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The adapter SLP-76 plays an essential role in Fc�RI signaling, since SLP-76�/� bone marrow-derived mast
cells (BMMC) fail to degranulate and release interleukin-6 (IL-6) following Fc�RI ligation. To define the role
of SLP-76 domains and motifs in Fc�RI signaling, SLP-76�/� BMMC were retrovirally transduced with
SLP-76 and SLP-76 mutants. The SLP-76 N-terminal and Gads binding domains, but not the SH2 domain,
were critical for Fc�RI-mediated degranulation and IL-6 secretion, whereas all three domains are essential for
T-cell proliferation following T-cell receptor (TCR) ligation. Unexpectedly, the three tyrosine residues in
SLP-76 critical for TCR signaling, Y112, Y128, and Y145, were not essential for IL-6 secretion, but were
required for degranulation and mitogen-activated protein kinase activation. Furthermore, a Y112/128F SLP-76
mutant, but not a Y145F mutant, strongly reconstituted mast cell degranulation, suggesting a critical role for
Y145 in Fc�RI-mediated exocytosis. These results point to important differences in the function of SLP-76
between T cells and mast cells.

The high-affinity receptor for immunoglobulin E (IgE)
(FcεRI) is a multimolecular complex of the IgE-binding �
subunit, two signal-transducing � subunits, and a � subunit that
promotes assembly of the receptor and amplifies signal trans-
duction (3, 32). Both � and � chains contain immunoreceptor
tyrosine-based activation motifs (ITAMs) within their intracel-
lular domains. Upon FcεRI cross-linking, the ITAMs of the �
and � subunits become phosphorylated by the Src family ty-
rosine kinase lyn and recruit the protein tyrosine kinase Syk,
which in turn phosphorylates intracellular proteins such as
LAT, phospholipase C-� (PLC-�), Vav, and the adapter pro-
tein SLP-76 (9, 21, 28, 35).

SLP-76 is predominantly expressed in hematopoietic cells
and has three major protein-interacting domains (7, 25, 38, 46).
Three tyrosine residues (Y113, Y128, and Y145) in the N-
terminal domain become phosphorylated by Syk family protein
tyrosine kinases following T-cell receptor (TCR) engagement
and provide binding sites for the SH2 domains of Vav, Nck,
and Itk. The binding of Vav and Nck to phosphotyrosine res-
idues Y113 and Y128 may link SLP-76 to the JNK (Jun amino-
terminal kinase) pathway and to the actin cytoskeleton (5, 10,
54–56). Y145 has been implicated in the binding of SLP-76 to
Itk (6, 53). Direct interaction of PLC-� with SLP-76 as well as
formation of a complex involving LAT and Itk, which, respec-
tively, bind and phosphorylate PLC-�, may be required for
PLC-� activation (49, 57, 59). SLP-76 associates constitutively
via its central proline-rich domain with the SH3 domain of
Gads, which recruits it to LAT following TCR stimulation (1,
31, 33). This allows the translocation of SLP-76 to glycolipid-
enriched microdomains (GEMs) (24) and may also link it via

Sos to the Ras/mitogen-activated protein kinase (MAPK)/ex-
tracellular signal-regulated protein kinase (ERK) pathway (29,
36). Proteins that directly interact with the SLP-76 SH2 do-
main include ADAP (formerly known as SLAP-130/FYB), the
Ser/Thr kinase HPK1, and a 62-kDa phosphoprotein (11, 36,
37, 48).

SLP-76�/� mice lack T cells, indicating that signals inte-
grated by SLP-76 are critical for T-cell development (8, 43).
SLP-76 also plays an important role in TCR signal transduc-
tion and T-cell activation. SLP-76-deficient Jurkat cells exhibit
severely impaired signaling after stimulation through the TCR-
CD3 complex. PLC-�1 activation, calcium mobilization,
ERK1/2 phosphorylation, and interleukin-2 (IL-2) production
are all severely compromised (59).

SLP-76-deficient mice have normal numbers of mast cells in
their skin and bronchi, and their bone marrow cells differen-
tiate normally in vitro into mast cells upon culture in IL-3-
containing medium (44). However, SLP-76�/� bone marrow-
derived mast cells (BMMC) fail to release the granular enzyme
�-hexosaminidase and to secrete IL-6 after FcεRI cross-link-
ing. These findings indicate that SLP-76 plays an essential role
in FcεRI signaling. We took advantage of the availability of
SLP-76�/� BMMC and transduced them retrovirally with
SLP-76 mutants to address the role of SLP-76 domains and
residues for its adapter function in signaling via FcεRI.

