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The linker region of Syk and ZAP70 tyrosine kinases plays an important role in regulating their function.
There are three conserved tyrosines in this linker region; Tyr317 of Syk and its equivalent residue in ZAP70
were previously shown to negatively regulate the function of Syk and ZAP70. Here we studied the roles of the
other two tyrosines, Tyr342 and Tyr346 of Syk, in FceRI-mediated signaling. Antigen stimulation resulted in
Tyr342 phosphorylation in mast cells. Syk with Y342F mutation failed to reconstitute FceRI-initiated hista-
mine release. In the Syk Y342F-expressing cells there was dramatically impaired receptor-induced phosphor-
ylation of multiple signaling molecules, including LAT, SLP-76, phospholipase C-y2, but not Vav. Compared
to wild-type Syk, Y342F Syk had decreased binding to phosphorylated immunoreceptor tyrosine-based acti-
vation motifs and reduced kinase activity. Surprisingly, mutation of Tyr346 had much less effect on FceRI-
dependent mast cell degranulation. An anti-Syk-phospho-346 tyrosine antibody indicated that antigen stimu-
lation induced only a very minor increase in the phosphorylation of this tyrosine. Therefore, Tyr342, but not
Tyr346, is critical for regulating Syk in mast cells and the function of these tyrosines in immune receptor
signaling appears to be different from what has been previously reported for the equivalent residues of ZAP70.

Aggregation of the high-affinity immunoglobulin E (IgE)
receptor (FceRI) on mast cells initiates a biochemical cascade
that ultimately results in degranulation and release of inflam-
matory mediators (1, 19, 49, 50). Among these biochemical
changes, protein tyrosine phosphorylation is one of the earliest
detectable events. Since FceRI itself has no intrinsic tyrosine
kinase activity, the sequential activation of the nonreceptor
protein tyrosine kinases (PTKSs) such as Syk is essential for this
signal transduction pathway (2, 3, 12, 15, 22, 24, 41, 47, 58).
Because of the importance of Syk in signaling, there is much
interest in understanding its regulation.

Syk is a member of the Syk and ZAP70 PTK family and is
expressed in most hematopoietic cells (30). The tandem Src
homology 2 region (SH2) domains in the N-terminal half of
Syk are involved in its association with subunits of FceRI after
receptor aggregation (3, 5, 26, 47). This interaction is mediated
by the SH2 domains of Syk binding to the tyrosine phosphor-
ylated immunoreceptor tyrosine-based activation motif
(ITAM) especially of the y subunit of FceRI. Binding of Syk to
a diphosphorylated ITAM results in a conformational change
and an increase of its kinase activity (27). The linker region of
Syk and ZAP70, located between the second SH2 and the
kinase domain, has been reported to play an important role in
regulating the enzymatic function of the molecule (64). SykB,
which lacks a 23-amino-acid (aa) sequence in this linker region
of Syk, is inefficient at coupling stimulation of FceRI or T-cell
antigen receptor to the early and late events of cellular acti-
vation (32). There are three conserved tyrosines in the linker
region of both Syk and ZAP70 (aa 317, 342, and 346 in rat Syk
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and the orthologous aa 292, 315, and 319 in human ZAP70).
The putative Cbl interaction site, Tyr317 of Syk (Tyr292 in
human ZAP70), negatively regulates Syk and ZAP70 signaling
(9, 25, 34, 45). The other two tyrosines in the linker region have
been reported to be involved in the interaction and tyrosine
phosphorylation of phospholipase C-y1 and Vav. Thus, in COS
cells the expression of Syk with both Tyr342 and Tyr346 mu-
tated to Phe results in the loss of the association of Syk with
phospholipase C-y1 and decrease in the tyrosine phosphoryla-
tion of phospholipase C-y1 (PLC-y1) (33). Other experiments
using the two-hybrid system suggest that Tyr342 of Syk is
important for the interaction of Syk with Vav (10).

The roles of the two orthologous tyrosines in the linker
region of ZAP70 (Tyr315 or Tyr319) have been extensively
investigated (11, 18, 35, 42, 54, 56). Both tyrosines are phos-
phorylated after T-cell receptor (TCR) cross-linking. Tyr319 of
ZAP70 is essential for downstream propagation of signals such
as tyrosine phosphorylation of PLC-y1 and calcium influx (11,
54). However, there have been more-variable results in studies
with the Y315F mutant of ZAP70. Experiments with Syk '~
chicken B cells suggest that Tyr315 is essential for the inter-
action of Vav with ZAP70 and critical for antigen receptor-
mediated signal transduction (56). In contrast, Y315F ZAP70
has only minimal inhibitory effects on TCR signaling when
expressed in Jurkat T cells (11). Studies of transgenic or
knockin mice demonstrate that Tyr315 of ZAP70 plays an
important role in the positive and negative selection of T cells
(18, 35). Although Syk and ZAP70 have similar functions in
antigen receptor signaling; there are still differences in their
regulation and their capacity to mediate receptor-mediated
signaling (6, 14, 17, 20, 31, 55, 65). Therefore, these Tyr resi-
dues in the linker region of Syk may have a function different
from that of their orthologues in ZAP70.

The purpose of the present study was to characterize the
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roles of Tyr342 and Tyr346 of Syk in mast cell signaling. There-
fore, Y342F and Y346F mutant Syk were stably expressed in a
Syk-deficient variant of the RBL-2H3 mast cells. Compared
with wild-type Syk, mutation of Tyr342 resulted in a dramatic
reduction of IgE-stimulated mast cell degranulation. However,
Y346F mutant Syk still reconstituted FceRI-initiated histamine
release. Detailed analysis suggested that IgE-receptor aggre-
gation induced a clear increase in the phosphorylation of
Tyr342 but not Tyr346 of Syk. Furthermore, the Y342F mutant
Syk had decreased binding to a phosphorylated ITAM peptide
based on FceRIy, which also resulted in decreased Syk activa-
tion.

