine and 
lysed in 1% NP-40 detergent. La- 
baled proteins were immunoprecip- 
itated using NRS or rabbit anti-/~ 
antibodies, and were then analyzed 
by SDS-PAGE under reducing con- 
ditions as in Fig. 1. Molecular 
weights were then calculated rela- 
tive to 14C-labeled protein stan- 
dards (New England Nuclear, 
Boston, MA). 

munoprecipitates from normal rabbit serum, normal rabbit 
Ig, anti-dass I antibodies, or with anti-FcR3~ or anti-class 
II antibodies (not shown). Coprecipitation of IgM and p56 
is mouse strain-independent (Fig. 3 a) and was observed using 
two other affinity-purified polyclonal antibody preparations, 
goat anti-mouse # and rabbit anti-mouse Pab (Fig. 3 b). 

to56 Is Specifically Associated with IgM but Not IgD As 
shown in Fig. 4, both rabbit anti-~ antibodies and anti-Fab 
antibodies immunoprecipitate IgD, with the 12sI- and 3sS- 
labeled ~ protein migrating at 67 kD under reducing condi- 
tions. However, 3sS-labded p56 was only observed in pre- 
cipitations using the anti-# and anti-Fab reagents. These results 
indicate that p56 specifically associates with IgM. In addi- 
tion to the observed differences in p56 association with IgM 
and IgD, the results in Fig. 4 also demonstrate our repeated 
inability to iodinate p56, despite ef~cient 12SI-labeling of/z 
or/~ chain. These results suggest limited or no expression 
of this protein on the cell surface, or a lack of exposed tyro- 
sine residues. 

p56 Migrates as a Dimer under Nonreducing Conditions. 
Analysis of anti-#-predpitated proteins under nonreducing 
conditions failed to resolve a 56-kD protein (Fig. 5 A), but 
instead yielded two major bands migrating at ~114 and 
180-220 kD. The larger band represents assembled Ig mole- 
cules (H2L2). The loss of the 56-kD band, coinciding with 
the appearance of a 114-kD band, suggests that p56 may exist 
and associate with IgM as a disulfide-hnked homodimer. This 
interpretation was confirmed by analyzing these complexes 

Figure 3. Specificity of the slgM-p56 
association. (a) 3sS-labeled proteins 
from 1% NP-40 lysed mature splenic 
B cells from either BALB/c or C57B1/6 
(B6) mice were immunoprecipitated 
using either NRS, rabbit anti-/~ anti- 
body (anti-/~) or anti-class I antibody 
(saturated ammonium sulfate cut of 34- 
1-2S, H-2DaKd-specific; American 
Type Culture Collection) followed by 
addition of Protein A-Sepharose. 
Samples were analyzed by reducing 
SDS-PAGE using a 10% gel. (b) 
3sS-labeled proteins from mature 
splenic B cells from BALB/c mice were 
immunoprecipitated using normal 
rabbit immunoglobulin (NRIg) (Pro- 
tein A-Sepharose purified), goat anti- 
#, rabbit anti-Fab, or rabbit anti-g, an- 
tibody preparations, then analyzed as 
above. The positions of 14C-labeled 
protein standards were as indicated. 
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Figure 4. p56 associates specifically with sIgM and not sIgD. Mature 
splenic B cells were either metabolically labeled with 3sS or surface la- 
beled with lZSI, lysed in 1% NP-40, and then subjected to immunopre- 
cipitation using NRS, rabbit anti-Fab, rabbit anti-# or rabbit anti-/~ anti- 
bodies. Samples were then analyzed by reducing SDS-PAGE on a 10% gel. 

on two-dimensional nonreducing-reducing SDS-PAGE gels 
(Fig. 5 B). Under these conditions, p56 migrates to a posi- 
tion below the diagonal with a nonreduced apparent molec- 
ular mass of m110-120 kD and a reduced molecular mass 
of 56 kD. Immature B cells are also shown in Fig. 5 C for 

comparison to reconfirm the absence of the p56-IgM as- 
sociation. 