MATERIALS AND METHODS

Cells and cell culture. Bone marrow cells were cultured in WEHI-3-condi-
tioned medium (WCM) as a source of IL-3 (44). After 3 to 5 weeks of culture,
90% or more of the cells derived from wild-type (WT) and SLP-76�/� bone
marrow are mast cells, as evidenced by fluorescence-activated cell sorting
(FACS) analysis for FcεRI expression. To assess FcεRI expression, the cells were
successively incubated with mouse IgE, biotinylated rat anti-mouse IgE, and
streptavidin-CyChrome (all from PharMingen). Cells were analyzed on a
FACScalibur flow cytometer (Becton Dickinson Immunocytometry Systems).
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cDNA constructs and viral constructs. SLP-76 mutants were generated from
mouse SLP-76 cDNA by PCR and then cloned into the Moloney murine leuke-
mia virus (MLV)-based retroviral pMMP vector. SLP-76 cDNA was cloned
upstream of an internal ribosomal entry site that precedes the gene encoding
green fluorescent protein (GFP). This vector construct once integrated into the
host genome directs expression of a bicistronic mRNA encoding both SLP-76
and GFP.

Virus production and viral transduction of BMMC. High-titer vesicular sto-
matitis virus G protein (VSV-G)-pseudotyped retrovirus-containing superna-
tants were obtained after calcium phosphate transfection of the 293T packaging
cell line (50) with individual retroviral vectors as well as expression plasmids for
MLV Gag-Pol and VSV-G (41). Viral particle-containing supernatant was added
to SLP-76-deficient BMMC cultures prestimulated with stem cell factor (Bio-
source International) and 8 �g of Polybrene per ml (Sigma, St. Louis, Mo.) in
fibronectin (Sigma)-coated plates. After 24 h, the medium was changed to WCM.
GFP expression was assessed after 2 to 3 days of culture, and GFP-expressing
cells were sorted (FACSVantage SE flow cytometer; Becton Dickinson).

�-Hexosaminidase release assay. BMMC (106) were incubated in WCM con-
taining 2.5 �g of rat IgE per ml for 1 h on ice. After washing, pellets were
resuspended on ice in WCM containing 0.1, 1, and 10 �g of F(ab�)2 fragments
per ml of mouse anti-rat immunoglobulins (Igs) (Jackson ImmunoResearch) and
incubated at 37°C for 20 min. The reaction was stopped by centrifugation. The
pellets were resuspended in their original volume and lysed with WCM contain-
ing 0.5% Triton X-100. Aliquots of supernatants and cell lysates were incubated
in duplicates with substrate solution (1.3 mg of p-nitrophenyl-�-D-2-acetamido-
2-deoxyglucopyranozide per ml in 0.1 M citrate [pH 4.5]) as described previously
(44). The percent release values for each experimental condition were calculated
by the formula [S/(S � P)] � 100, where S and P, respectively, are the �-hex-
osaminidase contents of the supernatant and pellet from each sample. The net
release values were obtained by subtracting the optical density for medium alone
from those for the supernatant and pellet.

Measurement of intracellular calcium. BMMC (10 � 106/ml) were preloaded
for 1 h on ice with 5 �g of rat IgE per ml and the calcium-sensitive dye indo
1-AM (5 �M) in calcium buffer (phosphate-buffered saline [pH 7.4], supple-
mented with 5 mM glucose, 1 mM CaCl2, 0.5 mM MgCl2, 10 mM HEPES, and
1% bovine serum albumin). Cells were washed twice with calcium buffer and
resuspended to the original concentration. Three hundred microliters of cells
was analyzed for calcium mobilization in a spectrophotometer (LS50; Perkin-
Elmer Cetus Instruments). Excitation and emission wavelengths were 331 and
410 nm, respectively. Receptor-mediated calcium release was monitored after
addition of F(ab�)2 anti-rat Ig (25 �g/ml), and maximal release was determined
after addition of ionomycin (10 �M final concentration). Values were plotted as
a percentage of calcium release triggered by ionomycin.

Measurement of IL-6 production. BMMC (106) preloaded for 1 h on ice with
2.5 �g of rat IgE per ml were incubated with 1 �g of F(ab�)2 anti-rat Ig per ml
for 24 h in WCM at 37°C. Supernatants were assayed for IL-6 with an enzyme-
linked immunosorbent assay (ELISA) kit (R&D Systems).

Western blotting and immunoprecipitation. SLP-76 proteins were detected
after lysis in Laemmli buffer and Western blotting with a rabbit anti-SLP-76
antiserum (30). For immunoprecipitation experiments, BMMC were preloaded
for 1 h on ice with 2.5 �g of rat IgE per ml and then stimulated for 2 min (SLP-76
immunoprecipitation) or 7 min (PLC-� immunoprecipitation) at 37°C with 10 �g
of F(ab�)2 anti-rat Ig per ml in WCM. After centrifugation, cells were lysed for
15 min on ice in lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA,
1% NP-40) supplemented with the protease inhibitors diisopropyl fluorophos-
phate (3 mM; Sigma), phenylmethylsulfonyl fluoride (PMSF; 1 mM; Sigma),
antipain (50 �g/ml), (4-amidinophenyl)-methane-sulfonyl fluoride (APMSF; 20
�g/ml), and complete protease inhibitor cocktail (all from Roche Molecular
Biochemicals), as well as phosphatase inhibitors (0.5 mM Na3VO4, 5 mM NaF).
Clarified cell lysates were subjected to immunoprecipitation with antibodies to
SLP-76 (30), PLC-�1 (Upstate Biotechnology), or PLC-�2 (Santa Cruz Biotech-
nology). Immunoblotting was performed with antiphosphotyrosine monoclonal
antibody 4G10 (Upstate Biotechnology), anti-pTyr (Sigma), anti-btk (BD Bio-
sciences), and anti-Vav (Upstate Biotechnology).

