
quenced, about 35% carried mutations in the SRE. 
o f  these mutants, we obtained 13 of the 18 possible Association of B Cell Antigen Receptor with 
single substitutions, as well as five mutants with 
multiole substitutions. Mobilitv shift orobes of sim- Protein Tyrosine Kinase Lyn 

* .  
ilar s~ecific activities were oreoared bv  rimer exten- 

sion bf phagemid DNA pre;er;ce a-32P- YUJI YAMANASHI, TERUTAKA KAKIUCHI, JUNICHIRO MIZUGUCHI, 
dCTP. DNA was annealed to universal sequencing 
primer, and the primer was extended with Klenow TADASHI YAMAMOTO,* K U ~ O  T O Y O S H I ~ ~  
polymerase for 60 min at room temperature. The 
Klenow was heat-inactivated and the reaction was 
ueated with Hind 111 and Eco RI, which excises a Antigen is thought to cross-link membrane-bound immunoglobulins (Igs) of B cells, 
79-bp internally labeled fragment that carried the causing proliferation and differentiation or the inhibition of growth. Protein tyrosine 

derivative. The labeled fragments were gel kinases are probably involved in signal transduction for cell proliferation and differ- purified, eluted from the gel slice by diffusion, and 
used directly without funher purification. DNA- entiation. The Src-like protein tyrosine kinase Lyn is expressed preferentially in B cells. 
binding assays were performed as described, with The Lyn protein and its kinase activity could be coimmunoprecipitated with IgM from 
heparin-agarose-purified protein fractions (16). 
SRF was eluted from the heparin-agarose column at detergent lysates. Cross-linking of membrane-bound IgM induced a rapid increase in 
-450 M KCI, at 350 M KCI, and tyrosine phosphorylation of at least ten distinct proteins of B cells. Thus, Lyn is 
~ 6 2 ~ ~ ~  flowed through the column. 

19. R. Graham and M. Gilman, unpublished data. 
physically associated with membrane-bound IgM, and is suggested to participate in 

20. To assay the activity of the mutant SRE'S in vivo, we antigen-mediated signal transduction. 
transferred them to a clfos-CAT fusion plasmid that 
carried mouse c-Jor sequences from - 15 1 to + 109 
(4, 8 ) .  Phage DNA inserts were amplified by the B CELLS HAVE MEMBRANE-BOUND and have no extracellular or transmembrane 
polymerase chain reaction (PCR) in 50 .~1  reactions immunoglobulins (mIgs) on their sequences (1 0). Thus, Src-like kinases may 
that contained phage DNA (-1 ng), forward and surface, which are receptors for spe- act as signal transducers in association with 
reverse sequencing primers (50 pmol of each), de- 
oxynucleoside triphosphates (250 kM), and Taq cific antigens. Cross-linking of the mIgs of surface receptors that lack an intracellular 
polymerase (Perkin-Elmer Cetus) (1.25 units). The resting B cells by antigens or antibodies to catalytic domain. The T lymphocyte-specific 
amplification cycle was 30 sa t  940C1 30 at 55C, 60 Ig generally activates B cells to enter the G, Src-like kinase p56"k is physically and func- 
s at 72"C, and was repeated for 25 cycles. The PCR 
products were digested with ~ i ~ d  111 and sal I, and phase of the cell cycle, in which they become tionally associated with the T cell surface 
the fragments that carried the SRE were isolated susceptible to proliferative signals provided antigens CD4 and CD8 (1 1). Possible in- 
from a polyacrylamide gel and ligated into the 
c-for-CAT plasmid that had been cleaved with the by helper T cells (1, 2). Cross-linking can volvement of protein tyrosine kinases in B 
same enzymes. This construction placed the SRE also cause B cell tolerance, by inhibiting cell activation is suggested by the observa- 
oligonucleotide sequence immediately upstream of growth of immature and mature B cells (3). tion that antibody to CD45, a membrane- 
position -151, separated by 7 bp. All clones were 
sequenced to determine that the correct SRE oligo. These responses are preceded by phosphati- bound phosphotyrosine phosphatase, inhib- 
nucleotide had been subcloned. Transfection and dylinositol (PI) turnover, activation of pro- its anti-IgM-induced proliferation of B cells 
serum BALBic 3T3 and ribonu- tein kinase C, and Ca2+ mobilization (2, 4, (12, 13). The lyn gene product is an Lck-like 
clease (RNase) protection assays were performed as 
described (5)  [L, A, ~ ~ ~ k ~ ~ i ~ ~ ,  K, T, fiabowol, M, 5), which are apparently dependent on the protein tyrosine kinase that is preferentially 
Z. Gilman, Mol. Cell. Biol. 9, 4272 (1989)l with hnction of GTP-binding proteins (G pro- expressed in B cells, but not T cells (14, 15). 
one modification. A total of 10 ~g of cytoplasmic 
RNA was subject to RNase protection analysis, Half teins) (6). Because B cell antigen receptors Our present study with antibodies to Lyn 
of this material (representing 5 kg of RNA from have few cytoplasmic amino acids (7), mIgs suggests that the Lyn protein is physically 
each culture) was analyzed by gel electrophoresis to might be associated with other signal trans- associated with mIgM in B cells and func- 
compare signals from endogenous c-&s to ensure 
that all cultures were ueated, The remaining ducing molecules. mIgM and mIgD associ- tions in mIgM-mediated signaling. 
samples were refractionated in amounts adjusted to ate with at least three sets of polypeptide WEHI-231 cells are murine B cell line 

