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Treatment of B lymphocytes with antibodies to membrane immunoglobulin (Ig) stimulates protein tyrosine
phosphorylation. We have examined the phosphorylation in vitro of proteins associated with membrane Ig. The
Src family protein tyrosine kinases p53/56®", p59°™, and p56"* are associated with membrane Ig in spleen B
cells and B-cell lines and undergo phosphorylation in vitro. The pattern of expression of Src family protein
tyrosine kinases in B cells varied. Our studies suggest that multiple kinases can potentially interact with
membrane Ig and that within any one B-cell type, all of the Src family kinases expressed can be found in
association with membrane Ig. We also observed that the Ig-associated Iga protein, multiple forms of IgB, and
proteins of 100 and 25 kDa were tyrosine phosphorylated in vitro. The 100- and 25-kDa proteins remain

unidentified.

Cross-linking of the B-cell antigen receptor, membrane
immunoglobulin (Ig), with anti-Ig antibodies mimics the
effects of antigenic stimulation (reviewed in reference 7).
Activation of B cells with anti-Ig antibodies rapidly stimu-
lates both protein tyrosine phosphorylation (11, 17) and the
breakdown of phosphatidylinositol bisphosphate, the latter
resulting in activation of protein kinase C and elevation of
cytoplasmic Ca®* (3, 15). The recent findings that phospho-
lipase Cy is tyrosine phosphorylated in response to anti-Ig
stimulation (12) and that inhibitors of protein tyrosine phos-
phorylation inhibit anti-Ig-stimulated Ca®* mobilization (30)
suggest that protein tyrosine phosphorylation is essential for
B-cell activation and operates upstream of inositol phospho-
lipid turnover.

Membrane Ig is physically associated with at least two
other glycoproteins, Iga and IgB (21, 23, 46-48), and these
associated molecules may comprise part of a signal trans-
duction complex. In addition, membrane Ig is associated
with p53/56%™, p56°%*, and p59°™, protein tyrosine kinases of
the Src family (5, 49), and there is evidence to suggest that
these kinases are activated following cross-linking of mem-
brane Ig (5). One or more of these kinases could play a
critical role in B-cell activation.

To study the protein tyrosine kinases involved in B-lym-
phocyte activation, we have examined the phosphorylation
in vitro of proteins associated with membrane Ig. We have
found that, in addition to p53/56®" and p595™, p56'** was
associated with membrane Ig. The pattern of expression of
Src family protein tyrosine kinases in B cells varied. Our
studies suggest that multiple kinases can potentially interact
with membrane Ig and that within any one B-cell type, all of
the Src family kinases expressed can be found in association
with membrane Ig.

MATERIALS AND METHODS

Reagents. Cells were grown in Dulbecco-Vogt modified
Eagle’s medium (Mediatech) supplemented with 50 pM
2-mercaptoethanol, nonessential amino acids (GIBCO), 1
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mM sodium pyruvate (GIBCO), penicillin, streptomycin,
and 10% heat-inactivated fetal bovine serum (HyClone).
Affinity-purified goat anti-mouse IgG was obtained from
Sigma. Affinity-purified rabbit anti-mouse IgG-IgA-IgM was
obtained from Zymed. Goat anti-rat Ig, non-cross-reactive
with mouse Ig, was obtained from GIBCO/BRL. Monoclo-
nal antibodies MKD6 (anti-class II; IA%) (27), 34-1-2S (anti-
class I; K¢, DY), and 30H12 (rat anti-mouse Thy 1.2) (32)
were the generous gift of Bob Hyman. AMS 9.1.1.1 (anti-
mouse 3, a allotype) (42), MAR18.5 (mouse anti-rat k) (31),
and 187.1 (rat anti-mouse «) (50) were obtained from the
American Type Culture Collection. b.7.6 (rat anti-mouse p)
was the generous gift of Michael Julius (25). Monoclonal
antibodies were used as tissue culture supernatant (30H12
and 187.1) or as Ig purified on protein A- or protein G-Seph-
arose (Pharmacia). The murine B-lymphoma line WEHI-231
(4) was obtained from the American Type Culture Collec-
tion, and the hybridoma line LK was the gift of Phillippa
Marrack (27). Rabbit antiserum to a TrpE-p56°* (amino
acids 34 to 150) fusion protein was prepared by Tamara
Hurley (24). Rabbit anti-p56'° peptide (amino acids 39 to 58)
and the competing peptide were the generous gifts of Andrey
Shaw. A rabbit antiserum raised against the C-terminal 10
amino acids of p53/p56%” was the generous gift of Toshiniko
Torigoe and John Reed. Rabbit anti-fyn2 was the generous
gift of Robert Kypta and Sarah Courtneidge. The monoclo-
nal anti-Src antibody, GD11, was the gift of S. Parsons.

