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Abstract. 

 

Several receptor-mediated signal transduc-
tion pathways, including EGF and IgE receptor path-
ways, have been proposed to be spatially restricted to 
plasma membrane microdomains. However, the experi-
mental evidence for signaling events in these micro-
domains is largely based on biochemical fractionation 
and immunocytochemical studies and only little is 
known about their spatial dynamics in living cells. Here 
we constructed green fluorescent protein–tagged SH2 
domains to investigate where and when IgE receptor 

 

(Fc

 

e

 

RI)–mediated tyrosine phosphorylation occurs in 
living tumor mast cells. Strikingly, within minutes after 
antigen addition, tandem SH2 domains from Syk or 
PLC-

 

g

 

1 translocated from a uniform cytosolic distribu-
tion to punctuate plasma membrane microdomains. 
Colocalization experiments showed that the micro-
domains where tyrosine phosphorylation occurred 
were indistinguishable from those stained by cholera 

toxin B, a marker for glycosphingolipids. Competitive 
binding studies with coelectroporated unlabeled Syk, 
PLC-

 

g

 

1, and other SH2 domains selectively suppressed 
the induction of IgE receptor–mediated calcium signals 
as well as the binding of the fluorescent SH2 domains. 
This supports the hypothesis that PLC-

 

g

 

1 and Syk SH2 
domains selectively bind to Syk and IgE receptors, re-
spectively. Unlike the predicted prelocalization of EGF 
receptors to caveolae microdomains, fluorescently la-
beled IgE receptors were found to be uniformly distrib-
uted in the plasma membrane of unstimulated cells and 
only transiently translocated to glycosphingolipid rich 
microdomains after antigen addition. Thus, these in 
vivo studies support a plasma membrane signaling 
mechanism by which IgE receptors transiently associ-
ate with microdomains and induce the spatially re-
stricted activation of Syk and PLC-

 

g

 

1.

 

T

 

he 

 

specificity and efficiency of tyrosine kinase–
mediated signal transduction is thought to be con-
trolled by differences in the structure of the cata-

lytic domain that render a kinase selective for particular
substrates and/or by the colocalization of a kinase with its
substrates by direct binding interactions or by cellular
compartmentalization. While enzymatic specificity and di-
rect binding interactions can be studied by various bio-
chemical approaches, much less is known about the dy-
namic colocalization of different signaling proteins that is
expected to occur in living cells. We reasoned that fluores-
cently tagged signaling domains could potentially be used
to monitor the spatiotemporal organization of signaling
processes during receptor stimulation of individual cells.
In the following study, we used antigen-stimulated tumor
mast cells (RBL cells) as a model system to understand the
local organization of the down stream tyrosine kinase–
mediated signal transduction process.

Antigen-mediated crosslinking of high affinity IgE re-
ceptors (Fc

 

e

 

RI) is a critical step for triggering the release
of inflammatory agents from mast cells (12). Previous stud-
ies have shown that initial steps for mast cell activation in-
clude the Lyn-mediated tyrosine phosphorylation of IgE
receptors on immunoreceptor tyrosine-based activation
motifs (ITAM’s; 5, 19, 25, 29, 35) and the binding of the
tandem SH2 domains of tyrosine kinase Syk to these mo-
tifs (2, 13, 31). Furthermore, activation of Syk can trigger
calcium signals by activation of phospholipase C (PLC)

 

1

 

-

 

g

 

1
and production of inositol 1,4,5-trisphosphate (InsP3; 3).
Calcium signals, together with the diacylglycerol-mediated
activation of protein kinase C, have been shown to be im-
portant regulators for the secretion of histamine, the syn-
thesis of prostaglandins, leukotrienes, and the expression
of cytokines (12).

Here we used green fluorescent protein (GFP)-tagged
tandem SH2 domains of Syk and phospholipase C-

 

g

 

1 as in
vivo signaling probes to monitor Fc

 

e

 

RI phosphorylation
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and Syk phosphorylation, respectively. We show that both
tandem SH2 domains translocate from a uniform cytosolic
distribution to punctuate plasma membrane microdomains
after antigen stimulation. These membrane subcompart-
ments were identified as glycosphingolipid-rich microdo-
mains by the colocalization of GFP-tagged SH2 domains
with fluorescent cholera toxin B. A surprising finding was
also that fluorescently labeled IgE receptors were uni-
formly distributed in unstimulated cells, and only antigen
stimulation induced a transient association of IgE receptor
with plasma membrane microdomains. Overall, our stud-
ies show that GFP-tagged SH2 domains are powerful in
vivo probes to monitor the localized phosphorylation of
selective tyrosine residues in individual cells and that the
transient association of receptors with microdomains is a
possible mechanism by which receptors can selectively ac-
tivate downstream targets.