MATERIALS AND METHODS

Materials and antibodies. The horseradish peroxidase-conjugated antiphos-
photyrosine antibody PY-20 was from ICN Immunobiologics (Lisle, Ill). The
horseradish peroxidase-conjugated antiphosphotyrosine antibody 4G-10, anti-
PLC-vy1, anti-SLP-76, Racl activation assay kit, and anti-LAT antibodies were
from Upstate Biotechnology (Lake Placid, N.Y.). The anti-PLC-y2, anti-Syk
(N-19), anti-Vav, and anti-PKD/PKCp antibodies were from Santa Cruz Bio-
technology (Santa Cruz, Calif.); the anti-phospho-PKD/PKCp. (Ser916), anti-
phospho-p44/42 MAP kinase, and anti-p44/42 MAP kinase antibodies were from
Cell signaling (Beverly, Mass.).

The anti-Syk antibodies have been described previously; the anti-SykI was
raised to a sequence in the linker region between the second SH2 domain and the
kinase region, and the anti-SykC is an antibody to a peptide corresponding to the
carboxyl-terminal amino acids (3). The anti-phospho-AL-Syk antibody was to a
phosphopeptide corresponding to the activation loop of rat Syk (62). The diphos-
phorylated synthetic peptide based on FceRIy (yPP) has been described previ-
ously. The sources of other materials not indicated were as described previously
3).

Anti-Syk phospho-342 (anti-pTyr**?) and anti-Syk phospho-346 (anti-
pTyr**) specific antibodies. Peptides were synthesized with a Milligen model
9500 peptide synthesizer. The parent peptide NH2-ALPMDTEVYESPYADPE-
C-COOH corresponding to the rat Syk aa 334 to 350 was made by using 9-flu-
orenylmethoxycarbony chemistry, with a cysteine C-terminal resin. For mono-
phosphorylated peptides, a phosphorylated derivative of tyrosine was used
instead of the Tyr residues. Rabbits were immunized with the conjugate of the
monophosphorylated peptides coupled to keyhole limpet hemocyanin (Sigma)
via the COOH-terminal cysteine residue. The phosphopeptide-specific sera were
purified by negative absorption with affinity beads containing the native, non-
phosphorylated peptides.

Construction of cDNA and cell transfections. The rat wild-type Syk expression
vector pSVL-Syk has been described previously (61). Tyr342 and Tyr346 of rat
Syk were each mutated to Phe individually by using the QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, Calif.) according to the manufacturer’s
directions. Mutations were verified by nucleotide sequencing. For stable trans-
fection, 20 pg of linearized mutant Syk expression plasmids and 2 g of pSV2-
neo vector were cotransfected into 5 X 10° Syk-negative TB1A2 cells by elec-
troporation (310 V, 960 wF) as described previously (61). The stable transfected
clones were selected with 400 wg of active G418 (Life Technologies, Gaithers-
burg, Md.)/ml. By fluorescence-activated cell sorting analysis, FceRI expression
levels were similar for all the clones used in these experiments. The expression
of mutated Syk was confirmed by immunoblotting using anti-Syk antibody.

Cell culture and activation. The Syk-negative variant of RBL-2H3 and its
wild-type Syk transfectants have been described previously (61). For cell activa-
tion, Syk-negative TB1A2 cells and their wild-type or mutant Syk transfectants
were cultured overnight as monolayers either with or without antigen-specific
IgE. The cells cultured with IgE were stimulated with antigen at concentrations
ranging from 0.01 to 1.0 pg/ml. The cells cultured without IgE were incubated
with calcium ionophore A23187 at 0.25 to 2 uM or with 0.4 mM pervanadate for
30 min at 37°C. After stimulation for the indicated times, the supernatants were
removed for histamine analysis.

Immunoprecipitation and immunoblotting. After stimulation, cell monolayers
were rinsed with ice-cold phosphate-buffered saline containing 2 mM Na;VO,
and protease inhibitors (2 mM phenylmethylsulfonyl fluoride, 90 mU of aproti-
nin/ml, 50 pg of leupeptin/ml, 50 pg of pepstatin/ml) and solubilized in Triton
lysis buffer (1% Triton X-100, 20 mM Tris [pH 7.4], 100 mM NaCl, 50 mM NaF,
plus protease inhibitors and Na;VO,). The postnuclear supernatants were im-
munoprecipitated with antibodies bound to protein A-agarose beads. After ro-
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tation at 4°C for 1 h, the beads were washed four times with ice-cold lysis buffer
and the proteins were eluted by boiling for 5 min with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer as described
previously (26). Whole-cell lysates or immunoprecipitated proteins were sepa-
rated by SDS-PAGE and electrotransferred to polyvinylidene difluoride mem-
branes (Millipore, Bedford, Mass.). The blots were probed with antiphosphoty-
rosine or other specific antibodies. All the blots probed by anti-phospho-
antibodies were stripped and reblotted with the corresponding specific antibody
to verify equal loading. In all blots, proteins were visualized by enhanced chemi-
luminescence (Renaissance). Immunoprecipitation with the phosphorylated
vy—ITAM peptide was performed as described previously (63).

In vitro kinase assay. Syk immunoprecipitated as described above was further
washed with kinase buffer (30 mM HEPES [pH 7.5], 10 mM MgCl,, and 2 mM
MnCl,) and resuspended in 40 wl of the same buffer. The kinase reactions were
for 18 min at room temperature with 3 p.Ci of [y-*>P]JATP and 4 uM ATP. The
reactions were stopped by the addition of 40 wl of 2X Laemmli sample buffer and
boiling for 10 min. The eluted proteins were separated under reducing conditions
by SDS-PAGE, electrotransferred to membranes, and visualized by autoradiog-
raphy. The membranes were immunoblotted with anti-Syk antibody as described
above.

Racl activation assay. Active Racl was detected with the Racl activation
assay kit following the instructions of the manufacturer. Briefly, cells cultured
overnight with IgE were transferred for 2 h to a culture medium in which the
serum was replaced by 1% bovine serum albumin (BSA) and IgE. The mono-
layers were then washed and activated for 12 min with antigen (0.1 pwg/ml). The
activated Racl was precipitated with the p21-binding domain of PAK-1 (PAK-1
PBD) agarose and analyzed by immunoblotting with anti-Racl antibody.