Coprecipitation of lgM and p56 Using Phosphotyrosine-speci.fic 
Antibodies. Phosphorylation at tyrosine characterizes several 
members of the sIgM receptor complex (22, 23). Addition- 
ally, we have previously observed a 56-kD plasma-mem- 
brane-associated protein in B cells that is phosphorylated in 
unstimulated B cells (24). The sIgM-associated p56 mole- 
cule was evaluated for tyrosine phosphorylation by immuno- 
precipitation of ~sS-labeled B cells using antiphosphotyrosine 
antibody (anti-tyrP). Shown in Fig. 6, both anti-# and anti- 
tyrP precipitated a 35S-labeled 56-kD protein. Because no 
evidence exists to support tyrosine phosphorylation of IgM 
under these conditions, the immunoprecipitation of p56 by 
anti-tyrP suggests that this protein is phosphorylated in un- 
stimulated B cells. More importantly, the observation that 
anti-tyrP also precipitated the 72-kD/z chain" confirms an 
association between p56 and IgM. 

To ensure that we were immunoprecipitating the same pro- 
tein using either anti-/~ or antiphosphotyrosine antibody, we 
analyzed the immunoprecipitates by two-dimensional IEF and 
SDS-PAGE. Shown in Fig. 7, p56 migrates as a series of pro- 
teins (highlighted region) that differ in their isodectric points. 
This heterogeneity could be due to differences in levels of 
phosphorylation or glycosylation. It is important that the 
protein patterns were identical in both the antiphosphotyro- 
sine and anti-# immunoprecipitates. Furthermore, the 72- 
kD proteins precipitated by anti-tyrP correspond to the het- 
erogeneous/z chains detected after anti-/z immunoprecipita- 
tion. In addition, the anti-tyrP antibody immunoprecipitated 

Figure 5. Two-dimensional, nonreducing- 
reducing analysis of IgM-coprecipitated p56. 
(A) Mature splenic B cell proteins were meta- 
bolically labeled, lysed using 1% digitonin, im- 
munoprecipitated using either NRS or anti-/z 
antibody, and then analyzed under reducing (R) 
or nonreducing (NR) SDS-PAGE conditions. 
(B) Mature or (C) immature splenic B cell 
anti-~t antibody immunoprecipitated material 
was analyzed by two-dimensional nonredudng- 
reducing gels. The first dimension was per- 
formed under nonreducing conditions using a 
7.5-15% gradient gel. The second dimension 
was performed on a 10% gel. The positions 
of protein molecular weight standards under 
each condition were as indicated along each axis. 
Approximately 5 x 10 7 cell equivalents were 
used per gel for this analysis. 
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Figure 6. Coprecipitation of 
IgM and p56 using antiphospho- 
tyrosine antibodies. 3sS-labeled 
proteins from NP-40-1ysed mature 
splenic B cells were immunopre- 
cipitated using NRS, rabbit anti- 
# chain, or rabbit anti- 
phosphotyrosine (anti-Tyr-P) an- 
tibodies, then analyzed on a 10% 
SDS-PAGE gel under reducing 
conditions. The associated Ig L 
chain, migrating at ~23 kD, has 
been cut off in this figure. 

a number of proteins not observed in the anti-# precipitates, 
indicating, not surprisingly, a number of phosphoproteins 
not associated with IgM in unstimulated B cells. The promi- 
nent protein migrating at 46 kD in these gels is a common 
contaminant in our system. 

These results are important primarily because they confirm 
an association between p56 and/~ chain, and secondarily, be- 
cause they suggest tyrosine kinase-mediated modification of 
the p56 protein in unstimulated cells. However, in the latter 
case we cannot unequivocally state that the precipitation of 
p56 by antiphosphotyrosine antibody is not indirectly medi- 
ated (i.e., via an associated tyrosine phosphoprotein inter- 
mediate). Studies are currently underway to analyze the effects 
of slgM crosslinking on the phosphorylation state of this 
protein. 