Activated MAPKs were detected by immunoblotting cell lysates with phos-
phoprotein-specific antibodies (phospho-ERK1/2; Santa Cruz Biotechnology),
phospho-SAPK/JNK and phospho-p38 (both from NewEngland Biolabs). Im-
munoreactive bands were detected by enhanced chemiluminescence (Amersham
Pharmacia Biotech).

Statistical analysis and densitometry. Statistical analyses of the data were
performed with the Prism software (version 3.0a). Blots were scanned and ana-
lyzed with NIH Image software (version 1.62). Results were expressed as fold
induction over baseline and were normalized to signal for loading.

RESULTS

Functional reconstitution of SLP-76�/� BMMC by retrovi-
ral transfer of WT SLP-76. BMMC from SLP76�/� mice were
reconstituted by retroviral transfer of a bicistronic construct
encoding WT SLP-76 and GFP or of a control vector encoding
only GFP. GFP-expressing cells were sorted and analyzed. All
cultures contained 	90% GFP-positive cells at the time of
analysis. The levels of FcεRI expression were equivalent in
BMMC from WT mice and SLP-76�/� mice, as well as virally
transduced BMMC from SLP76�/� mice (Fig. 1A). Expression
of WT SLP-76 protein was confirmed by Western blotting (Fig.
1B).

SLP-76�/� BMMC are severely deficient in their ability to
mobilize calcium, degranulate, and secrete IL-6 following
FcεRI ligation (44). To validate the retroviral transduction
system as a tool to examine the ability of SLP-76 mutants to
restore SLP-76 function, BMMC transduced with WT SLP-76
were loaded with rat IgE and challenged with F(ab�)2 anti-rat
Ig. Retroviral transduction of SLP-76�/� BMMC with WT
SLP-76-encoding vector, but not control vector, restored to
normal their capacity to mobilize calcium (Fig. 1C) and to
release the granule enzyme �-hexosaminidase at all three con-
centrations of cross-linking reagent tested (Fig. 1D). Retrovi-
ral transduction of WT SLP-76 also restored to normal the
capacity of SLP-76�/� BMMC to secrete IL-6 following FcεRI
ligation (Fig. 1E).

Reconstitution of SLP-76�/� BMMC with SLP-76 mutants.
Six SLP-76 mutants were generated in order to delineate the
role of individual SLP-76 domains and tyrosine residues in
signaling through FcεRI. Three deletion mutants included an
N-terminal deletion mutant (amino acids [aa] 2 to 156; SLP-76

2-156), a Gads binding site deletion mutant (aa 224 to 244;
SLP-76 
224-244) and an SH2-domain deletion mutant (aa
422 to 533; SLP-76 
SH2). In three other mutants, tyrosine
(Y) residues Y112, Y128, and Y145 in the N-terminal domain
of murine SLP-76, which correspond to Y113, Y128, and Y145
in human SLP-76, were substituted for with phenylalanine (F):
Y112/128/145F in SLP-76 FFF, Y112/128F, in SLP-76 FFY,
and Y145F in SLP-76 YYF (Fig. 2A). The FFY mutant was
specifically chosen because it might be uncoupled from Vav
(14, 45) yet retain the ability to bind Itk via Y145 (6). Surface
FcεRI expression in BMMC reconstituted with each of the
constructs and sorted for GFP expression was comparable to
that of WT BMMC (Fig. 2B). The level of expression of
SLP-76 mutant proteins was verified by Western blotting and
was similar to or higher than SLP-76 expression in WT BMMC
(Fig. 2C).

Fc�RI-mediated �-hexosaminidase release. Reconstitution
with either SLP-76 
2-156 or SLP-76 
224-244, completely
failed to restore the capacity of SLP-76�/� BMMC to release
�-hexosaminidase after FcεRI ligation (Fig. 3A). In contrast,
�-hexosaminidase release was substantially restored by SLP-76

SH2 (to 77% of WT reconstituted BMMC at 10 �g of anti-
IgE per ml; n � 3). These results suggest that both the N-
terminal domain and the Gads binding site of SLP-76, but not
its SH2 domain, are essential for FcεRI-mediated mast cell
granule exocytosis.