Measurement of calcium influx. Cells (2 X 10°/well) were cultured overnight
with or without IgE in 24-well culture plates. The monolayers were then washed
twice with loading medium (medium 199 [Biofluid, Inc, Rockville, Md.], supple-
mented with 2 mM CaCl, and 0.1% BSA) and loaded with 2 uM Fura-2 AM for
1 h at 37°C. After loading, cells were transferred to room temperature for 1 h and
then washed four times with working medium (medium 199 containing 2 mM
CaCl,, 10 mM Tris [pH 7.4], and 0.01% BSA). Fura-2 fluorescence in single cells
was measured with a Tillvision System (Till Photononic GmbH, Grafelfing,
Germany) attached to an inverted Olympus microscope with a Zeiss Fluar 10X
objective. A pair of fluorescence images was acquired every 2 s at excitation
wavelengths of 340 and 380 nm. For data analysis, 60 cells were chosen at random
and the ratio of the fluorescence intensities (with background subtracted) excited
at the two wavelengths was calculated and plotted for individual cells.

RESULTS

Tyr342 of Syk is phosphorylated after FceRI aggregation.
To investigate the function of Tyr342 of Syk in mast cell signal
transduction, a variant of RBL-2H3 cells deficient in Syk was
transfected with Y342F mutant Syk. Three cloned lines were
selected based on their expression of Syk at levels approximat-
ing that in the cells transfected with wild-type Syk (Fig. 1A).
The in vivo phosphorylation of Tyr342 was tested with a spe-
cific antibody generated by using a phosphopeptide based on
the sequence surrounding Tyr342 of Syk. The antiserum was
adsorbed by the corresponding nonphosphorylated peptide to
deplete antibodies reactive with the native Syk molecule. To
test the specificity of this antibody, the cells expressing wild-
type or Y342F mutant Syk were treated with pervanadate to
induce maximum tyrosine phosphorylation of cellular proteins.
Syk was then immunoprecipitated from the cell lysates and
analyzed by immunoblotting with either an antibody that binds
general phosphotyrosine residues (monoclonal antibody 4G10)
or with the anti-Syk 342-phosphotyrosine antibody (anti-
pTyr’*?). As shown in Fig. 1B, a strong signal was observed
with the antiphosphotyrosine 4G10 antibody for both the wild-
type and the Tyr342 mutant Syk after incubation with pervana-
date. However, when using the anti-pTyr**? antibody a signal
was observed only with wild-type but not with the Y342F mu-
tant Syk. Also, this antibody did not react with the nonphos-
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FIG. 1. Tyr342 of Syk was phosphorylated in vivo. (A) Generation of stable mast cell lines expressing Y342F mutant Syk. The Syk-negative
TB1A2 cells were transfected with cDNA encoding Y342F mutant Syk and selected with G418. Cell lysates of cloned lines were screened by
immunoblotting with anti-Syk antibody, and three positive clones were selected for further study. Lysates from these cells were immunoblotted with
anti-Syk antibody and with anti-FceRIB antibodies. (B) Specificity of anti-pTyr**?. Syk-negative TB1A2 cells transfected with wild-type or Y342F
mutant Syk were incubated with 0.4 mM pervanadate for 30 min at 37°C. Syk was immunoprecipitated with rabbit anti-Syk and analyzed by

immunoblotting with antiphosphotyrosines 4G10, anti-pTyr***

, or anti-Syk antibodies. (C) FceRI aggregation induced increased Tyr342 phos-

phorylation. Cells were cultured overnight with antigen-specific IgE and stimulated with antigen at a concentration of 0.1 wg/ml for 20 min. Syk

was immunoprecipitated with rabbit anti-Syk and analyzed by immunoblotting with antiphosphotyrosines, anti-pTyr

phorylated molecule. Therefore, this anti-pTyr**?

specific for the phosphorylated Tyr342 of Syk.

Whether Tyr342 is phosphorylated after IgE antigen stimu-
lation is a critical question for interpreting its function in
FceRI-induced signal transduction. To clarify this, the cells
expressing wild-type Syk or Y342F mutant Syk were stimulated
with IgE plus specific antigen. Immunoprecipitated Syk was
tested with anti-pTyr**? antibody. As shown in Fig. 1C, recep-
tor aggregation did induce increased phosphorylation of
Tyr342 of Syk.

Syk Y342F mutation markedly impairs FceRI signal trans-
duction in mast cells. Cellular protein tyrosine phosphoryla-
tion is one of the earliest events following FceRI stimulation.
Most of the protein tyrosine phosphorylations observed in total
cell lysates require the expression of Syk. Surprisingly, in the
cells expressing Y342F mutant Syk, FceRI aggregation still
induced an obvious increase in cellular protein tyrosine phos-
phorylation, although not to the same extent as wild-type Syk
(data not shown). To study the effect of the Y342F mutation on
the FceRI pathway, we examined the antigen-induced tyrosine
phosphorylation of several important signaling molecules.
SLP-76 is a cytosolic adapter protein that is tyrosine phosphor-
ylated downstream of Syk and regulates the antigen-induced
tyrosine phosphorylation of PLC-y1, calcium mobilization, and
degranulation (21, 43). As shown in Fig. 2A, Syk Y342F mu-
tation dramatically impaired the antigen-induced tyrosine
phosphorylation of SLP-76. LAT, another adapter protein,
becomes tyrosine phosphorylated after antigen stimulation and
plays an important role in IgE-mediated calcium influx and
mast cell degranulation (46). The lack of the FceRI-induced
LAT tyrosine phosphorylation in the Syk-negative mast cells
was reconstituted by wild-type Syk transfection (Fig. 2B). This
antigen-induced LAT tyrosine phosphorylation was also dra-
matically reduced by the Y342F mutation of Syk (Fig. 2B).

antibody is

342 or anti-Syk antibodies.