1o56 Is Distinct from the bile, fin, lck, and lin src-family Kinases. 
Several characteristics of p56 are consistent with a relation- 
ship to one of a number of src-related tyrosine kinases known 

to be preferentially expressed in lymphoid cells (25, 26). Its 
apparent molecular weight is similar to the blk, lyn, and fyn 
kinases, all of which are expressed in B cells (25, 26), and 
which have been suggested to be associated with slgM (14, 
27). Furthermore, the inability to iodinate p56 suggests an 
intracellular localization. To address the relationship between 
p56 and these tyrosine kinases, we compared their behavior 
in SDS-PAGE under reducing and nonreducing conditions, 
conditions which we have used here to characterize p56. To 
evaluate differences between p56 .~nd p56-blk, immature, and 
mature B cells were labeled with 3SS-methionine, solubilized 
with 1% NP-40, and immunoprecipitated with anti-# or anti- 
blk antibodies (Fig. 8 A). As we have already established, 
p56 was observed only in the mature B cells, primarily in 
the anti-/~ immunoprecipitates. However, the possibility of 
faint expression in the anti-blk immunoprecipitates is sug- 
gested in this experiment. In contrast, blk expression was 
observed in both the immature and mature B cells. Further- 
more, its migration was slower than that of p56, consistent 
with a relative molecular mass of 58 kD in our gel system. 
This band corresponding to blk was not observed in the anti-# 
immunoprecipitations in which p56 was detected. Thus, based 
upon relative migration by one-dimensional SDS-PAGE, p56 
and blk are distinct proteins. 

p56 and blk were further distinguished by two-dimensional 
SDS-PAGE. p56 runs below the diagonal on two-dimensional 
nonreducing-reducing gels (shown in Fig. 5 B). In contrast, 
blk runs on the diagonal under these conditions (Fig. 8 B). 
In this study, blk was immunoprecipitated by anti-blk and 
then incubated with "y[32P]ATP to allow labeling by auto- 
phosphorylation (14). This approach allows greater specific 
activity in the labeling and, therefore, greater sensitivity in 
the detection of these kinases. Two prominent proteins were 
observed in the molecular weight range of blk. Both were 
on the diagonal, the higher molecular weight form we be- 
lieve to be blk based upon itsposition in the one-dimensional 

Figure 7. Two-dimensional IEF analysis of p56 precipitated by either anti-/.t or antiphosphotyrosine antibodies. 3sS-labeled proteins from NP-40-lysed 
mature splenic B cells were immunoprecipitated using either rabbit anti-/z or rabbit anti-TyrP antibodies, then analyzed first by IEF using tube gels, 
followed by reducing SDS-PAGE on a 10% gel. 
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Figure 8. One- and two-dimensional gel analysis of p56, blk, and fyn. (A) 3sS-labeled proteins from 1% NP-40-lysed immature or mature splenic 
B cells were immunoprecipitated using either NKS, rabbit anti-# or rabbit anti-blk antibody, then analyzed by SDS-PAGE on a 10% gel. (B) Mature 
splenic B cells were stimulated with 10/zg/ml goat anti-/~ F(ab')2 antibody for 2 rain. Lysates were immunoprecipitated using either rabbit anti-blk 
or rabbit anti-fyn antisera. Immune complex kinase reactions were carried out, and samples were then analyzed by two-dimensional nonreducing-reducing 
SDS-PAGE. 

gel system (Fig. 8 A) and published reports where two bands 
were also observed using this antibody (14). It is interesting 
that a faint spot with an apparent reduced molecular weight 
intermediate between these proteins was detected below the 
diagonal, in the region where p56 is usually observed. The 
possibility exists that this protein may be p56 in its phos- 
phorylated form, suggesting that p56, although distinct from 
blk, may be able to noncovalently associate with this kinase. 
This possibility is consistent with, our analysis of Fig. 8 A, 
in which we observe a small amount of a protein comigrating 
with p56 in anti-blk from mature but not immature B cells. 

Differences in electrophoretic mobility also argue against 
the possibility that p56 may be either the fyn or lyn src-family 
kinases. For these studies, the in vitro kinase assay was used 
exclusively because neither fyn nor lyn labels ef~ciently with 
[3SS]methionine in the primary B cells (A. Yellen-Shaw, un- 
published observations; this characteristic also distinguishes 
these proteins from p56). Immunoprecipitation using anti- 
fyn antibody showed that like blk, fyn also migrates on the 
diagonal (Fig. 8 B), and is therefore, quite distinct from p56. 
In contrast to blk, the off diagonal spot in the p56 region 
was not observed in the fyn or lyn (not shown) immunopre- 
cipitation. Previous studies (27) have shown that lyn from 
murine B cells migrates at '~56 kD under both reducing and 
noureducing conditions, which is again inconsistent with the 
pattern of p56 migration. Consistent with this published re- 
port, we also observe lyn to migrate on the diagonal in our 
gel system and have, therefore, not shown these data here. 