Cell preparation. Spleen cells were isolated from female
BALB/c mice (Harlan Sprague-Dawley) at 8 to 10 weeks of
age into medium containing antibiotics and 1% fetal bovine
serum. Erythrocytes were lysed with 0.83% (wt/vol) ammo-
nium chloride. Spleen cell suspensions were depleted of T
cells by incubation with anti-Thy 1.2 (30H12) followed by
incubation with rabbit complement (GIBCO). Splenic B cells
were layered onto 50-60-75% Percoll (Pharmacia) discontin-
uous gradients and centrifuged for 30 min at 600 X g. Small,
dense, resting B cells were recovered from the 60-75%
Percoll interface.

Cell lines were harvested in log phase of growth and
washed once in medium containing 1% fetal bovine serum.

Preparation of cell lysates. Cells were resuspended in
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ice-cold lysis buffer (11) (20 mM Tris-HCI [pH 8.3], 150 mM
NacCl, 200 uM sodium orthovanadate, 2 mM EDTA, 50 mM
NaF) containing 10 mM 3-{(3-cholamidopropyl)dimethyl-
ammonio}-1-propanesulfonate (CHAPS) (Pierce) (14). While
many workers have used digitonin for studies of membrane
Ig-associated molecules (8, 14, 21), we have found that p56'°*
is poorly soluble in this detergent (11a). Studies by Chen et
al. have shown that the interaction between membrane Ig
and associated molecules is stable in both CHAPS and
digitonin (14). Cells were lysed for 20 min on ice, nuclei were
pelleted by centrifugation at 21,000 x g for 30 min, and
detergent-soluble lysates were collected.

Immunoprecipitation. Detergent-soluble cell lysates were
precleared with Pansorbin (Calbiochem) coated with control
rabbit serum. In the absence of this preclearing step, we
found the backgrounds in our immune complex kinase
assays to be unacceptably high. Lysate from 107 cells was
incubated with 2 pg of purified antibody, 2 ul of antiserum,
or 100 pl of tissue culture supernatant followed by 30 pl of
Pansorbin or Pansorbin precoated with goat anti-rat Ig (for
those rat monoclonal antibodies not binding protein A).
Immunoprecipitates were washed three times in lysis buffer
and then twice in Tris-buffered saline (150 mM NaCl, 50 mM
Tris-HCI [pH 7.2]). Immunoprecipitates were assayed for in
vitro kinase activity as described previously (11) except that
the reaction was terminated by addition of 1 ml of 50 mM
Tris-HCI (pH 7.2) containing 150 mM NaCl, 2 mM EDTA,
and 1 mM CHAPS. In reprecipitation experiments, in vitro-
phosphorylated immunoprecipitates were boiled in 1 volume
of 20 mM Tris-HCI (pH 8.0) containing 0.5% sodium dodecyl
sulfate (SDS) and 1 mM dithiothreitol. RIPA correction
buffer (4 volumes) was then added to give a final concentra-
tion of 0.1% SDS, 1% sodium deoxycholate, 1% Nonidet
P-40 (NP-40), 24 mM Tris-HCI (pH 8.3), 150 mM NacCl, 200
pM sodium orthovanadate, 2 mM EDTA, 1 mM dithiothre-
itol, and 50 mM NaF. Reprecipitation was done by using
antibodies specific for members of the Src family of protein
tyrosine kinases.