Tyr315 in ZAP70 (equivalent to Tyr342 of rat Syk) plays a
critical role for B-cell receptor-induced Vav tyrosine phos-
phorylation (56). Therefore, we examined the phosphorylation
of Vav in cells expressing wild-type or Y342F mutant Syk.
Unexpectedly, antigen stimulation still induced an increase in
Vav tyrosine phosphorylation in Y342F mutant transfectants
(Fig. 2C). The time courses of Vav tyrosine phosphorylation in
the cells expressing wild-type Syk and those expressing Y342F
Syk were similar. Immunoprecipitation experiments with anti-
Syk or anti-Vav antibodies compared the association of these
two proteins in the cells expressing wild-type and Y342F mu-
tant Syk. Both antibodies demonstrate that the association of
Syk and Vav in the cells expressing wild-type Syk was similar to
that in the cells expressing Y342F Syk (data not shown). Ty-
rosine phosphorylation of Vav results in the activation of Racl.
As expected, there were similar levels of activation of Racl in
the cells expressing wild-type Syk and in those expressing
Y342F mutant Syk (Fig. 2D).

FceRI-stimulation induces the activation of phospholipase
C, which results in the formation of inositol 1,4,5-trisphosphate
and 1,2-diacylglycerol. These secondary messengers are re-
sponsible for releasing Ca®* and activating protein kinase C.
As has been observed previously, the receptor-initiated ty-
rosine phosphorylation of PLC-y2 required the expression of
Syk and therefore is downstream of Syk (data not shown).
However, the expression of Y342F mutant Syk in the Syk-
deficient cells reconstituted only minimal tyrosine phosphory-
lation of PLC-vy2; by densitometry the 10-fold increase in the
FceRI-induced tyrosine phosphorylation of PLC-y2 in wild-
type Syk-expressing cells was decreased by ~70% in the cells
transfected with the Y342F mutant (Fig. 2E). The effect of
Y342F mutation on PLC-y1 was also tested. Surprisingly, in
cells expressing Y342F Syk there was ~2.3-fold higher expres-
sion of PLC-y1 than in the wild-type Syk transfectants (Fig. 2F
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FIG. 2. Syk Y342F mutation impairs multiple steps in the FceRI signaling pathway. The indicated cell lines were cultured overnight with
antigen-specific IgE and stimulated by antigen at 0.1 wg/ml. Lysates were immunoprecipitated with anti-SLP-76 (A), anti-LAT (B), anti-Vav (C),
anti-PLC-y2 (E), and anti-PLC-y1 (F) antibodies and analyzed by immunoblotting with antiphosphotyrosine antibody. (D) Active Racl was
precipitated with PAK-1 PBD-agarose and blotted with anti-Racl antibody. Lysates were also analyzed by immunoblotting with anti-phospho-
p44/42 MAP kinase (G) and anti-phospho-PKD/PKCp. (Ser916) (H). Stimulation was for the indicated times except for 30 min for panels A and
B and 12 min for panels D and F. All the blots probed by anti-phospho-antibodies were stripped and reblotted with the corresponding specific
antibody and had equal loading (data not shown) except for PLC-y1 (F). The results shown are representative of at least three independent

experiments.

and data not shown). This increased expression was associated
with higher PLC-y1 tyrosine phosphorylation in the nonstimu-
lated Y342-expressing cells, although the fraction of the total
PLC-vy1 that was phosphorylated was similar to that in the cells
expressing wild-type Syk. Antigen stimulation induced in-
creased PLC-y1 tyrosine phosphorylation in both wild-type
and mutant Syk transfectants; by densitometry this receptor-
induced increase in PLC-y1 phosphorylation was ~7-fold in
the cells expressing wild-type Syk and ~2.7-fold in the Y342F
cell lines, a ~60% decrease. Therefore the Y342F mutation of
Syk results in similar decreases in receptor-induced tyrosine
phosphorylation of PLC-y1 and PLC-y2 with similar fractions
of both that are phosphorylated and presumably activated.
Syk is critical for antigen-induced calcium mobilization in
mast cells, which is regulated by several molecules including
LAT, SLP-76, Vav, and PLC-y, whose tyrosine phosphoryla-
tions were changed by the Y342F mutation of Syk. Therefore
the single-cell responses of the different cell lines were exam-
ined to test the effect of the Y342F mutation of Syk on Ca**
responses (Fig. 3). Surprisingly, even though the Y342F muta-
tion impaired multiple steps of the FceRI-signal pathway, re-
ceptor stimulation still initiated some calcium response in

these cells. However, compared to cells expressing wild-type
Syk, the antigen-induced calcium response in Y342F Syk-ex-
pressing cells was of smaller amplitude and delayed in onset.
Furthermore, the fraction of cells that responded to antigen
stimulation was much lower in Y342F Syk transfectants than in
the cells reconstituted with wild-type Syk. In contrast, throm-
bin stimulation induced a fast response with similar magni-
tudes in all the different cell lines (data not shown).

Several other molecules are activated after FceRI aggrega-
tion. The activation of Erkl/2 of the MAPK after antigen
stimulation is also under the control of Syk. As shown in Fig.
2G, the transfection of Y342F mutant Syk restored only tran-
sient phosphorylation of Erk 1/2 in Syk-deficient cells. PKD is
a serine/threonine protein kinase that is activated by antigen
receptors in T cells, B cells, and mast cells downstream of
protein kinase C (37, 39). Anti-PKD-phospho-Ser916 specifi-
cally recognizes the phosphorylated activation loop residues
and therefore can be used to monitor the catalytic activity of
this kinase (38). By using this antibody, we studied whether Syk
plays a role on FceRI-stimulated PKD activation and the effect
of Syk Y342F mutation on this response (Fig. 2H). Receptor-
induced PKD activation was clearly downstream of Syk. Sur-



8148 ZHANG ET AL.

4 .4
Syk™ . Syk-wt \
] | WAV NP,
| u‘,ﬁ'ﬁ}“.‘{‘!'gﬁ“ﬁ!fﬁif;
+ . JIRY
o 0 | 0
s O 4 8 0 4 8
= 41
342F-1 342F-2
0 : . . 0L . |
0 4 8 0 4 8
Time (min)

Lag-time distribution

Cell Responded at (min) Non Total
fihes responded cell
0-2 2-4 4-6 6-8 cells (%) |numbers
Syk | 0 0 0 0 | 60(100%)| 60
Syk-wt 4 14 19 10 13 (21%) 60
342F-1 0 1 10 22 27 (45%) 60
342F-2| 0 2 11 25 22 (38%) 60

FIG. 3. Comparison of antigen-induced calcium response between
wild-type and Y342F mutant Syk transfectants. Cells were cultured
overnight with IgE, washed, and loaded with Fura-2 and then stimu-
lated with antigen (0.1 pg/ml) at the time indicated by the arrow.
Calcium responses of 6 individual cells from each cell line, represen-
tative of the 60 cells within each experiment, are shown. The distribu-
tions of lag-time (time between antigen addition and initiation of the
calcium response) of all cells within each experiment are in the table.
The result shown is representative of two independent experiments.

prisingly, Y342F mutation of Syk only slightly reduced the
FceRI-induced phosphorylation of PKD. Therefore, FceRI-
induced PKD and thus PKC activation are downstream of Syk
but are not dramatically impaired in the Y342F Syk-expressing
cells.