SLP-76 
2-156 lacks the tyrosine residues that have been
shown to play an important role in signaling via the TCR. We
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FIG. 1. Retroviral transduction with SLP-76 reconstitutes FcεRI-mediated signaling in SLP-76�/� mast cells. (A) IgE receptor expression on
BMMC from WT, SLP-76�/� (KO) mice, and SLP-76�/� BMMC reconstituted (reconst.) with control vector or WT SLP-76. Cells were treated
with mouse IgE and then incubated with biotinylated anti-IgE and streptavidin-CyChrome (solid line). Control staining was with biotinylated
anti-IgE and streptavidin-CyChrome alone (dashed line). (B) SLP-76 protein expression was assessed by immunoblotting after separation of
proteins by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. (C) Calcium mobilization was detected in BMMC loaded with indo 1-AM.
BMMC (10 � 106/ml) were sensitized with IgE (5 �g/ml) for 1 h at room temperature and then stimulated with 25 �g of F(ab�)2 anti-rat Ig per
ml followed later by ionomycin (10 �M) at the indicated time points. Results are expressed as percentage of ionomycin-induced calcium
mobilization. (D) Release of �-hexosaminidase. BMMC (106) were incubated with 2.5 �g of IgE per ml for 1 h on ice and then stimulated with
F(ab�)2 anti-rat Ig at the indicated concentrations. The results represent the mean � standard deviation of three experiments, each performed in
duplicate. **, P  0.01; *, P  0.05. ns, not significant as determined by Student’s t test compared to WT. (E) IL-6 release by BMMC. BMMC
(106) preloaded for 1 h on ice with 2.5 �g of rat IgE per ml were incubated with 1 �g of F(ab�)2 anti-rat Ig per ml for 24 h. IL-6 release was
determined by ELISA. The results represent the mean � standard deviation of four experiments. **, P  0.01. ns, not significant compared to WT,
as determined by Student’s t test.
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FIG. 2. Reconstitution of SLP-76�/� BMMC with SLP-76 and SLP-76 mutants. (A) Schematic representation of SLP-76 mutants. (B) IgE
receptor expression on BMMC reconstituted with SLP-76 constructs. Cells were labeled as described in the legend to Fig. 1. Levels of FcεRI
expression on WT, KO, and control vector- and WT SLP-76-transduced cells, are shown in Fig. 1A. (C) SLP-76 protein expression in WT, KO,
and transduced BMMC as assessed by immunoblotting (Western blotting [WB]) with rabbit anti-SLP-76 antiserum. The membrane was reprobed
with anti-PLC-�2 to control for loading.
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FIG. 3. IgE-mediated in vitro degranulation and IL-6 release of BMMC reconstituted (reconst.) with SLP-76 constructs. (A) �-Hexosaminidase
release of BMMC with mutant construct is shown in comparison with BMMC transduced with WT SLP-76. The results represent the mean �
standard deviation of three experiments. Cells were sensitized and stimulated as described in the legend to Fig. 1C. *, P  0.05; **, P  0.01; ***,
P  0.001, as determined by analysis of variance. (B) BMMC were sensitized and stimulated as described in the legend to Fig. 1E, and secreted
IL-6 was quantitated 24 h later. The results shown represent the mean � standard deviation of four experiments. **, P  0.01; ***, P  0.001.
ns, not significant as determined by Student’s t test compared to SLP-76.
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assessed the role of these residues in FcεRI signaling by ex-
amining the capacity of SLP-76 FFF, SLP-76 FFY, and SLP-76
YYF mutants to restore degranulation in SLP-76-deficient
BMMC. SLP-76 FFF and SLP-76 YYF only partially restored
the capacity of SLP-76�/� BMMC to release �-hexosamini-
dase following FcεRI ligation (to 43 and 32% of WT reconsti-
tuted BMMC, respectively, at 10 �g of anti-IgE per ml; n � 3).
In contrast, SLP-76 FFY substantially restored �-hexosamini-
dase release (to 78% of WT reconstituted BMMC, at 10 �g of
anti-IgE per ml; n � 3) (Fig. 3A). These results suggest that
Y145 plays an important role in FcεRI-mediated granule exo-
cytosis.

IL-6 production. IL-6 secretion remained severely impaired
following reconstitution with SLP-76 
2-156 and SLP-76 
224-
244, but was partially restored following reconstitution with
SLP-76 
SH2 (to 42% of WT reconstituted BMMC; n � 4)
(Fig. 3B). These results suggest that both the N-terminal do-
main and the Gads binding site of SLP-76 are essential for
FcεRI-mediated IL-6 secretion by mast cells. However, the
SH2 domain is required for optimal IL-6 secretion.

IL-6 secretion was restored to a large extent by all three
Y-to-F mutants: SLP-76 FFF, SLP-76 FFY, and SLP-76 YYF
(to 65, 72, and 83%, respectively, of IL-6 secretion by BMMC
reconstituted with WT SLP-76; n � 4) (Fig. 3B). This suggests
that phosphorylation of the SLP-76 N-terminal tyrosine resi-
dues is not critical for FcεRI-mediated IL-6 secretion.

Calcium mobilization. The rapid rise in intracellular calcium
concentration that follows FcεRI engagement is impaired in
SLP-76�/� BMMC (44). Calcium mobilization in SLP-76 
2-
156- and in SLP-76 
224-244 BMMC remained indistinguish-
able from that of SLP-76�/�-transduced BMMC (Fig. 4). In
contrast, BMMC transduced with SLP-76 
SH2 responded
similarly to WT BMMC (Fig. 4). These results suggest that the
N-terminal domain and the Gads binding site of SLP-76, but
not its SH2 domain, are essential for FcεRI-mediated calcium
mobilization in mast cells.