Immunoprecipitates were resolved on 15% polyacryl-
amide gels and then electrophoretically transferred to Immo-
bilon (Millipore). Following exposure for fluorography, indi-
vidual bands were excised for phosphoamino acid analysis
(26) and phosphotryptic peptide mapping (33).

RESULTS

Spleen B-cell membrane Ig is physically associated with
protein tyrosine kinase activity in vitro. To study the protein
tyrosine kinases associated with membrane Ig in primary
cells, membrane Ig was isolated from murine resting spleen
B lymphocytes by using a variety of monoclonal and poly-
clonal antibodies. The immunoprecipitates were then as-
sayed for their ability to undergo autophosphorylation in
vitro. Protein kinase activity was detected in immunoprecip-
itates of membrane Ig (Fig. 1A, lanes 1, 2, and 4) but not in
immunoprecipitates of either class I or class II major histo-
compatibility antigens (lanes 5 and 6). Both polyclonal and
monoclonal anti-mouse Ig antibodies precipitated kinase
activity, but polyclonal and monoclonal antibodies specific
for rat Ig did not (lanes 3 and 7). The molecules associated
with membrane Ig that are phosphorylated in vitro can be
considered as four groups; a broad 100-kDa band, a group of
three bands of 59, 56, and 53 kDa, a group of four bands of
34 to 42 kDa, and a 25-kDa band. All of these molecules were
phosphorylated principally on tyrosine in vitro (data not
shown).
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FIG. 1. Phosphorylation of spleen B-cell membrane Ig-associ-
ated molecules. CHAPS-soluble cell lysates were immunoprecipi-
tated with various antibodies and assayed for associated in vitro
kinase activity. Phosphorylated proteins were separated on SDS-
15% polyacrylamide gels. (A) Spleen B-cell Ig-associated molecules.
Lanes: 1, rabbit anti-mouse Ig; 2, goat anti-mouse Ig; 3, goat anti-rat
Ig, non-cross-reactive with mouse Ig; 4, rat monoclonal anti-mouse
« light chain (187.1); 5, mouse monoclonal anti-class I (K¢, D%
34-1-2S); 6, mouse monoclonal anti-class II (IA%; MKD6); 7, mouse
monoclonal anti-rat « light chain (MAR18.5). (B) Spleen B-cell
membrane IgM and IgD-associated molecules. Lanes: 1, rat mono-
clonal anti-mouse p. chain (b.7.6); 2, mouse monoclonal anti-3 chain
(a allotype; AMS 9.1.1.1). (C) Spleen B-cell membrane Ig-associated
molecules resolved under reducing (lanes 1 and 2) and nonreducing
(lanes 2 and 4) conditions. Lanes: 1 and 3, control rabbit serum; 2
and 4, rabbit anti-mouse Ig.

Spleen B cells simultaneously express two classes of
membrane Ig, IgM and IgD, and some studies have sug-
gested these two molecules differ subtly in the signals that
they transmit to B cells (1, 6, 44). The in vitro phosphory-
lation of proteins associated with membrane IgM and IgD
was next compared (Fig. 1B). The recovery of in vitro-
phosphorylated proteins associated with membrane IgM was
lower than that of IgD-associated proteins, consistent with
the lower level of expression of IgM than of IgD on resting
spleen B cells (36). The only qualitative difference between
the phosphotyrosine-containing molecules associated with
membrane IgM and those associated with membrane IgD
was in the size of the smallest band in the 34- to 42-kDa
group: 35 kDa in association with IgD and 34 kDa in
association with IgM (Fig. 1B). Lane 1 in Fig. 1B contains
IgM immunoprecipitated from 107 cells; lane 2 contains IgD
immunoprecipitated from 5 x 10° cells. The 34/35-kDa band
most likely corresponds to Iga, an Ig-associated cell surface
glycoprotein that has previously been shown to be phosphor-
ylated on tyrosine (8, 18). Membrane IgMa is approximately
1 kDa smaller than membrane IgD«a, and this difference in
size probably reflects differences in glycosylation (9). The
pp36, pp39, and pp42 associated with both IgM and IgD
probably correspond to forms of IgB. IgB is a group of
related, Ig-associated glycoproteins encoded by the B29
gene (22) that are disulfide linked to Iga and are tyrosine
phosphorylated (10, 18). On polyacrylamide gels run under
nonreducing conditions, the in vitro-phosphorylated, Ig-
associated 34- to 42-kDa bands were no longer seen (Fig.