Degranulation is one of the major functional responses of
mast cells to FceRI stimulation, a reaction in which Syk is
essential (7, 61). We therefore tested the effect of Y342F
mutation on FceRI-induced histamine release. Syk-negative
cells and cells transfected with wild-type or mutated Syk were
activated by either IgE plus antigen or by calcium ionophore
A23187 (Fig. 4). As observed previously, wild-type Syk recon-
stituted antigen-induced histamine release in Syk-deficient
cells. However, in cells expressing Y342F mutant Syk, receptor
aggregation induced essentially no degranulation. The dose
responses obtained by using antigen from 0.01 to 1 wg/ml also
showed similar results (data not shown). Therefore, Tyr342 of
Syk is critical for propagating the intracellular signals that lead
to mast cell degranulation.

The Y342F mutation impairs multiple functions of Syk. The
observation that Syk Y342F had minimal effects on FceRI-
induced Vav tyrosine phosphorylation suggests that the mech-
anism for the effects of Y342F mutation in mast cells may be
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FIG. 4. FceRI-induced degranulation. Cells were stimulated with
antigen or with calcium ionophore A23187 for 45 min at 37°C. The
antigen (0.1 pg/ml)-induced release is normalized by expression as a
percentage of that induced with 1 .M A23187. The result shown is the
average (= standard deviation) of at least four different experiments.
The A23187-induced average release as a percentage of the total
cellular histamine content in the different cell lines was 54 to 68%.

different from that of Y315F mutant ZAP70 in B cells. In the
Y342F Syk-expressing cells, antigen-induced tyrosine phos-
phorylation of LAT, SLP-76, and PLC-vy2 were all decreased,
suggesting that the defect was probably at or upstream of Syk.
Therefore, the next series of experiments investigated the
changes in Syk.

We first examined the antigen-stimulated tyrosine phos-
phorylation and kinase activities of the different forms of Syk
expressed in these cells. As shown in Fig. 5A, although FceRI
aggregation did induce tyrosine phosphorylation of Y342F mu-
tant Syk, the phosphorylation signal of the mutant Syk was
clearly weaker than that of wild-type Syk. The in vitro kinase
assay showed interesting results (Fig. 5B). Compare to wild-
type Syk, Y342F mutation reduced both the basal and the
antigen-stimulated kinase activities of Syk. The loss of one
phosphorylation site due to the Y342F mutation may have
contributed to this decrease, but this result also suggested that
Y342F mutation might reduce the structural flexibility of the
Syk molecule.

SykB, which lacks a 23-aa sequence in the linker region, has
reduced capacity to bind phosphorylated ITAMs (32). To test if
Tyr342 was also involved in the association of Syk with FceRI,
we compared the abilities of wild-type and Y342F mutant Syk
to bind with the ITAM of FceRIy. A biotinylated peptide cor-
responding to diphosphorylated y-ITAM of FceRI was pre-
bound to streptavidin beads and incubated with various amounts
of nonstimulated cell lysates from cells expressing wild-type or
Y342F mutant Syk. As shown in Fig. 6A, both wild-type Syk and
Y342F mutant Syk bound to the diphosphorylated y-ITAM in
a concentration-dependent manner. However, with the same
concentration of Syk and peptide there was twice as much
binding of wild-type as of Y342F mutant Syk.

The binding of Syk to tyrosine-phosphorylated ITAM pep-
tides enhances the kinase activity of Syk (27). Since Y342F
mutant Syk had a lower binding affinity to diphosphorylated
v-ITAM, this mutation should also reduce this enhanced ki-
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FIG. 5. FceRlI-induced tyrosine phosphorylation and enzymatic ac-
tivity of Y342F mutant Syk. (A) FceRI-induced tyrosine phosphoryla-
tion of Syk. Cells were cultured overnight with antigen specific IgE and
either nonstimulated or stimulated with antigen (0.1 pg/ml) (— or +
Ag) for 20 min. Lysates were immunoprecipitated with rabbit anti-Syk
antibody. The immunoprecipitates were analyzed by immunoblotting
with antiphosphotyrosine (4G10) and mouse anti-Syk antibody. (B) In
vitro kinase assay of Syk. Syk was immunoprecipitated from lysates of
either nonstimulated or stimulated cells as in panel A and then incu-
bated with [y-**P]JATP in a protein kinase assay. The proteins were
separated by SDS-PAGE, electrotransferred, and visualized by auto-
radiography. The membranes were then blotted with anti-Syk anti-
body. The results shown are representative of at least three indepen-
dent experiments.

nase activity. As shown in Fig. 6B, there was much greater
enhancement of the kinase activity of wild-type than of the
Y342F Syk by the addition of diphosphorylated y-ITAM pep-
tide.

The interaction of Syk with tyrosine-phosphorylated ITAM
peptides also results in a conformational change that allows
precipitation of this protein by anti-SykC antibody (27). There-
fore, we tested whether Y342F mutant Syk still retained this
capacity for conformational change on ITAM binding. As re-
ported previously, incubating the lysates from cells expressing
wild-type Syk with diphosphorylated synthetic YITAM peptide
strongly enhanced precipitation of Syk by anti-SykC antibody
(Fig. 6C). However, this precipitation was considerably de-
creased with the Y342F mutant Syk. Next we examined
whether Y342F mutation had a similar effect on the in vivo
antigen-induced conformational change of Syk. As shown in
Fig. 6D, FceRI-aggregation induced a dramatic increase in the
amount of wild-type Syk that was precipitated by the anti-SykC
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antibody, while there was much less precipitation of the Y342F
mutant Syk. Altogether, these results suggested that the Y342F
mutation decreased both the in vitro and in vivo phosphor-
ITAM-induced conformational changes of Syk.