BMMC reconstituted with SLP76 FFF exhibited decreased
calcium flux following FcεRI ligation. The calcium response
was restored by SLP-76 YYF and SLP-76 FFY. These results
suggest that tyrosine phosphorylation of tyrosine residues in
the N-terminal domain of SLP-76 is required for FcεRI-medi-
ated calcium fluxes, but that the function of Y112 and Y128 is
redundant with that of Y145.

Tyrosine phosphorylation of SLP-76 and coimmunoprecipi-
tation with btk and Vav. FcεRI ligation induces the rapid
tyrosine phosphorylation SLP-76 (44). Figure 5A shows that
FcεRI ligation, resulted in tyrosine phosphorylation of WT
SLP-76 and, to a lesser extent, the three SLP-76 Y-to-F mu-
tants (WT	YYF	FFY	FFF), indicating that Y112, Y128,
and Y145 are the major sites of tyrosine phosphorylation fol-
lowing FcεRI ligation.

Y112 and Y128 have been reported to be important for the

FIG. 4. Calcium mobilization in reconstituted BMMC in response to FcεRI ligation. Change of fluorescence of the calcium-sensitive dye indo
1-AM was monitored for the indicated time. IgE-sensitized cells were stimulated with F(ab�)2 anti-rat Ig and ionomycin at the indicated time points
(Œ). BMMC reconstituted (reconst.) with a mutant construct are shown in comparison with SLP-76�/� (KO) or WT BMMC analyzed in parallel.
Results are expressed as percentage of ionomycin-induced calcium mobilization. Similar results were obtained in at least five experiments for each
of the mutants.
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association of Vav with SLP-76, and Y145 has been shown to
be implicated in the association of the Tec family kinase Itk
with SLP-76 following TCR ligation (6, 40, 53, 55). There was
a baseline association of Vav and btk with WT SLP-76 in mast
cells, as previously described for Vav and Itk in Jurkat T cells
(53, 55). FcεRI ligation resulted in increased association of
Vav with WT SLP-76 and SLP-76 YYF, but not with SLP-76
FFY or SLP-76 FFF. FcεRI ligation resulted in a modest
increase in the association of the Tec family kinase btk with
WT SLP-76 and the SLP-76 FFY mutant and a weaker in-

crease in the association of btk with SLP-76 YYF and SLP-76
FFF. These results suggest that Y112 and Y128 are important
for the increased association of Vav with SLP-76 and that Y145
is important for the increased association of btk with SLP-76
after FcεRI ligation in mast cells. However, contributions from
additional residues or domains of SLP-76 to its association
with Vav and btk cannot be ruled out.

Tyrosine phosphorylation of PLC-�2. Both PLC-�1 and
PLC-�2 become rapidly tyrosine phosphorylated after ligation
of FcεRI in mast cells (61). Phosphorylation of PLC-�1 was

FIG. 5. Tyrosine phosphorylation of PLC-� in response to FcεRI ligation. (A) Tyrosine phosphorylation of SLP-76 and coimmunoprecipitation
with btk and Vav. BMMC were sensitized with rat IgE (2.5 �g of rat IgE per ml) followed by cross-linking with F(ab�)2 anti-rat Ig (10 �g/ml) and
incubated for 2 min at 37°C. Cell lysates were immunoprecipitated (IP) with rabbit anti-SLP-76 antiserum. Membrane was successively probed with
anti-pTyr, anti-btk, anti-SLP-76, and anti-Vav antibodies. The degree of association of SLP-76 with btk and Vav after stimulation was normalized
to the signal for SLP-76 as determined by densitometry. Similar results were obtained in two experiments. (B) Tyrosine phosphorylation of PLC-�1
and PLC-�2 in WT and SLP-76�/� BMMC. BMMC were sensitized with IgE and stimulated for 7 min as described above. Cell lysates were
immunoprecipitated with anti-PLC-�1 and anti-PLC-�2. PLC-�1/2 tyrosine phosphorylation was analyzed by immunoblotting with antiphospho-
tyrosine antibody (4G10). The membranes were reprobed with anti-PLC-�1 and anti-PLC-�2 to control for loading. (C) Tyrosine phosphorylation
of PLC-�2 in SLP-76-reconstituted BMMC. The top two sets of lanes represent a single experiment with cells stimulated simultaneously and then
processed in parallel. The bottom set of lanes represents a separate experiment for SLP-76 YYF. Membranes were reprobed with anti-PLC-�2 to
control for loading. Similar results were found in three different experiments. Fold induction normalized to signal for loading was determined by
densitometry.
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reduced and phosphorylation of PLC-�2 was virtually absent in
SLP-76�/� BMMC after FcεRI ligation (Fig. 5B). This de-
crease in PLC-� phosphorylation did not simply reflect a global
decrease in protein tyrosine phosphorylation as total protein
tyrosine phosphorylation following FcεRI ligation in SLP-
76�/� mast cells is indistinguishable from that in WT mast cells
(44).