VoL. 12, 1992

pp34, IgMa pp35, IgDa

chromatography ——»

' i : »
-<—— pH 8.9 electrophoresis

FIG. 2. Two-dimensional phosphotryptic peptide maps of in
vitro-phosphorylated pp34 and pp35. Membrane IgM and IgD from
spleen B cells were immunoprecipitated with monoclonal antibodies
to . and 8 heavy chains and subjected to phosphorylation in vitro.
Following SDS-PAGE and transfer to Immobilon, individual Ig-
associated bands corresponding to the sizes shown were cut out and
digested with trypsin. Digests were then resolved by electrophoresis
at pH 8.9 in the first dimension and by chromatography in the
second dimension. The position of the origin is indicated by an
arrowhead.

1C). Instead, a band of approximately 70 kDa was observed.
On two-dimensional, diagonal nonreducing/reducing poly-
acrylamide gels, the 70-kDa molecule was resolved into
bands of 34 to 36 and 39 to 42 kDa (data not shown). The 34-
to 42-kDa molecules, therefore, are part of disulfide-linked
dimers and almost certainly correspond to Iga and -B.

The sites of in vitro protein tyrosine phosphorylation on
the Iga and -B molecules were studied by phosphotryptic
peptide mapping. The in vitro-phosphorylated, IgM-associ-
ated pp34 was compared with the IgD-associated pp35 (Fig.
2). In each case, one major and one minor phosphorylated
peptide were detected. Peptides from the two proteins
comigrated exactly (data not shown); thus, IgM-associated
pp34 and IgD-associated pp35 are phosphorylated on iden-
tical tryptic peptides in vitro.

Phosphotryptic peptide mapping of pp36, pp39, and pp42
is shown in Fig. 3. A single phosphotryptic peptide was
detected in digests of both pp36 and pp39, and mixing
experiments showed that the pp36 phosphopeptide was
identical to the pp39 phosphopeptide. pp42 yielded two
phosphopeptides and therefore is phosphorylated on at least
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FIG. 4. Phosphorylation of B-cell line membrane Ig-associated
molecules. CHAPS-soluble cell lysates were immunoprecipitated
with various antibodies and assayed for associated in vitro kinase
activity. Phosphorylated proteins were separated on SDS-15%
polyacrylamide gels. WEHI-231, lanes 1 (nonspecific rabbit serum)
and 2 (rabbit anti-mouse Ig); LK, lanes 3 (nonspecific rabbit serum)
and 4 (rabbit anti-mouse Ig).

two sites in vitro. Furthermore, mixing experiments re-
vealed that the peptide with the greatest chromatographic
mobility in pp42 (indicated in Fig. 3 by an asterisk) is
identical to the phosphopeptide present in pp36 and pp39.
These experiments show that pp36, pp39, and pp42 are
highly related.

Membrane Ig isolated from B-cell lines is associated with in
vitro protein tyrosine kinase activity. To determine whether
membrane Ig in established B-cell lines is associated with
similar protein tyrosine kinase activity, we examined immu-
noprecipitates of membrane Ig from the cell lines LK and
WEHI-231 for associated kinase activity in vitro (Fig. 4). LK
is an IgG-expressing hybridoma derived from a fusion be-
tween spleen cells and a B-lymphoma cell line (27). WEHI-
231 is an IgM-positive B-lymphoma cell line that has many
characteristics of immature B cells (34).