The phosphorylation of Syk activation loop tyrosines, pre-
dominantly due to auto- or transphosphorylation, plays a crit-
ical role in propagating FceRI signal transduction (60, 62).
Since Y342F mutant Syk has decreased binding capacity to
v-ITAM peptide (Fig. 6A) and reduced structural flexibility
(Fig. 6C and D), we tested whether this mutation had any
effect on receptor-induced phosphorylation of Syk activation
loop tyrosines. As shown in Fig. 6E, FceRI aggregation re-
sulted in strong phosphorylation of activation loop tyrosines in
wild-type Syk. However, this phosphorylation was dramatically
decreased in Y342F mutant Syk, even though the mutant pro-
tein still retains the intact tyrosines at this site. There was
similar decreased phosphorylation of the activation loop ty-
rosines in the in vitro kinase reaction (data not shown). There-
fore, Y342F mutant Syk has reduced capacity for activation.

Tyr346 is not essential for antigen-induced mast cell de-
granulation. The other tyrosine in the linker region, Tyr319 of
ZAP70, plays an important role in T-cell antigen receptor
signaling (11, 54). To test whether the equivalent tyrosine in
Syk played a similar function, Tyr346 of rat Syk was mutated to
Phe. This Y346F mutant Syk was stably transfected into Syk-
deficient mast cells, and three clones that expressed mutated
Syk at a level similar to that in cells transfected with wild-type
Syk were amplified (Fig. 7A). Antigen- and ionophore-induced
histamine releases were compared among Syk-deficient cells
and the cells transfected with wild-type Syk or Y346F mutant
Syk (Fig. 7B). Surprisingly, Y346F mutant Syk did reconstitute
antigen-induced mast cell degranulation in Syk deficient cells,
although the extent of the release by transfectants with this Syk
mutant was lower than that in cells expressing wild-type Syk.

Phosphorylation of Tyr346 of Syk was not dramatically in-
creased after FceRI aggregation. To understand why Y346F
mutant Syk still reconstituted antigen-induced mast cell de-
granulation, an anti-Syk phospho-346 tyrosine antibody (anti-
pTyr**%) was generated to evaluate if this tyrosine was phos-
phorylated in vivo. The specificity of anti-pTyr**® was tested
with cells stably transfected by wild-type Syk or Y342F or
Y346F mutant Syk. These cells were incubated with pervana-
date to induce maximum cellular protein tyrosine phosphory-
lation. Syk was immunoprecipitated from the cell lysates and
blotted by anti-pTyr**°. As shown in Fig. 8A, positive signals
were observed in stimulated cells expressing wild-type Syk or
Y342F mutant Syk but not in the cells transfected with Y346F
mutant Syk. Therefore, the anti-pTyr**® is specific for phos-
phorylated Tyr346 of Syk.

To find out if FceRI-aggregation could induce phosphoryla-
tion of Tyr346 of Syk, RBL-2H3 wild-type cells were stimu-
lated with IgE plus specific antigen, and immunoprecipitated
Syk was blotted with anti-general phosphotyrosine antibody or
anti-pTyr**®, Although there was a strong signal by immuno-
blotting with an anti-general phosphotyrosine antibody, the
anti-pTyr**® detected only very weak signals with Syk from
activated cells (Fig. 8B). There was still the same minor signal
with this antibody with different antigen concentrations (data
not shown). Since FceRI aggregation induced only a very mi-
nor increase in the phosphorylation of Tyr346 of Syk, it is
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FIG. 6. Y342F mutation impairs multiple functions of Syk. (A) The Y342F mutation reduces the binding of Syk with phosphorylated y-ITAM.
Lysates from the indicated number of nonstimulated, wild-type, or Y342F mutant Syk transfectants were precipitated with the diphosphorylated
ITAM peptide based on FceRIy that had been prebound to streptavidin beads. For comparison, one lane contains lysates from 2.5 X 10* cell
equivalents prepared from the two cell types. The precipitated proteins were analyzed by immunoblotting with anti-Syk antibody. (B) The Y342F
mutation impairs phospho-y-ITAM-induced Syk kinase activity. Syk was immunoprecipitated from nonstimulated cells and used for immune
complex kinase assay without (—) or with 4 uM of ATP in the presence or absence 1 uM diphosphorylated FceRI y-ITAM peptide (yPP) at 4°C
for 80 min. The precipitates were analyzed by immunoblotting with antiphosphotyrosine antibody or anti-Syk antibody and have equal loading
(data not shown). (C) Diphosphorylated yITAM-initiated Syk conformational change. Lysates from nonstimulated cells expressing the indicated
forms of Syk were incubated with or without tyrosine-phosphorylated peptide based on the ITAM of FceRIy (at 1 uM) and then immunopre-
cipitated with rabbit anti-SykC antibody. The immunoprecipitates were analyzed by immunoblotting with anti-SykI antibody. (D) Antigen-induced
conformational changes of Syk. Cells were either nonstimulated or stimulated with antigen for 18 min (0.1 wg/ml). Lysates were immunoprecipi-
tated with rabbit anti-SykC antibody and analyzed by immunoblotting with anti-SykI antibody. (E) The Y342F mutation impairs FceRI-induced
phosphorylation of Syk activation loop tyrosines. Cells were cultured overnight with antigen-specific IgE and then stimulated with antigen (0.1
pg/ml) for 20 min. Syk was immunoprecipitated and analyzed by immunoblotting with anti-phospho-AL-Syk or anti-Syk antibody and have equal
loading (data not shown). The results shown are representative of at least two independent experiments.

reasonable to expect that Y346F mutant Syk would still retain Phosphopeptide mapping has identified 6 tyrosine phos-
the capacity to reconstitute antigen-initiated mast cell degran- phorylation sites in ZAP70 and 10 in Syk (16, 53). Mutagenesis
ulation. of different tyrosines has demonstrated that these residues are

DISCUSSION important in up- or down-regulating Syk and ZAP70 function.