the signals the or-glObin internal chains at the plasma membrane (8). How- that carry mIgM (5, 16). These B cells 
trol; this controls for variations in transfection effi- 
ciency RNA recovery facilitates comparison ever, the molecular mechanisms by which behave as normal B cells in terms of initial 
of signals from the transfected ~~fos-containing plas- the mIgs transmit signals intracellularly have biochemical events such as PI turnover and 

These are the gels shown in the figures. not yet been elucidated, partly because no Ca2+ mobilization after mIgM cross-linking Therefore, signals from the transfected c-jos plasmids 
may be directly compared, but signals from the catalytic molecules associated with mIgs are ( 5 ) .  This suggests that these cells possess a 
endogenous c-for gene may not, because they repre- identified, proper signal transduction system for early 
sent signals from different amounts of cellular RNA. 
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Densitomeaic analysis of the results (Fig. 
lA, lanes 1 and 2) revealed that the recov- 
eries of p56'Y" and p53'y" in anti-IgM im- 
munoprecipitates were low (1 to 2%)(19). 
We could not detect the Lyn protein in 
anti-IgM immunoprecipitates tiom Nonidet 
P-40 (NP40) lysates of WEHI-231 cells 
(18), whereas many other protein associa- 
tions have been detected in NP40 lysates of 
cells. As NP40 is a stronger detergent than 
digitonin (20), the afKnity of Lyn for mIgM 
is probably low. However, it is unlikely that 
only 1 to 2% of p561Y" is associated with 
mIgM in vivo, because at least 50% of 
p561Y" was comodulated with mIgM after 
cross-linking of mIgM (18). Thus, it is 
difficult to determine what fiaction of the 
Lyn protein is mIgM-associated by coim- 
munoprecipitation analysis. 

WEHI-231 cells produce two types of p 
chains; only the membrane (pm), not the 
soluble (ps), IgM p chains were signi6cantly 
coimmunoprecipitated with the Lyn protein 
by anti-Lyn (Fig. 1B). The pm chain was 
not detected in MHC class I immunopre- 
cipitates or in anti-Lyn solutions after 
immunoprecipitation. Control rabbit anti- 
bodies did not precipitate the pm polypep- 
tide (18). The two forms of ps might repre- 
sent heterogeneous glycosylation of the ps 
polypeptide (24, and we confirmed that the 
upper band wmigrated with the heavy chain 
of secreted IgM in SDS-polyacrylamide gel 
electrophoresis (PAGE) analysis (18). Thus, 
the Lyn protein is associated with rnIgM. 