We specifically focused on the capacity of SLP-76 mutants to
restore PLC-�2 phosphorylation. SLP-76 
2-156 and SLP-76

224-244 failed to restore PLC-�2 phosphorylation, whereas a
modest increase in PLC-�2 phosphorylation was detected in
several independent experiments in BMMC reconstituted with
SLP-76 
SH2 (Fig. 5C). These results suggest that the N-
terminal domain and the Gads binding site of SLP-76 are
essential for FcεRI-mediated PLC-�2 activation.

Reconstitution with SLP76 FFF, SLP-76 FFY, and SLP-76
YYF resulted in normal phosphorylation of PLC-�2 following
FcεRI cross-linking (Fig. 5C) suggesting that phosphorylation
of Y112, Y128, and Y145 may not be critical for FcεRI-medi-
ated PLC-�2 activation in mast cells.

MAPK activation. Phosphorylation of ERK1/2 and p38 after
FcεRI cross-linking was modestly reduced and less sustained in
SLP-76�/� BMMC than in WT BMMC (Fig. 6A). In contrast,
phosphorylation of p54 JNK after FcεRI cross-linking was se-
verely reduced in SLP-76�/� BMMC (Fig. 6B). This suggests

that SLP-76 is essential for JNK activation, but not for ERK1/2
and p38 activation.

Reconstitution with SLP-76 
2-156, SLP-76 
224-244, and
SLP-76 
SH2 failed to rescue the defect in MAPK phosphor-
ylation after FcεRI ligation. However, SLP-76 YYF, but not
SLP-76 FFF or SLP-76 FFY, restored the phosphorylation of
ERK, p38, and JNK to normal. This suggests that phosphory-
lation of the tyrosine residues Y112 and Y128 in the N-termi-
nal domain of SLP-76 is critical for MAPK activation in mast
cells.

DISCUSSION

In this study, we used SLP-76�/� BMMC retrovirally trans-
duced with SLP-76 mutants to address the structural require-
ments for SLP-76 in signaling via FcεRI. The results obtained
are summarized in Table 1. They demonstrate a differential
role for SLP-76 domains in mast cell function and a critical role
of residue Y145 in IgE-mediated degranulation.

SLP-76�/� mast cells transduced with a SLP-76 deletion
mutant lacking the N-terminal domain (SLP-76 
2-156) were
indistinguishable from SLP-76�/� mast cells in all FcεRI-me-
diated activation events we tested. The critical role of the
N-terminal SLP-76 domain in mast cell activation is consistent
with its requirement for T-cell development and activation.

FIG. 6. Activation of MAPKs in response to FcεRI ligation in BMMC. BMMC were stimulated for the indicated times and lysed in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer. Aliquots of the lysates were analyzed in parallel for phosphorylation of ERK1/2
and p38 (A) and SAPK/JNK (B) by Western blotting with the corresponding phosphospecific antibodies. The two sets of lanes in panels A and
B represent the same experiment with cells stimulated simultaneously and then processed in parallel. Membranes were reprobed with kinase-
specific antibodies to control for loading. Fold induction normalized to signal for loading was determined by densitometry. n.d., not determined.
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Transgenic expression of SLP-76 
2-156 in SLP-76�/� mice
failed to rescue the block in thymocyte development from the
DP to DN stage (30). Expression of the same mutant in SLP-
76-deficient Jurkat J14 cells did not reconstitute NFAT acti-
vation following stimulation with soluble anti-CD3 monoclonal
antibody (57).

A major contribution to the function of the SLP-76 N-ter-
minal domain in T cells is made by tyrosine residues Y112,
Y128, and Y145, which become phosphorylated after TCR
stimulation (15). FcεRI ligation resulted in tyrosine phosphor-
ylation of WT SLP-76 and, to a lesser extent, the three SLP-76
Y-to-F mutants (WT	YYF	FFY	FFF), indicating that
Y112, Y128, and Y145 are the major sites of tyrosine phos-
phorylation of SLP-76 following FcεRI ligation in mast cells.
The SLP-76 FFF mutant in which all three tyrosine residues
are substituted for with phenylalanine partially reconstituted
�-hexosaminidase release and calcium fluxes and substantially
reconstituted IL-6 release, whereas JNK kinase phosphoryla-
tion remained impaired. The fact that calcium fluxes were
reduced in the face of normal PLC-�2 phosphorylation is not
entirely surprising, because the degree of global phosphoryla-
tion of PLC-� may not always correlate with its activity (16).
Taken together with the complete failure of SLP-76 
2-156 to
reconstitute FcεRI signaling in SLP-76�/� BMMC, the find-
ings with SLP-76 FFF suggest that residues or motifs in addi-
tion to tyrosines in the N-terminal domain of SLP-76 may
contribute to its adapter function in mast cells. This is sup-
ported by recent reports that SLP-76 FFF partially restores
NF-�B and NFAT signaling in SLP-76-deficient Jurkat T cells
(22, 57). Furthermore, reconstitution of SLP-76�/� mice with
SLP-76 FFF mutant partially rescues T-cell development (26,
39); however, the function of the T cells in these mice is
severely impaired. In contrast to our findings in mast cells,
reconstitution with SLP-76 FFF completely fails to correct the
defect in calcium mobilization and PLC-� phosphorylation in
response to TCR ligation. Furthermore, T cells from SLP-
76�/� mice reconstituted with SLP-76 FFF fail to cluster their
TCR and proliferate in response to anti-CD3 (39).