For example, mutation of the three adjacent tyrosines at the

The linker region of Syk and ZAP70 plays an important role COOH-terminal region of Syk or ZAP70 results in a gain of

in regulating their kinase function. There are three conserved . . .
tyrosines present in this region. In this study, we demonstrate fur{ctlgn in T-cell 1'1nes ,(59)' In COI}traSt’ t_he two adjacent
that in mast cells, FceRI stimulation induced a clear increase in activation loop tyrosines in the catalytic domain of Syk (Tyr519
the phosphorylation of Tyr342, but not Tyr346, of Syk. Corre- f’md Tyr520 in rat Syk)‘ are fessential for propagating receptor-
lated with this in vivo phosphorylation, mutation of Tyr342, but ~ induced downs.tream signaling (13’ 29, 60).' .These results sug-
not Tyr346, of Syk had dramatic effects on FceRI signal trans- gest that tyrosine phosphorylation is a critical feature of the
duction. The expression of Y342F mutant Syk failed to recon-  regulation of Syk and ZAP70 enzymatic activity and function.
stitute FceRI-stimulated histamine release, with impaired an- Experiments have investigated the functional role of the
tigen-induced tyrosine phosphorylation of SLP-76, LAT, PLC- three conserved tyrosines in the linker region of Syk and
¥2, but not Vav. These defects in signaling are due to reduced ZAP70. The putative Cbl binding site, Tyr292 in ZAP70 or
binding capacity of the mutated Syk with phospho-yITAM, Tyr317 in Syk, is a negative regulator of signal transduction in
decreased Syk kinase activity, and conformational change, cells (9, 25, 34, 45). The functions of the other two-linker
which finally results in decreased phosphorylation of Syk acti- region tyrosines in Syk, however, have not been clearly defined.
vation loop tyrosines. The role of Tyr342 and Tyr346 of Syk was first investigated
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FIG. 7. The Y346F mutant Syk reconstituted FceRI-induced hista-
mine release. (A) Generation of stable mast cell lines expressing
Y346F mutant Syk. The Syk-negative TB1A2 cells were transfected
with cDNA encoding Y346F mutant Syk and were screened as in Fig.
1. Three positive clones were selected for further study. Lysates from
these cells were immunoblotted with anti-Syk antibody and with anti-
FceRIP antibodies. (B) Histamine release results. Cells were cultured
overnight with antigen-specific IgE, washed, and then stimulated with
antigen (0.1 pg/ml) or with calcium ionophore A23187 for 45 min at
37°C. The antigen-induced release is normalized by expression as a
percentage of that induced with 1 puM of A23187. The result shown is
the average (*+ standard deviation) of at least three different experi-
ments. The A23187-induced average releases as percentages of the
total cellular histamine content in the different cell lines were 50% for
Syk negative or wild type and 69 to 73% for the Y346F lines.

by expressing a chimeric molecule with the extracellular and
transmembrane domain of mCD8 fused with Syk (33). Substi-
tution of these two tyrosines with Phe in mCD8-Syk reduced in
vitro interaction of the fusion protein with the SH2 domain of
PLC-vy1 and eliminated its capacity to induce tyrosine phos-
phorylation of PLC-y1 in vivo. In the yeast two-hybrid system,
the Tyr342 of Syk was the binding site for the SH2-domain of
Vav (10). In vitro, mutation of this site reduced the interaction
of Syk with a fusion protein containing the SH2 domain of Vav
and in transiently transfected COS cells, Syk with this mutation
did not tyrosine phosphorylate Vav. Furthermore, by overex-
pression in Jurkat cells, Syk with this tyrosine mutated lost its
capacity to enhance NFAT activation after TCR stimulation.
However, the present in vivo data from mast cells suggest that
Tyr342 but not Tyr 346 is functionally critical for downstream
signal transduction.

There have been a number of studies of the two orthologous
tyrosines in the linker region of ZAP70 (Tyr315 or Tyr319).
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FIG. 8. Phosphorylation of Tyr346 was not dramatically increased
after antigen stimulation. (A) Specificity of anti-pTyr**® antibodies.
Syk-negative TB1A2 cells transfected with wild-type Syk, Y342F mu-
tant Syk, or Y346F mutant Syk were incubated with 0.4 mM pervana-
date for 30 min at 37°C. Syk was immunoprecipitated with rabbit
anti-Syk and analyzed by immunoblotting with antiphosphotyrosines
and anti-pTyr**® antibodies. (B) Phosphorylation of Tyr346 before and
after FceRI aggregation. Wild type RBL-2H3 cells were cultured over-
night with IgE and then stimulated with antigen (0.1 pg/ml) for the
indicated times. Syk was immunoprecipitated and analyzed by immu-
noblotting with antiphosphotyrosines, anti-pTyr>*, or mouse anti-Syk
antibodies. The results shown are representative of three independent
experiments.

Both of these tyrosines are phosphorylated after immune re-
ceptor activation (11, 54). In mice, Tyr315 of ZAP70 (equiva-
lent to Tyr342 of Syk) is involved in regulating the positive and
negative selections of T cells (18, 35). In Syk~/~ chicken B
cells, the expression of Y315F mutant ZAP70 eliminates Vav-
ZAP70 interaction and profoundly alters the capacity of
ZAP70 to reconstitute the antigen receptor-signaling pathway
(56). However, overexpression of this mutated ZAP70 in Jur-
kat T cells is not very effective as a negative dominant inhibitor
of TCR-induced NFAT activation (11). Tyr319 of ZAP70
(equivalent to Tyr346 of rat Syk) is critical for antigen-receptor
signaling in T cells and is important for the interaction of
ZAP70 with the SH2 domain of PLC-y1 and Lck (11, 42, 54).
In contrast, in the present study, we observed that Tyr342 but
not Tyr346 of rat Syk was essential for FceRI signaling in mast
cells. The functional importance of Tyr342 of Syk in mast cell
signaling is similar to the role of its equivalent tyrosine in
ZAP70, Tyr315, in B-cell signaling. However, our finding that
Tyr346 of Syk plays a minor role in mast cells is in contrast with
the results obtained with the orthologous site, Tyr319 of
ZAP70.