Finally, recent studies of Campbell and Sefton (34) have 

shown p561ok to be associated with IsM in murine splenic 
B calls. In our hands, lck is either not expressed in B cells 
or does not labd well with [3ss] methionine. Furthermore, 
p56 and p56 ~k migrate differently under nonreducing con- 
ditions; lck migrating at 56 kD (Campbell, M.-A. and B. M. 
Sefton, personal communication). As such, we believe p56 
and these src-family kinases to be distinct members of the 
receptor IgM complex. 

Discussion 

Our previous studies comparing sIgM-linked signaling in 
mature and immature B cells suggested that developmentally 
regulated expression and/or function of receptor-associated 
components may play a key role in determining responsive- 
ness to antigenic stimulation at different stages of develop- 
ment (5). Our studies reported here have established that four 
previously described members of the slgM receptor complex 
are not developmentally regulated with respect to their IgM 
association, although qualitative differences may exist. These 
results suggest that these proteins are not involved in the 
differential signaling associated with slgM on immature and 
mature B cells, although we cannot formally rule out de- 
velopmentally regulated functional differences in these pro- 
teins. We have, however, identified a novel/z-associated pro- 
tein, p56, which manifests the developmentally regulated 
expression, or association with/z, that correlates with anti- 
genic responsiveness. 

As yet, we have no direct evidence that p56 plays a role 
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in IgM signal transduction. However, the developmental regu- 
lation of the p56-IgM association is provocative, as it may 
provide a molecular explanation for differential signaling in 
mature and immature B cells. If p56 is directly involved in 
the transduction of slgM-generated signals, it may act to couple 
the receptor to transducing molecules, such as G proteins 
(28-30), or tyrosine kinases (14, 27). In this respect, the poten- 
tial of an association between p56 and blk is intriguing and 
remains an area of investigation. Alternatively, p56 could it- 
self manifest the enzymatic activity associated with one of 
these transducers, by, for example, having its own intrinsic 
tyrosine kinase activity. We have explored the possibility that 
p56 represents one of the src-family tyrosine kinases that have 
been previously shown associated with the B cell antigen 
receptor (blk, fyn, lck, and lyn). However, SDS-PAGE anal- 
ysis strongly argues against this possibility but rather, allows 
us to conclude that p56 is distinct from these other members 
of the slgM receptor complex. Therefore, p56 appears to rep- 
resent a novel member of the B cell antigen receptor com- 
plex. The interplay between p56, blk, fyn, lck, lyn, GTP- 
binding proteins, as well as the other proteins associated with 
this increasing complex receptor remains to be established. 

We have also considered the possibility that p56 may be 
related to the 56-kD protein that was previously reported 
by Koch and Haustein to be associated with IgM but not 
IgD (17). However, this protein was visualized after iodina- 

tion, using conditions very similar to those that failed to label 
p56 in our studies. Likewise, 125I has been used to detect an 
association between slg and the vitamin D-binding Gc pro- 
tein and a 55-kD myosin-binding protein found to associate 
with slgM in chicken B lymphocytes (31-33). Based upon 
our inability to iodinate p56, and its existence as a homodimer, 
it seems unlikely that p56 is related to these proteins. We 
consider it more likely that we may be visualizing the same 
protein observed by Gold et al. (23), who performed an an- 
tiphosphotyrosine Western blot analysis of anti-mb-1 (IgMol) 
immunoprecipitated material from the WEHI 231 B lym- 
phoma, and observed an inducibly tyrosine phosphorylated 
substrate that migrated as a 54-kD homodimer. However, 
these investigators did not directly analyze anti-IgM-pre- 
cipitated material, nor did they evaluate the developmental 
characteristics of the 54-kD protein in nontransformed B cells. 

Developmentally based differences in slgM signaling re- 
main largely unexplored at the molecular level. The differen- 
tial association of slgM and p56 distinguishes the mature and 
immature B cell populations. The correlation between this 
difference and the observed differences in their slgM-linked 
transmembrane signaling raises the possibility that these 
phenomena may be related. Cloning of p56 followed by ex- 
pression studies of the wild type and mutated protein are 
needed to establish this connection. 
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