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The B cell antigen receptor (BCR) is a multiprotein complex con-
sisting of the membrane-bound Ig molecule and the Ig-a/Ig-B
heterodimer. On BCR engagement, Ig-« and Ig- become phos-
phorylated not only on tyrosine residues of the immunoreceptor
tyrosine-based activation motif but also on serine and threonine
residues. We have mutated all serine and threonine residues in the
Ig-a tail to alanine and valine, respectively. The mutated Ig-«
sequence was expressed either as a single-chain Fv/Ig-a molecule
or in the context of the complete BCR. In both cases, the mutated
Ig-a showed a stronger tyrosine phosphorylation than the wild-
type Ig-« and initiated increased signaling on stimulation. These
findings suggest that serine/threonine kinases can negatively
regulate signal transduction from the BCR.

he members of the multisubunit immune recognition receptor

family have similarities in their structure and share signal
transduction pathways (1, 2). Prominent members of this family are
the B cell antigen receptor (BCR), the T cell antigen receptor
(TCR), and the high-affinity IgE receptor (FceRI). These receptors
consist of a ligand-binding part and signaling subunits carrying an
immunoreceptor tyrosine-based activation motif (ITAM; refs. 1
and 3). Studies on the BCR suggest that, already in the absence of
the ligand, the receptor is associated with a preformed transducer
complex comprising intracellular kinases, phosphatases, and adap-
tor molecules (4). Engagement of the receptor results in the
activation of protein tyrosine kinases (PTKs), which phosphorylate
several intracellular substrate proteins including the adapter pro-
tein SLP-65 (also called BLNK or BASH; refs. 5-7) and the
Ig-a/Ig-B heterodimer (8). The ITAM sequence of Ig-B3, however,
is less efficiently tyrosine phosphorylated than that of Ig-«, and the
reason for this difference is not known thus far (9, 10). After
phosphorylation, the ITAM tyrosines become binding targets for
proteins with Src homology 2 (SH2) domains (11-14). The best
studied interaction is that of the two tandem-arranged SH2 do-
mains of the PTK Syk with the phosphorylated ITAM tyrosines of
CD3-¢ (15). The binding of Syk to the ITAM results in an increased
kinase activity (16—18). The Syk-associated BCR is efficiently
internalized and transported to endosomal compartments where
antigen processing occurs (19). Syk binding and activity is also
required for endocytosis of ITAM-containing Fc receptors in
macrophages (20, 21).

BCR engagement results not only in tyrosine phosphorylation
but also in increased serine and threonine phosphorylation.
Because of the lack of universal anti-phosphoserine or anti-
phosphothreonine antibodies, the latter events are poorly stud-
ied and require laborious biochemical techniques for their
detection. Phosphorylation of serine/threonine residues occurs
in the cytoplasmic sequence of many receptors or their signal-
transducing elements and can have either positive or negative
effects on signal transduction through these receptors

(22-26). The cytoplasmic tails of Ig-« and Ig-p are phosphory-
lated on the ITAM tyrosines as well as on serine and threonine
(9, 27, 28). We have mutated all serine/threonine residues in the
cytoplasmic sequence of Ig-a and show herein that they nega-
tively regulate phosphorylation of the ITAM tyrosines.

Materials and Methods

Vector Construction. The cassette expression vector pANP8n-cy
was designed to express different cytoplasmic sequences of
signaling molecules as membrane-bound single chain (scFv)
molecules. The scFv molecules are expressed under the control
of the ubiquitously active human B-actin promoter. For the
construction, we subcloned a 730-bp PstI/Notl fragment con-
taining the scFv B1-8 cDNA from the plasmid pHEN-FvB1-8
(kindly provided by T. Simon, Amersham Pharmacia, Freiburg,
Germany) into the plasmid pLVHLT-Xh (H. Voegele and M.R.,
unpublished work), which contains the B1-8 heavy chain leader
sequence 5" of the PstI site. The scFv consists of the Vi and Vi,
domains of the B1-8 antibody, which recognize the hapten
4-hydroxy-5-iodo-3-nitrophenylacetyl (29) and are linked via a
(GlyasSer)s linker (30). Next, we introduced Sal/l and EcoRI
cloning sites 5" and 3’ of the scFv ¢cDNA, respectively. The
internal BamHI site of the scFv fragment was destroyed by
site-directed mutagenesis. This modified scFv fragment was
cloned as a 880-bp Sall/EcoR1 fragment into the expression
vector Fv-CD8-50M (kindly provided by K. Karjalainen and T.
Brocker, Basel Institute for Immunology, Basel), which encodes
the extracellular hinge region of the CD8a molecule followed by
the transmembrane and intracellular portion of the TCR-{ chain
(31). The resulting construct pANP8Z codes for scFv/TCR-{
and was used as a template for amplifying the CD8« and the
transmembrane region. The PCR product was recloned as an
EcoRI/BamHI fragment into pANPS8Z, thereby deleting the
cytoplasmic sequence of TCR-{. Finally, a short BamHI/
HindIll/EcoRV polylinker sequence was introduced 3’ of the
transmembrane region. The expression vector contains the
ampicillin and neomycin resistance genes.