Membrane Ig isolated from LK cells was associated with
a broad 100-kDa band, a group of three bands of 59, 56, and
53 kDa, a group of three bands of 30 to 40 kDa, and 26- and
25-kDa bands, all of which were phosphorylated in vitro
(Fig. 4, lane 4). Phosphotryptic peptide mapping showed that
the 100-kDa band associated with membrane Ig in LK was
the same as that seen in spleen B cells, whereas the 25-kDa
band was different (data not shown). Membrane IgM from

pp36 pp39 pp42

FIG. 3. Two-dimensional phosphotryptic peptide maps of in vitro-phosphorylated pp36, pp39, and pp42. Membrane Ig from spleen B cells
was immunoprecipitated with rabbit anti-mouse Ig and subjected to phosphorylation in vitro. Following SDS-PAGE and transfer to
Immobilon, individual Ig-associated bands corresponding to the sizes shown were cut out and digested with trypsin. Digests were then
resolved by electrophoresis at pH 8.9 in the first dimension and by chromatography in the second dimension. The position of the origin is
indicated by an arrowhead.
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FIG. 5. Reprecipitation of in vitro-phosphorylated, Ig-associated
molecules with antibodies to members of the Src family of protein
tyrosine kinases. Lanes: 1, 8, and 15, anti-mouse Ig; 2, 9, and 16,
anti-Lyn; 3, 10, and 17, anti-Lck; 4, 11, and 18, anti-Fyn; 5, 12, and
19, anti-Src; 6, 13, and 20, anti-Lck, amino acids 39 to 58; 7, 14, and
21, anti-Lck, amino acids 39 to 58 plus competing peptide.

WEHI-231 cells was also associated with protein tyrosine
kinase activity. The molecules detected differed from those
observed in spleen B cells and in LK cells in that only
Ig-associated molecules of 56, 53, and 36 kDa were observed
to undergo phosphorylation in vitro (lane 2).

We have yet to determine whether the 30- to 40-kDa and
26/25-kDa in vitro-phosphorylated molecules associated
with membrane Ig in LK cells are related to Iga or -B.
Likewise, we do not yet know whether the in vitro-phos-
phorylated, Ig-associated 36-kDa phosphoprotein in WEHI-
231 cells is related to Iga or -B.

Protein tyrosine kinases associated with membrane Ig.
Previous studies have indicated that the Src family protein
tyrosine kinases Lyn, Fyn, and Blk are physically associated
with membrane Ig (5, 49). We therefore wished to determine
whether the 53-, 56-, and 59-kDa phosphotyrosine-contain-
ing, membrane Ig-associated molecules corresponded to
members of the Src family. In vitro-phosphorylated anti-Ig
immunoprecipitates were dissociated by boiling in SDS and
then reprecipitated with antibodies to Lyn, Fyn, Lck, and
Src (Fig. 5).

The 59-kDa phosphoprotein associated with membrane Ig
in spleen B cells was reprecipitated by anti-Fyn antibody
(Fig. 5, lane 4), confirming the findings of Burkhardt et al.
(5)- Anti-Lyn antibody reprecipitated a doublet of 53 and 56
kDa (lane 2), which probably correspond to the two splicing
variants of Lyn, b and a (43, 51). Surprisingly, however, the
majority of the 56-kDa band associated with membrane Ig in
spleen B cells was not reprecipitated by anti-Lyn antiserum
but was instead precipitated by anti-Lck antiserum (lane 3).
This result was confirmed using a second anti-Lck peptide
antibody (lane 6) whose activity was specifically competed
for by the appropriate peptide (lane 7). No phosphorylated
molecules were recovered in control immunoprecipitates
obtained with use of an anti-Src or anti-Ig antibody (lanes 1
and 5).