In an attempt to further define the roles of individual N-
terminal domain tyrosine residues in FcεRI-mediated activa-
tion of mast cells, we reconstituted SLP-76�/� BMMC with
two mutants, SLP-76 FFY and SLP-76 YYF. These two mu-
tants were chosen on the basis of the observations in T cells
that Y112 and Y128 (both within pYESP motifs), which are
mutated in SLP-76 FFY, upon phosphorylation mediate the
binding of SLP-76 to Vav and Nck (5, 10, 54–56), whereas

Y145 (pYEPP motif), which is mutated in SLP-76 YYF, is
implicated in the association of SLP-76 and the Tec family
kinase Itk (6, 53). Our results suggest that Y112 and Y128 are
important for the increased association of Vav with SLP-76,
and that Y145 is important for the increased association of btk
with SLP-76 after FcεRI ligation in mast cells. Granule exocy-
tosis was restored by the SLP-76 FFY mutant, but not by the
SLP-76 YYF mutant. This suggests that Y145 is critical for
degranulation, possibly by recruiting btk or other Tec family
kinases to the SLP-76–Gads–LAT–PLC-� complex. This hy-
pothesis is supported by the finding that degranulation is im-
paired in mast cells from btk-deficient mice (20). Vav, which
has been shown to associate with SLP-76 YYF (14, 45), but not
with SLP-76 FFY, is important for IgE-mediated exocytosis.
Our results suggest that direct association of Vav with SLP-76
may not be required, since SLP-76 FFY restored exocytosis
(34). It should be noted that Vav phosphorylation following
FcεRI cross-linking is normal in SLP-76�/� mast cells and that
Vav can associate with FcεRI (44, 51).

Calcium mobilization and PLC-�2 phosphorylation follow-
ing FcεRI ligation were restored by both SLP-76 FFY and
SLP-76 YYF. This suggests that Y112 and/or Y128 plays a role
in calcium mobilization that is redundant with that of Y145.
Y145-mediated recruitment of Tec kinases to the SLP-76–
Gads–LAT–PLC-� complex may explain the capacity of
SLP-76 FFY to restore calcium mobilization in SLP-76�/�

mast cells. The finding that SLP-76 YYF restores calcium
mobilization suggests that interaction of Vav and SLP-76 may
be important for this process. The observation that calcium
fluxes, but not exocytosis, was restored by SLP-76 YYF sug-
gests that while calcium mobilization is essential for degranu-
lation, other signaling pathways, which are dependent on phos-
phorylation of the SLP-76 residue Y145, are also involved.

Phosphorylation of JNK was severely reduced in SLP-76�/�

BMMC. Expression of SLP-76 YYF, but not SLP-76 FFY,
restored JNK phosphorylation. Vav1-deficient BMMC fail to
activate JNK after FcεRI stimulation (34, 52). Restoration of
JNK activation by SLP-76 YYF supports the notion that a
functional association between SLP-76 and Vav is required for
optimal activation of the JNK kinase pathway. In addition, the
adaptor protein Nck, which, like Vav, binds to phosphorylated
Y113 and Y128 may contribute to JNK activation by recruiting
PAK1 to the Vav–SLP-76-containing complex (5, 56, 58). The
finding that SLP-76 FFF and SLP-76 FFY restored IL-6 secre-
tion, but not JNK phosphorylation, may reflect the presence of
JNK-independent pathways for the induction of FcεRI-medi-

TABLE 1. Summary of IgE-mediated mast cell activation events in SLP-76�/� BMMC reconstituted with SLP-76 mutants

SLP-76 Degranulation IL-6 production Ca2� mobilization
Phosphorylation

PLC-�2 JNK

WT ���� ���� ���� ���� ����
KO � � � � �

2–156 � � � � �

224–244 � � � � �

SH2 ��� �� ���� �� �
FFF � ��� �� ���� �
FFY ��� ��� ���� ���� �
YYF � ��� ���� ���� ����
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ated IL-6 production. The activation of such pathways would
be dependent on motifs in the N-terminal domain of SLP-76
other than tyrosine residues, since IL-6 secretion is abolished
in mast cells reconstituted with SLP-76 
2-156.