We then evaluated the kinase activity in 
anti-IgM immunoprecipitates tiom digito- 
nin lysates of WEHI-231 cells by an in vim, 
kinase assay (Fig. 2). Two species of phos- 
phorylated proteins (pp56 and pp53) comi- 
grated with the autophosphorylated Lyn 
protein in anti-IgM immunoprecipitates. 
However, no corresponding phosphopro- 
tein was detected in anti-class I nor anti- 
class I1 MHC immunoprecipitates. To verify 
that pp56 and pp53 are the phosphorylated 
Lyn proteins, we did reimmunoprecipita- 
tion experiments. After the in vitro phos- 
phorylation of the anti-IgM immunopre- 
cipitates, the immune complex was 
incubated in solubilizing buffer (22) to dis- 
sociate the proteins of the mIgM complex. 
The reextracted proteins were then reimmu- 
noprecipitated with anti-Lyn. The phospho- 
rylated p56'y" and p53'y" were detected spe- 
cifically in anti-IgM, but not in anti-class I 
nor anti-class I1 MHC immunoprecipitates 
(Fig. 2B). Moreover, the intensities of phos- 
phorylation of the pp56 and pp53 (Fig. 2A, 
lane 3) and those of reimmunoprecipitated 
p561Y" and p531Y" (Fig. 2B, lane 2) were 
about 1% of those of p56'Yn and p531Y" (Fig. 
2A, lane 2, and Fig. 2B, lane 1) immuno- 
precipitated with anti-Lyn(l9). These data 

M e r  indicate that ~ 5 6 ' ~ "  and p53Iy" are to phosphotyrosine (23) after in vitro phos- 
associated with mIgM. phorylation of anti-IgM immunoprecipi- 

We reimmunoprecipitated the tyrosine tates (Fig. 2C). In addition to autophospho- 
phosphorylated proteins with an antibody rylated ~ 5 6 ' ~ "  and p53Iyn, at least four 

Fig. 1. Co'iunopmipitation - 
W-231 

B 
Of ~56'Y" and ~ 5 3 ' ~ "  with 
d & . ~ r o w i n g d l l s ( i  x 103 
were collected by centrifugation 
and suspended at 0°C fbr 30 
rnin in 1 ml oflysis buffer [1% -90 

digitonin, 10 mM methanola- -70 
mine, 150 mM NaCI, 10 mM nE;R'yn- - 
iodoacetoamide, 1 mM EDTA, . > 4 CY 
ap& (10 Hml) ,  pH 7.81 -4'5 
(20). The lysate was centrihged 
and the supernatant incubated 
with excess protein GScpharose. Samples of the deared lysate were incubated with various monoclonal 
antibodies (MAbs) or anti-Lyn and the immune com lexs were precipitated with protein GSepha- 
rose. The immumprecipitates were washed with lysii kkx, suspended in sample bder, denatured by 
boiling, and then tested for Lyn protein or p chain by immunoblotting (15).  (A) Lyn protein in 
anti-IgM immunopmipitates. Immunoprecipitates from the lysates of WEHI-231 cells (lanes 2 to 4) 
and A-20 cells (lane 5) (1 X lo7 cells per lanc) were examined for the presence of Lyn protein. MAbs 
were LO.MM.9 (anti-IgM) (lanes 2 and 5), MK-D6C (anti-class I1 MHC) (lane 3), and M1142.3.98 
(anti-class I MHC) (lane 4). As a positive control, whole cell lysate of 4 x lo5 WEHI-231 cells was 
examined (lane 1). The position of ~ 5 3 ' ~ "  is indicated by the mwhcad. (B) Anti-Lyn immunopre- 
cipitates pn. Anti-IgM, anti-Lyn, and anti-MHC class I immunoprecipitates were prepared with 
LO.MM.9, anti-Lyn, and M1142.3.98 from 1 x lo5, 1 x lo7, and 1 x lo7 WEHI-231 cdls, 
respectively, and were examined for the presence of p chain with &ty-purified goat antibodies to 
IgM. Lane 1, IgM immunoprecipitates; lane 2, Lyn immunoprecipitates; lane 3, anti-Lyn immune 
precipitates of the lysis buffer; lane 4, MHC dass I immunopmipitates. The positions of lun, and 
y chains are indicated, and the positions of standard protein markers are indicated in kilodaltons. The 
y and ps chains faintly detected in lanes 2 to 4 by immunoblotting originated from the antibodies used 
for the immunoprecipitations. 

le immune 
us MAbs \v( 
ed in Fig. 
hc kinasc re 

Flg. 2. Immune complex kinase A B 
assay. Th complexc! 1 2 3 4 5  1 2 3 4  
with vario :re preparec F) F -  . c -  

as dcscrib 1, and sub. 
jccted to t :action ( 2 i )  P ' - 92 
The reaction was sropped by ad. mW - 66 
dition of samplc buffer (reducing: 
or 2-mcrcaproethanol-frcc sam. 