Membrane Ig in LK cells was found to be associated with
p59%" (Fig. 5, lane 18) and p53/pS6>" (lane 16). p56'* is
expressed at barely detectable levels in this cell line (11a) but
was found in association with membrane Ig (lane 17). WEHI-
231 cells, in contrast to LK and spleen B cells, do not
express significant levels of Fyn (1la). Membrane Ig in
WEHI-231 cells is instead associated with p53/p56%” and
with p56°* (lanes 9, 10, 13, and 14).

The 53-, 56-, and 59-kDa Ig-associated phosphoproteins
from spleen B cells were further analyzed by phosphotryptic
peptide mapping. The 59-kDa Ig-associated band yielded a
single major phosphorylated tryptic peptide (Fig. 6A). This
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FIG. 6. Two-dimensional phosphotryptic peptide maps of in
vitro-phosphorylated, spleen B-cell membrane Ig-associated mole-
cules. (A) Membrane Ig from spleen B cells was immunoprecipitated
with rabbit anti-Ig and subjected to phosphorylation in vitro. Fol-
lowing SDS-PAGE and transfer to Immobilon, individual Ig-associ-
ated bands corresponding to the sizes shown were cut out and
digested with trypsin. Digests were then resolved by electrophoresis
at pH 8.9 in the first dimension and by chromatography in the
second dimension. The position of the origin is indicated by an
arrowhead. (B) p53/p56>” and p56'* were immunoprecipitated from
spleen B cells and autophosphorylated in vitro. Bands correspond-
ing to the autophosphorylated kinases were then cut out and
digested with trypsin as described for panel A.

finding strongly suggests that the 59-kDa, Ig-associated band
contains only p59””. The 53-kDa Ig-associated band re-
solved into one major and two minor phosphopeptides, and
the 56-kDa Ig-associated band resolved into a complex
pattern containing nine major phosphopeptides (Fig. 6A).

To identify the multiple phosphopeptides observed in
digests of the Ig-associated 53- and 56-kDa molecules, these
phosphopeptides were compared with those of p53%”, p56>”,
and p56°* immunoprecipitated directly from spleen B cells
with specific antisera (Fig. 6B).

Spleen B-cell p53%" was phosphorylated in vitro on a
single tryptic peptide (Fig. 6B) which probably contains the
major autophosphorylation site (tyrosine 397 in Lyn a and
tyrosine 376 in Lyn b, by analogy with other Src-related
protein tyrosine kinases). In contrast, spleen B cell p56>”
was phosphorylated on at least two sites. The first peptide
(spot a in Fig. 6B) comigrated exactly with that observed in
p53%". The identity of the second site of phosphorylation
(spot b in Fig. 6B) remains to be determined. Spleen B-cell
p56* was phosphorylated in vitro on a single tryptic peptide
containing the autophosphorylation site, tyrosine 394 (Fig.
6b, spot c) (13).

In mixing experiments, peptide a derived from the mem-
brane Ig-associated 53-kDa phosphorylated band (Fig. 6A)
comigrated exactly with peptide a from anti-Lyn immuno-
precipitates (Fig. 6B). This result is further evidence that the
Ig-associated 53-kDa protein is p53>”. Phosphopeptides d
and e probably represent sites phosphorylated by a kinase(s)
other than Lyn, as they are not observed in direct immuno-
precipitates of Lyn (Fig. 6B).

The complex pattern of phosphotryptic peptides seen in
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digests of the membrane Ig-associated 56-kDa phosphory-
lated protein suggests that this band consists of several
molecules that are not resolved by SDS-polyacrylamide gel
electrophoresis (PAGE). In mixing experiments, phos-
phopeptides a and b comigrated with a and b from p56>"
(Fig. 6B). Likewise, phosphopeptides d and e from the
Ig-associated 56-kDa protein comigrated with d and e from
the Ig-associated 53-kDa protein (Fig. 6A), suggesting that
the Ig-associated form of p56>" is also phosphorylated at
these additional sites. Phosphopeptide c of the Ig-associated
56-kDa pratein comigrated with peptide ¢ seen in maps of
p56'* (Fig. 6B).