SLP-76 YYF, but not SLP-76 FFY, restored ERK1/2 and
p38 phosphorylation to WT levels, suggesting that optimal
activation of the ERK1/2 and p38 pathways may require the
association of SLP-76 with Vav and/or Nck. It should be noted
that FcεRI-mediated ERK1/2 and p38 phosphorylation was
nevertheless substantial in the absence of SLP-76. In contrast,
ERK1/2 activation is undetectable in SLP-76-deficient Jurkat
T cells following TCR ligation (59). These differences suggest
that FcεRI, but not the TCR, may be coupled to ERK1/2
activation independently of SLP-76. This could possibly be via
LAT/Grb2/Sos (29, 36, 47) and/or Vav, which may be linked to
ERK via a Rac-PAK1-MEK cascade (2, 17). However, since
LAT and Vav are both phosphorylated normally in SLP-76-
deficient T cells and in SLP-76�/� BMMC (44, 59), it is un-
likely that these two pathways explain the differential phos-
phorylation of ERK1/2 in these two cell types. RasGRP family
members, which are expressed in both mast cells and T cells,
can activate the Ras/MAPK pathway through membrane re-
cruitment by the PLC-� product diacylglycerol (DAG) (12, 13,
60). PLC-�1 phosphorylation is observable after FcεRI ligation
in SLP76�/� BMMC, but is undetectable in SLP-76-deficient
Jurkat T cells following TCR ligation (59). This suggests that
activation of ERK1/2 in SLP76�/� BMMC may be mediated by
RasGRP.

SLP-76 
224-244, which lacks the Gads binding site, failed
to reconstitute all aspects of FcεRI signaling examined. This
suggests an absolute requirement for Gads binding in targeting
SLP-76 to signaling complexes in mast cells. However, the
same mutant was able to partially restore T-cell development
when introduced in the SLP-76�/� background and to partially
restore calcium fluxes in the T cells from these mice (30, 39) as
well as in SLP-76-deficient Jurkat T cells (4, 38, 57). Thus,
while SLP-76 binding to Gads is obligatory for FcεRI signaling
in mast cells, it is in part dispensable for TCR signaling in T
cells. Residual signaling in T cells reconstituted with SLP-76

224-244 might result from a Gads-independent recruitment
of SLP-76 to LAT and/or GEMs in T cells, as suggested by the
partially restored TCR signaling in LAT-deficient T cells ex-
pressing a LAT mutant that does not recruit Gads (62).

The SH2 domain of SLP-76 mediates its association with
ADAP/FYB/SLAP130 and with HPK1 (11, 37, 48). Our results
demonstrate that the SH2 domain of SLP-76 plays a minimal
role in FcεRI-mediated calcium fluxes and degranulation, al-
though one of its ligands, ADAP, has been reported to pro-
mote mediator release upon overexpression in RBL-2H3 cell
line (18). On the other hand, the SH2 domain of SLP-76 is
required for optimal IL-6 release and for JNK activation after
FcεRI ligation, possibly because it may be linked via HPK1 to
MAPK pathways (23, 27). In light of the results from the other
mutants examined, JNK activation following FcεRI ligation
may require contributions from Y112, Y128, the Gads binding
domain and the SH2 domain of SLP-76.

The restricted role of the SH2 domain in FcεRI-mediated
activation is consistent with the observations that deletion or
mutation of the SH2 domain has a modest effect on the ca-
pacity of SLP-76 to reconstitute TCR signaling and suggest

that the SH2 domain functions similarly in mast cells and T
cells. SLP-76 
SH2 and SLP-76 SH2 domain mutant (R448K)
reconstitute T-cell development in SLP-76�/� mice and the T
cells of these mice mobilize calcium normally following TCR
ligation, although they fail to proliferate (39). Furthermore,
the SLP-76 SH2 domain mutant reconstitutes calcium fluxes
and NFAT activation in Jurkat T cells (4, 38, 57). It is inter-
esting to note that the phenotype of ADAP-deficient mice
resembles that of SLP-76�/� mice reconstituted with SLP-76

SH2, as proximal TCR signaling pathways are normal in T
cells from these mice, but proliferation and IL-2 secretion are
impaired (19, 22). The role of ADAP and HPK1 in FcεRI-
mediated signaling has not been determined.

The SLP-76 family of adaptor includes SLP-76, Blnk, and
Clnk. Clnk is expressed in mast cells and in cytokine-stimulated
T cells, but not in resting T cells (18a). Clnk is tyrosine phos-
phorylated upon FcεRI cross-linking and associates with
PLC-�, Vav, Grb2, and LAT. More importantly, overexpres-
sion of a mutant form of Clnk inhibits FcεRI-mediated degran-
ulation, calcium mobilization, NFAT activation, and phosphor-
ylation of LAT. Signaling via Clnk may underlie the residual
calcium mobilization and PLC-�1 phosphorylation observed in
SLP-76�/� mast cells and may account for some of the differ-
ences between the capacity of SLP-76 mutants to reconstitute
FcεRI signaling in mast cells and T-cell function in SLP-76�/�

transgenic mice.
IgE-mediated mast cell degranulation plays a very important

role in allergic diseases. The critical role of the SLP-76 residue
Y145 in mast cell degranulation demonstrated in this study
suggests that it may provide a good target for therapeutic
interventions aimed at inhibiting the allergic response.
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