The coding sequence of the cytoplasmic tail of Ig-« and the
A ,V-mutated Ig-« tail were obtained as BamHI fragments by
PCR with the vector pRP261mb1 (10) as template and cloned
into pANPS8n-cy to yield the expression vectors pANPSmb1 and
PANP8mb1/A;,V, respectively. To obtain the pANPS8t] expres-
sion vector, pANP8n-cy was cut with BamHI, blunted, and
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re-ligated, and this vector codes for a scFv receptor containing
only five cytoplasmic amino acids (RRIDP).

Site-directed mutagenesis of the mb1 c-DNA and subsequent
cloning into the Ig-a expression vector pEVmblneo (32) was
performed as described (10) and yielded the expression vectors
pEVmbl/ALzV, pEVmbl/FlALgV, pEVmbl/FzALgV, and
pEVmbl/Fl,zAl,zV.

Cell Culture. The J558L myeloma cell line (33) and its transfec-
tants were maintained in RPMI medium 1640 supplemented
with 10% (vol/vol) heat-inactivated FCS (Vitromex, Vilshofen,
Germany), 2 mM L-glutamine, 50 units/ml penicillin, 50 ug/ml
streptomycin, 10 mM Hepes buffer, and 50 uM B-mercapto-
ethanol at 37°C and 5% CO,. J558Lum cells, which intracellu-
larly express membrane-bound wm heavy chain, A light chain,
and Ig-B, were cultured in mycophenolic acid selection medium
(34). The cell lines J558Lum/mb1 (wild-type Ig-a), J558Lum/
mb1-M4 [Y] > F], (= F])], J558Lum/mb1-M3 [Y2 > Fz, (= Fz)],
and J558Lum/mb1-M1 [Y; > F; and Y, > F,, (= Fiy)]
expressing wild-type BCR or BCRs with ITAM tyrosine mutated
Ig-o on the surface were a gift from H. Flaswinkel (Max-Planck-
Institut for Immunology, Freiburg, Germany) and were main-
tained under mycophenolic acid and neomycin coselection (10).
J558L and J558Lum cells were transfected with linearized
plasmids by electroporation and maintained under selection with
neomycin and neomycin/mycophenolic acid as described (10).

Stimulation of Cells. The preparation of pervanadate for stimulation
of cells was performed as described (4). A total of 2.5 X 10° to 3 X
10° cells was suspended in 1 ml of RPMI medium 1640 without
supplements and stimulated at 37°C with 8 or 20 uM pervanadate/
H,0; or with 10 pg/ml goat anti-mouse IgM antibodies (Sigma).
Cells were pelleted and lysed on ice for 20-30 min in 1 ml of lysis
buffer consisting of 1% (vol/vol) detergent (Triton X-100
or Nonidet P-40), 137 mM NaCl, 50 mM TrissHCl (pH 7.8),
10% (vol/vol) glycerol, 1 mM sodium orthovanadate, 2 mM EDTA
(pH 8.0), plus protease inhibitors leupeptin and aprotinin
(10 wg/ml each), and 1 mM phenylmethylsulfonyl fluoride. Cell
debris was spun down for 15 min at 16,500 X g at 4°C. Proteins of
cleared cellular lysates were size separated by SDS/10% PAGE.
Phosphorylated substrate proteins were detected by anti-
phosphotyrosine (4G10, Upstate Biotechnology, Lake Placid, NY)
immunoblotting as described (12).