These phosphotryptic peptide mapping experiments there-
fore confirm the ﬁndings of our reprecipitation studies, i.e.,
that p53%”, p56%™, p56'*, and p595™ are all associated with
membrane Ig in spleen B cells. We have yet to identify the
phosphotryptic peptides corresponding to f, g, h, and i in
Fig. 5A; Burkhardt et al. have reported that pS6°* is
associated with membrane Ig (5); therefore, one or more of
these peptides may correspond to in vitro-phosphorylated,
Ig-associated p56°.

DISCUSSION

We have found that membrane Ig in B lymphocytes is
associated with a number of molecules that are tyrosine
phosphorylated in vitro. In addition to p53%”, p56>", p56°~,
and p595”, Iga, IgB, and unidentified molecules of 25 and
100 kDa all undergo tyrosine phosphorylation in vitro. One
or more of the protein tyrosine kinases associated with
membrane Ig may be instrumental in the increased tyrosine
phosphorylation observed in B cells following antibody-
mediated cross-linking of membrane Ig. Studies by
Burkhardt et al. have shown that Blk, Lyn, and Fyn kinase
activity is slightly increased in B cells following anti-Ig
stimulation (5). It remains to be determined whether the
phosphorylation in vitro of Ig-associated molecules is also
stimulated by anti-Ig antibodies. This problem will prove
difficult to address, as membrane Ig rapidly becomes asso-
ciated with the detergent-insoluble cytoskeleton following
anti-Ig antibody-mediated cross-linking (40).

While membrane IgM in WEHI-231 cells is associated
with Lck and Lyn, Fyn kinase activity is undetectable in
these cells. Membrane IgG from LK cells is associated with
Fyn, Lyn, and extremely low levels of Lck kinase activity.
In contrast, in spleen B cells in which Lck, Lyn, and Fyn are
all expressed, each of these kinases is found in association
with membrane Ig. It may be that any Src-related kinase, if
expressed in B cells, is capable of associating with mem-
brane Ig. Cross-linking of membrane Ig in spleen B cells,
LK, and WEHI-231 cells stimulates protein tyrosine phos-
phorylation of an essentially similar set of substrates (11,
11a, 17); this finding implies that the expression of neither
p56°* nor p595™ is absolutely required for this phosphory-
lation. It is possible that no single protein tyrosine kinase is
essential for signalling through membrane Ig but rather that
the Lyn, Lck, and Fyn kinases are each able to interact with
membrane Ig and phosphorylate largely similar sets of
substrates. Soriano et al. have recently reported that tar-
geted deletion of pp60° by homologous recombination is
not lethal, suggesting that other, related protein tyrosine
kinases might substitute for pp60* function in these mice
(41). Our findings are consistent with the possibility that
kinases of the Src family are able to substitute functionally
for one another.

The finding that p56'* is associated with membrane Ig was

MEMBRANE IMMUNOGLOBULIN-ASSOCIATED TYROSINE KINASES 2319

completely unexpected. Burkhardt et al. were not able to
detect p56'* kinase activity in spleen B cells (5). This might
be due to the use of digitonin to prepare cell lysates, as we
have found that p56°* is poorly soluble in digitonin. We are
confident that p56°* is expressed in B cells, as it is detected
even in highly purified spleen B-cell preparations that have
been positively selected for membrane Ig expression by
fluorescence-activated cell sorting. In addition, p56'* is
expressed in a number of murine B-cell lines, including
WEHI-231 (Fig. 4), WEHI-279, CH33, and CH31 (data not
shown). We have determined that the association between
p56'* and membrane Ig does not occur following cell lysis.
Membrane Ig isolated from mixed lysates of membrane
Ig-positive LK cells (which express very low levels of p56°%)
and NK cells (an Ig-negative cell line that expresses signif-
icant levels of p56*) was not associated with increased
levels of p56'* kinase activity (data not shown).