w: 0 C 
!!F P - 45 ple buffer (nonreducing). For rc- 

immunoprccipitation experi. t i  
mcnts, the products of the kinasc 
reaction wcrc rccxtracted from 
immunoprccipitatcs with solubil- 
izing buffer (22), and the extracts 
werc reimmunoprecipitated with either ant i -~yn ( I > )  or annwa-  c 
ies to phos~hotvrosine (23). The s a m ~ l a  were subimed to 1 2 3 4 5 6 7  
S D S I ~ . ~ %  PAGE (A &d 'B) or S D S I ~ ~ %  PAGE '(c) and 
autoradiograph!. (A) In vitro phosphorylation. The lysates of 
WEHI-231 cells (1 x lo7) wcrc incubatcd with various MAbs 
indicatcd belout (lanes 3 to 5). The lysates of 1 x lo0 and 1 x 105 
WEHI-231 cells werc also incubatcd with anti-Lyn (lanes 1 and 
2). The immune complexes urere subjected to in vitro kinasc 
reaction. Lanc 1, anti-Lyn (1 x 10" cells); lanc 2, anti-Lyn (1 x 
10"clls); lane 3. LO.Mivl.9 (anti-IgM); lane 4, MK-D6C 
(anti-class I1 MHC): lane 5. M1142.3.98 ianti-class I MHC). ( 8 )  

immune cf 
tates were I 
complex; I 

e complex; 
,-. 

the immun ,. -. ~cimmuno~rcci~i ta t ion of'the a~to~hos~horyla tcd  ~ynprbtein;. After kinas, le 
complexes (from 1 x 10' cells) indicatcd bclour u7cre reimmunoprecipitated wltn ant i -~vn (lane L to 
4). Lanc 1, autophosphorylated anti-Lyn immunoprecipitarcs (from 1 X 10" WEHI-231 cells); lane 2, 
IgM; lane 3, class I1 MHC; lane 4, class I MHC. (C) Tyrosine phosphorylation in vitro of 
Igivl-associated polypcptidcs. After the kinase reaction, the Lyn and I g M  immune complcxes (from 1 
x 10' cells) were lyscd in reducing (lanes 1 and 2) or nonreducing (lancs 4 and 5) sample buffcr. The 
phosphorylated proteins in IgM omplexes wcrc reimmunoprecipitated with antibodies to 
phosphotyrosine, and the prccipi vsed in reducing (lane 3) or nonrcducing (lane 6) sample 
huffcr. Lane I, thc Lvn immune ,ane 2, the IgM immune complex; lane 3, reimrnunopre- 
cipitates; lane 4, the Lyn immun lane 5, the 1g.V immune complcx; lane 6, reimmunopre- 
cipirarcs; lane 7, shorter time exposure or lane 4. The pos~tion of p53'~" is indicated by the arrowhead 
and those of pp30-40 and their dimerized forms are indicated bv an asterisk. The positions of standard 
protein markers are indicated in kilodaltons. 
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phosphorylated proteins of 30 to 40 kD 
(pp34, pp35, pp37, and pp39) were specif- 
ically reimmunoprecipitated. These phos- 
phopmteins resisted 1 M potassium hydrox- 
ide treatment (18), which preferentially 
hydrolyzes phosphoserine and phosphothre- 
onine. Thus, a small tiaction of the pp30-40 
was reimmunoprecipitated along with the 
Lyn protein from the phosphorylated ex- 
tracts of anti-IgM immunoprecipitates and 
the Lyn kinase may phosphorylate the 
pp30-40 species in vitro. Similar sizes of 
proteins were also identified in phospho- 
rylated anti-Lyn immunoprecipitates (Fig. 
2, A and C). 

Membrane IgM is associated with at least 
three polypeptide chains, IgM-atmb-1 (32 
to 34 kD), Ig-fi (37 to 39 kD) and Ig-y (35 

Flg. 3. Rapid induction of tyrosine phosphoryla- 
mIgM cross-linking. WEHI-231 ceh  (1 

x 1 per milliliter) were incubated in the pres- -2 
ence of a6inity-purified goat antibodies [F(abl),] 
to IgM (10 ~glml)  for the times indicated below. 
Then the cells (4 X lo5) were lysed in sample 
buffer and phosphoqmsine containing proteins 
were examined by immunoblotting with antibod- 
ies to phosphotyrosine as described (23). Incuba- 
tion time: Lane 1. untreated control; lane 2, 2 
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