Results

In the Ig-« cytoplasmic tail sequence, two serines are flanking the
second ITAM tyrosine, which is followed by one threonine (Fig.
1A). To test whether phosphorylation of these amino acids plays a
role in BCR function, we changed the two serines to alanines and
the threonine to valine (A, V; Fig. 14). These mutations generated
an Ig-a cytoplasmic tail that can no longer be phosphorylated by
serine/threonine kinases. The signaling function of the wild-type
and the mutated Ig-« tail was first tested in the context of a chimeric
antigen receptor. Extracellularly, this receptor carries a scFv frag-
ment with specificity for the hapten nitrophenyl, followed by a CDS8
linker and the transmembrane part of the TCR-{ chain. The
cytoplasmic part consists of wild-type Ig-a tail, a truncated tail of
only five amino acids (RRIDP), or the A; ,V-mutated Ig-« tail. The
three different scFv molecules were expressed on J558L cells, and
their signaling function was compared with that of the complete
BCR. Exposure of BCR-positive J558L cells to the phosphatase
inhibitor pervanadate results in an increased PTK substrate phos-
phorylation (4). After treatment with 20 uM pervanadate, all JS58L
transfectants showed increased phosphorylation of a 120-kDa
protein (Fig. 1B). In addition, the BCR-positive J558L cells also
showed phosphorylation of 80-kDa and 65-kDa substrates, which
we previously have identified as HS1 and SLP-65, respectively (4).
Interestingly, these two substrates were phosphorylated weakly in
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Fig. 1. Mutation of the serine (S) and threonine (T) residues in the Ig-« tail
increases the signal transduction from chimeric scFv/Ig-a molecules. (A) Position
of the two serines and the threonine in the cytoplasmic sequence of Ig-a. The
ITAM sequence is overlined. The mutations are shown in bold, and dashes
indicate the identity to the wild-type Ig-a sequence. (B) PTK substrate phosphor-
ylation in activated J558L B cells expressing the complete BCR (lanes 1 and 2) or
chimericscFv/Ig-a molecules with the wild-type Ig-a tail sequence (wt, lanes 3 and
4), a cytoplasmic sequence of only five amino acids, RRIDP (tl, lanes 5 and 6), or the
AsV-mutated Ig-« tail (Aq2V, lanes 7 and 8). The cells were either left untreated
(lanes 1, 3, 5, and 7) or exposed for 2 min to 20 uM pervanadate (lanes 2, 4, 6, and
8). Proteins of total cellular lysates were size-separated by SDS/10% PAGE and
analyzed by Western blotting with the anti-pY antibody 4G10.

cells expressing the scFv/Ig-a molecule (Fig. 1B, lanes 3 and 4). In
these cells, the dominant substrate was a 55-kDa protein (p55),
which was not phosphorylated in cells expressing the complete
BCR. The phosphorylation of p55 required the Ig-« tail, because it
was phosphorylated weakly in the scFv/tl-transfectant of J558L
(Fig. 1B, lanes 5 and 6). Cells expressing the scFv/Ig-a-A;,V
mutated molecule did not show prominent p55 phosphorylation but
displayed strong phosphorylation of HS1 and SLP-65 (Fig. 1B, lanes
7 and 8). The identity of p55 is yet unclear, but we have excluded
the possibility that it is Lyn or another Src family kinase (data not
shown).

After pervanadate treatment, the Ig-« tail of the scFv/Ig-aA; 2V
but not that of the scFv/Ig-a became tyrosine phosphorylated (Fig.
1B, lanes 8 and 4). To analyze the signaling behavior of the three
different scFv molecules in more detail, we exposed the scFv
transfectants of J558L for increasing times to 8 uM pervanadate
(Fig. 2). In this time course experiment, the scFv/Ig-aA;,V-
expressing cells displayed rapid SLP-65 phosphorylation. At 0.5 and
1 min, SLP-65 was the dominant PTK substrate protein in scFv/
Ig-aA,,V transfectant (Fig. 2, lanes 5 and 8) but not at all in the
scFv/Ig-a transfectant, which instead showed an increased p55
phosphorylation (Fig. 2, lanes 4 and 7). At later time points, the p55
substrate was also phosphorylated in the scFv/Ig-aA,,V transfec-
tant. The phosphorylation of ITAM tyrosines in the scFv/Ig-
aA1 >V molecule was seen only after 5 min of stimulation (Fig. 2,
lane 14). Thus, the rapid phosphorylation of SLP-65 and p55 does
not require prior ITAM phosphorylation. Cells expressing the
scFv/tl molecule displayed only a delayed p120 phosphorylation
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Fig. 2. Time course analysis of pervanadate-induced tyrosine phosphoryla-

tion of PTK substrate proteins in scFv transfectants of J558L expressing scFv
molecules with the wild-type Ig-« tail (lanes 1, 4, 7, 10, 13), the A ;V-mutated
1g-a tail (lanes 2, 5, 8, 11, 14), or the tail truncation (lanes 3, 6, 9, 12, 15). Cells
were stimulated for the indicated times with 8 uM pervanadate. The proteins
of total cellular lysates were size-separated by SDS/10% PAGE and analyzed
by 4G10 immunoblotting.