How might protein tyrosine kinases interact with the
B-cell antigen receptor complex? Src-related kinases can
interact with other cellular proteins by a variety of mecha-
nisms. In T cells, p56* associates with the cell surface
molecules CD4 and CDS8 (35, 45) through cysteine residues in
its unique amino-terminal domain (38, 39). It is unlikely that
the N termini of the Src kinases play a defining role in the
interaction with membrane Ig, since they are unrelated in
sequence. It is more probable that one or more conserved
domains of these kinases are involved.

Members of the Src family of protein tyrosine kinases all
contain a highly conserved region immediately amino termi-
nal of the catalytic domain known as the SH-2 (src-homology
2) domain (reviewed in reference 28). This domain has been
shown to bind directly to phosphotyrosine and so facilitate
intermolecular interactions. The Src, Yes, and Fyn kinases
may associate with the activated, tyrosine-phosphorylated
form of the platelet-derived growth factor receptor through
the SH-2 domain (29). Such an interaction is unlikely to
explain the association with the B-cell antigen receptor
complex, since surface IgM-associated molecules are not
detectably phosphorylated in unstimulated spleen B cells
(18), yet membrane Ig from unstimulated cells is associated
with protein tyrosine kinase activity.

Recently p56' was shown to interact with the B chain of
the interleukin-2 receptor (20). This interaction appears to
involve the catalytic domain of p56%, a region that is
conserved among kinases of the Src family, and is therefore
probably not an interaction unique to p56‘*. It is possible
that the association between Src-related kinases and the
B-cell antigen receptor complex is also through the kinase
catalytic domain.

We have found that Iga and -B undergo tyrosine phosphor-
ylation in vitro. These molecules have been shown to
undergo tyrosine phosphorylation in vivo following cross-
linking of membrane Ig (18). Tryptic peptide mapping
showed that IgMa and IgDa undergo phosphorylation in
vitro at identical sites. This finding is consistent with recent
data suggesting that they are probably differentially modified
forms of the same polypeptide (9). We observed three other
Ig-associated molecules of approximately 36 to 42 kDa that
were present as disulfide-linked dimers. These molecules
almost certainly correspond to the IgB and Igy bands de-
scribed by Campbell and Cambier (8). Tryptic peptide map-
ping showed that all three bands underwent phosphorylation
in vitro at similar sites, consistent with recent data suggest-
ing that IgP and Igy are related in sequence (10).

What component of the B-cell antigen receptor complex
interacts with protein tyrosine kinases? All of the known
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interactions between Src-related kinases and their associ-
ated molecules are stable in the presence of NP-40. This is in
contrast to the association between membrane Ig and Src-
related kinases, which is not observed in NP-40 cell lysates
(5, 11, 49). Indeed, we have found that NP-40 dissociates the
kinase-membrane Ig complex (37a). One possible explana-
tion for this finding is that the kinase is actually associated
with another component of the B-cell antigen receptor
complex such as Iga or -B. The interaction between mem-
brane Ig and Igo/B is known to be unstable in NP-40 (14).

We have observed phosphorylation in vitro of two mole-
cules, pp100 and pp25, that are associated with membrane Ig
in spleen B cells. This association has not been reported
previously, possibly because of differences in techniques
used in our study compared with those used previously (5,
8). We have not yet been able to identify pp25 and pp100. We
were particularly interested to find that ppl00 and pp25 are
not phosphorylated in WEHI-231 cells. This cell line resem-
bles the immature B-cell stage of development and has been
used as a model in studies of the mechanisms of B-cell
tolerance (34, 37). Cross-linking of membrane Ig on WEHI-
231 cells with anti-Ig antibodies results in cell death by
apoptosis (2, 19); this effect is in marked contrast to the
response of mature spleen B cells, which are activated by
anti-Ig treatment (reviewed in reference 7). Despite this
difference in end response, spleen B cells and WEHI-231
cells are very similar in their patterns of inositol phospho-
lipid turnover and total protein tyrosine phosphorylation
following anti-Ig stimulation (3, 11, 16). It will be interesting
to determine whether the phosphorylation of membrane
Ig-associated pp25 and ppl00 in vitro is regulated develop-
mentally in B cells.
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