Although both Syk and ZAP70 belong to the same PTK
family, there are differences in their signaling capacity and the
mechanism of their regulation (8, 14, 55). Binding to phos-
phorylated ITAM can activate Syk, while ZAP70 requires ad-
ditional stimulatory input from Lck (23, 28, 44, 65). In T cells,
Syk, but not ZAP70, can transduce TCR signals independent
of CD45 and Lck (6). In Syk and CD45 double-deficient mast
cells, the expression of Syk but not ZAP70 reconstitutes FceRI
signaling (63). Site-directed mutagenesis of the activation loop
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tyrosines of ZAP70 and Syk suggests that the orthologous sites
on the two kinases might play different roles. For ZAP70,
mutation of the first activation loop tyrosine increases in vitro
kinase activity and enhances in vivo signal transduction in a
Syk-negative avian B-cell line (4, 28, 52). In contrast, mutation
of either one of these two tyrosines in Syk has no effect on in
vitro kinase activity but results in a loss of the capacity of Syk
to function in the IgE receptor signaling pathway (60). There-
fore, it is possible that the equivalent tyrosines in Syk or
ZAP70 may have different functions. Nevertheless, our result
further highlights the observation that the linker region of Syk
is critical for regulating the function of the enzyme in mast cell
signaling.

The linker region Tyr342 of Syk has been considered a
putative binding site for Vav. This site is required for the
interaction of Syk and Vav in the two-hybrid system. Mutation
of this tyrosine also reduced the binding of Syk with a Vav SH2
fusion protein in vitro and eliminated the capacity of Syk to
phosphorylate Vav in vitro and in vivo (10). Similarly, the
equivalent tyrosine in ZAP70, Tyr315, was reported to play an
important role in Vav interaction with ZAP70 and the muta-
tion to Phe resulted in a marked reduction in the tyrosine
phosphorylation of Vav in B cells (56). However, in other
systems this Tyr may not regulate Vav phosphorylation. For
example, in a transformed T-cell line or in T cells obtained
from Y315F knockin mice, the Y315F mutation does not dra-
matically decrease the receptor-induced Vav tyrosine phos-
phorylation (35, 40). In the present experiments we found that
Y342F mutant Syk reconstitutes FceRI-induced Vav tyrosine
phosphorylation in mast cells. The discrepancy among the dif-
ferent results may be due to the different cell types used.
Nevertheless, our results suggest that the impaired signal
transduction in cells expressing Y342F mutant Syk is not due to
decreased phosphorylation of Vav.

The Y342F mutation of Syk reduced its capacity to bind
diphosphorylated y-ITAM and the capacity of Syk to undergo
a conformational change, which results in a reduction in auto-
phosphorylation and phosphorylation of its own activation
loop tyrosines. Binding of diphosphorylated y-ITAM stimu-
lates Syk kinase activity, thus increasing autophosphorylation
and the phosphorylation of the activation loop tyrosines (27,
44, 48, 62). In the present study, Y342F mutant Syk had de-
creased binding to diphosphorylated ITAM and decreased ca-
pacity for autophosphorylation and phosphorylation of the ac-
tivation loop tyrosines both in vitro and in vivo. This defect in
binding to phospho-ITAM is reminiscent of the observations
that the alternatively spliced variant of Syk, termed SykB,
which lacks a 23-aa sequence in the linker domain, has reduced
capacity to bind phosphorylated ITAMs and is inefficient at
coupling immune receptors such as FceRI to the early and late
events of cellular activation (32). Phosphorylation of Syk acti-
vation loop tyrosines is essential for Syk to mediate antigen-
induced mast cell degranulation (62). The decreased tyrosine
phosphorylation of the activation loop in the Y342F mutant
Syk, therefore, may be the major reason for the loss of down-
stream signal transduction caused by this mutation.

The FceRI-induced increase in [Ca®*]; is downstream of Syk
and regulated by several enzymes and adapters including
PLC-y, LAT, SLP-76, and Vav (36, 43, 46, 51). As there were
changes in the tyrosine phosphorylation of several of these
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proteins, it is not surprising that there were also profound
changes in the receptor-induced increase in [Ca?*];. The bone
marrow-derived mast cells from PLC-y2™/~ mice are essen-
tially negative for FceRI-induced degranulation, and receptor
activation of the B cells from these mice does not induce an
increase in [Ca®"];. Therefore, PLC-y2 is essential for signal-
ing from the FceRI. The defects in signaling downstream of
Y342F Syk that we observed therefore could be due to the
decreased activation of the phospholipases, especially PLC-vy2.
The partial functioning of downstream signals in Y342F mu-
tant Syk-expressing cells was supported by the results of anti-
gen-initiated transient phosphorylation of MAPK and a
slightly reduced PKD phosphorylation.

The higher expression level of PLC-v1 in the cells with the
Y342F mutant Syk was unexpected. However, we have previ-
ously observed a similar phenomenon. The overexpression of
Gab2 in RBL-2H3 cells impairs FceRI-signal transduction and
results in reduced Syk activation loop tyrosine phosphorylation
(57). These Gab2-overexpressing cells also have a higher ex-
pression of PLC-vy1, and FceRI aggregation results in an in-
creased tyrosine phosphorylation of PLC-y1 but not PLC-y2.
Therefore, the overexpression of PLC-y1 under both of these
conditions may be a self-adjusting response when normal sig-
naling pathways are interrupted. Clearly, further experiments
will be necessary to understand the mechanism of the higher
expression of PLC-y1.

In summary, we found that in mast cells aggregation of
FceRI initiates a clear increase in the phosphorylation of
Tyr342 but only a very minor, if any, increase in the phosphor-
ylation of Tyr346. Furthermore, Tyr342 but not Tyr346 is es-
sential for Syk to mediate FceRI signal transduction in mast
cells. Tyr342, by regulating the binding capacity of Syk with
phosphorylated ITAMs and Syk conformational change, con-
trols the extent of Syk activation, loop tyrosine phosphoryla-
tion, and signal transduction from immunoreceptors. There-
fore, this tyrosine in the linker region is critical in regulating
the biological function of Syk.
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