(Fig. 2, lane 15). Together, these experiments suggest that the
serine/threonine residues in the Ig-a tail negatively regulate
SLP-65 and ITAM phosphorylation. At the same time, these
residues promote the tyrosine phosphorylation of p55, an as-yet
unidentified PTK substrate.

We next analyzed the effect of the serine /threonine mutations of
Ig-« in the context of the complete BCR (Fig. 3). J558Lum cells
were transfected with a vector encoding either wild-type Ig-a or the
A V-mutated Ig-a protein. The BCR-positive transfectants
J558Lum/mb-1 and J558Lum/mb-1A;,V expressing similar
amounts of the BCR on the cell surface were stimulated for
different times with goat anti-mouse IgM antibodies. Both trans-
fectants responded to BCR ligation with a rapid SLP-65 phosphor-
ylation, but they differed from each other in their Ig-a phosphor-
ylation. The tyrosine phosphorylation of the A, ,V-mutated Ig-« is
stronger and more prolonged than that of the wild-type Ig-«. Thus,
the serine and threonine residues in the Ig-a tail also negatively
regulate ITAM phosphorylation in the context of the complete
BCR. We have previously shown that on BCR engagement both
ITAM tyrosines of Ig-a (Y1, Y2) become phosphorylated but the
phosphorylation of the first tyrosine is more prominent. To analyze
the effect of the A,V mutation on the phosphorylation of the two
ITAM tyrosines, we exchanged these tyrosines in the Ig-aA;,V
sequence with phenylalanines. We analyzed in parallel J558Lum
transfectants expressing either Ig-a A,V or Ig-a proteins with
these ITAM tyrosine mutations (Y; > Fy, Y2 > F»,and Y12 > F )
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Fig. 3. The time course analysis of PTK substrate phosphorylation in stimu-
lated J558L cells expressing either a wild-type (wt) BCR (lanes 1-6) or a BCR
with an A1 ;V-mutated Ig-a protein (lanes 7-12). Cells were stimulated for the
indicated times with 10 ug/ml of goat anti-mouse IgM antibodies. The pro-
teins of total cellular lysates were size-separated by SDS/10% PAGE and
analyzed by 4G10 immunoblotting.
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Fig. 4. Influence on the A;,T mutation of the Ig-« tail sequence on the
phosphorylation of the two ITAM tyrosines. Western blot analysis of PTK
substrate phosphorylation in J558L/Ig-a transfectants expressing either wild-
type (wt) Ig-a (lanes 1 and 2) or mutations of Ig-« (lanes 3-16). The cells either
were left unstimulated or were stimulated for 3 min with 20 uM pervanadate.
The proteins of total cellular lysates were size separated by SDS/10% PAGE
and analyzed by 4G10 immunoblotting.

in the context of the complete BCR (Fig. 4). Transfectants express-
ing equal amounts of BCR on the surface (data not shown) were
stimulated with 20 uM pervanadate. The PTK substrate phosphor-
ylation in these cells was then analyzed by SDS/PAGE and Western
blotting. This analysis showed that after the mutation of the first
ITAM tyrosine, the second ITAM tyrosine is phosphorylated only
weakly (Fig. 4, lane 6). The additional A;,V mutation of the Ig-a
tail (F1A;,V) showed an increase in the phosphorylation of the
second (Y3) ITAM tyrosine (Fig. 4, lane 8). The same analysis of
the Y, > F, mutations in the different Ig-« tails did not show drastic
differences in Ig-a phosphorylation (Fig. 4, lanes 10 and 12).
Therefore, this analysis suggests that the serine/threonine residues
mostly regulate tyrosine phosphorylation of the second tyrosine
(Y2) in the ITAM of Ig-c. Indeed, the second ITAM tyrosine is
flanked by the two serines and is closer to the threonine than the
first ITAM tyrosine.

Discussion

Little is known about the function of serine/threonine phos-
phorylation that occurs on the signaling subunits of multisubunit
immune recognition receptor family receptors (9, 27). We found
that a mutated Ig-« protein lacking all serine/threonine residues
in its cytoplasmic tail displays an increased ITAM phosphory-
lation. This finding suggests that serine/threonine kinases are
negatively regulating the signaling output from the BCR. Serine/
threonine residues are found in cytoplasmic sequences of many
receptors containing an ITAM (3, 35). Interestingly, serine/
threonine residues are more frequently found around the second
ITAM tyrosine, and our mutational analysis suggests that it is the
second tyrosine that becomes more strongly phosphorylated
after the serine/threonine to alanine/valine mutation. In the
case of the FceR1p chain, direct biochemical evidence suggested
that phosphorylation occurs prominently at S229 in the YSAL
sequence of the second ITAM tyrosine (36). The TCR signaling
subunits CD3-¢, CD3-6, and CD3-v all contain a serine at this
position (3). The second ITAM tyrosine is bound by the
N-terminal SH2 domain of either ZAP70 or Syk, and this binding
is stronger than that of the C-terminal SH2 domain to the first
ITAM tyrosine (15). A serine/threonine kinase, phosphorylat-
ing residues close to the second ITAM tyrosine and thereby
inhibiting the ITAM phosphorylation could therefore efficiently
regulate the coupling between ZAP70/Syk to multisubunit
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immune recognition receptor family receptors. The Ig-B signal-
ing subunit of the BCR becomes tyrosine phosphorylated only
weakly on receptor engagement, and the reduced tyrosine
phosphorylation may be due to the fact that both ITAM
tyrosines of Ig-B are surrounded by serine/threonine residues.
Indeed, after an in vitro kinase reaction of purified BCR
complexes, Ig-B is phosphorylated more strongly than Ig-a on
serine/threonine residues (9).

The exposure of JSSSL B cells to either antigen or pervanadate
results in an increased phosphorylation of PTK substrates (4, 37).
The tyrosine phosphorylation of the Ig-a/Ig-B heterodimer, how-
ever, is not increased drastically by pervanadate (see Fig. 4, lane 2).
It is possible that pervanadate blocks not only tyrosine but also
serine/threonine phosphatases. Thus, pervanadate treatment is
expected to result in an increased serine/threonine phosphoryla-
tion of the Ig-«/Ig-B heterodimer. The stronger serine/threonine
phosphorylation could prevent the subsequent phosphorylation of
the ITAM tyrosines as suggested by our finding that, on pervana-
date treatment, the A;,V mutated Ig-a proteins become more
strongly tyrosine phosphorylated (see Fig. 4, lane 4).

The identity of the serine/threonine kinases that phosphorylate
the Ig-a/Ig-B heterodimer is not known thus far. A serine/
threonine kinase activity was copurified with the cytoplasmic tail of
either Ig-o or Ig-B (9). In another report, a serine/threonine kinase
was described to associate with membrane-bound Ig molecules
lacking the Ig-a/Ig-B heterodimer (38). It is also not clear under
which condition the serine/threonine phosphorylation of Ig-a
and/or Ig-B occurs. The unligated BCR may already be serine/
threonine phosphorylated, and this phosphorylation could prevent
its nonspecific activation or modify the postulated BCR mainte-
nance signal (39, 40). Alternatively, serine/threonine phosphory-
lation may occur only after BCR engagement and may be part of
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a negative feedback loop to terminate BCR signal transduction.
Our finding that T cells expressing the A;,V mutated scFv/Ig-a
molecule have a constitutive NF-AT activation would be in line with
the first possibility (data not shown).

How serine/threonine phosphorylation can inhibit the ITAM
tyrosine phosphorylation is not known. However, several exam-
ples have now been reported whereby phosphorylation of serine/
threonine residues allows protein—protein interactions (41),
which uncouple a receptor from its signal transducer (42, 43).
The rapid phosphorylation of p55 observed on stimulation of the
scFv/Ig-a wild-type, but not of its serine/threonine mutant, may
reflect such a mechanism. Indeed, apart from its positive,
ITAM-dependent signaling function, the Ig-« tail also has been
implicated in BCR signal inhibition, because B cells expressing
a BCR with an Ig-a truncation are hyperactive and can be
stimulated more easily (44, 45). Moreover, an Ig-a-associated
protein of 52 kDa (alpha-4) has been identified as the adapter
protein for the protein-serine/threonine phosphatase PP2a (46—
48). In another report, a 55-kDa protein was found to be
associated with Ig-a but not with Ig-B (49). Further analysis is
required to test whether p55 associates with the BCR and directly
participates in signal inhibition.

In summary, our data suggest that the signal transduction from
the BCR is under a multilevel control involving a positive and a
negative feedback regulation. The latter seems to involve the
phosphorylation of highly conserved serine/threonine residues
in the cytoplasmic tail of Ig-a and Ig-B.
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