 

Materials and Methods

 

cDNA Constructs and In Vitro RNA Synthesis

 

The SH2 domains of rat Syk (amino acid Met 1–Glu 265), rat PLC-

 

g

 

1 (Ser
539–Gly 777), and Pleckstrin PH domain (Met 1–Gly 105) were subcloned
3

 

9

 

 to cycle3 GFP (4) into the eukaryotic RNA expression vector Hiro3
(36). An additional S65T mutation was added to cycle3 GFP to increase
its brightness (10). The RNA was transcribed and polyadenylated by se-
quential in vitro steps as described in 36.

PLC-

 

g

 

1 and Syk tandem SH2 domains were subcloned into the expres-
sion vector pGex2T (Pharmacia Biotech, Piscataway, NJ) by PCR-medi-
ated mutagenesis using primers containing additional restriction sites.
Tandem SH2 domains from Syk were cloned between codons 1 (Met) and
256 (Glu) and tandem SH2 domains from PLC-

 

g

 

1 between codons 546
(Ser) and 791 (Thr). The glutahione-S-transferase (GST) fusion constructs
of SH2 domain from Abl and phosphatydilinositol (PI)3-kinase were
kindly provided by Dr. A.-M. Pendergast (Duke University).

 

Expression and Purification of Recombinant
SH2 Domains

 

The GST–SH2 domain fusion proteins were expressed in BL21 cells and
purified using a glutathione Sepharose column. The GST tag was removed
by thrombin cleavage, and the SH2 domains were dialyzed in a buffer con-
taining 135 mM NaCl, 5 mM KCl, 20 mM Hepes, pH 7.4, for inhibitory ex-
periments, or in 0.1 M NaHCO

 

3

 

, pH 9.0, for protein labeling.

 

Fluorescent Labeling of Cholera Toxin B, IgE, and
SH2 Domains

 

The tandem SH2 domains of PLC-

 

g

 

1 and Syk were labeled with Cy2
(Amersham Intl., Arlington Heights, IL). Anti-dinitrophenyl (DNP)–IgE
(Sigma Chemical Co., St Louis, MO) and -cholera toxin B subunit were la-
beled with Cy3.5. The cholera toxin B subunit labeled with FITC was pur-
chased from Sigma Chemical Co. The labeling reactions were performed
for 1 h at room temperature in 0.1 M NaHCO

 

3

 

, pH 9.0, with a twofold mo-
lar ratio of fluorescent dye to protein. The labeled proteins were sepa-
rated from the unbound dye by gel filtration chromatography. The SH2
domains and the cholera toxin B subunit were labeled in a ratio of 1:2 flu-
orescent labels per molecules, whereas four labels were conjugated per IgE.

 

Cell Preparation and Microporation of RNA and 
Recombinant Protein

 

Rat basophilic leukemia cells (2H3 type) were plated on glass coverslips at
least 12 h before experiments and sensitized by incubation with 10 ng/ml
DNP-specific IgE. A small volume electroporation device (a 1-

 

m

 

l micro-
porator [33] was used for loading the proteins and mRNA (

 

z

 

1 

 

m

 

g/

 

m

 

l) into
adherent RBL cells. RBL cells were electroporated at a field strength of
325 V/cm applied for a 40-ms period and repeated three times at 30-s in-
tervals. For the introduction of recombinant SH2 domains, the percent

 

uptake was determined by coelectroporation of recombinant SH2 do-
mains together with fluo-3, using fluo-3 fluorescence to calibrate the ap-
proximate intracellular concentration of SH2 domains (for calibration of
uptake see 23). After loading, cells were washed five times with an extra-
cellular buffer containing 135 mM NaCl, 5 mM KCl, 1.5 mM CaCl

 

2

 

, 1.5 mM
MgCl

 

2

 

, 20 mM Hepes, pH 7.4. For experiments with recombinant SH2 do-
mains, cells were left to recover for at least 5 min at 37

 

8

 

C. For RNA trans-
fection, cells were returned to standard medium and placed in the incuba-
tor for 

 

z

 

3 h to allow for the expression of GFP-tagged domains. IgE
receptors were activated by addition of variable amounts of DNP-BSA as
indicated in the text.

 

Fluorescence Imaging and Correlation Analysis

 

mRNA encoding GFP-tagged SH2 domains and PH domains were elec-
troporated into RBL cells. The expressed proteins were visualized before
and after activation (500 ng/ml DNP-BSA) by confocal laser scanning mi-
croscopy (LSM; Zeiss, Inc., Thornwood, NY). Optionally, cells were fixed
after activation and costained with Cy3.5-labeled cholera toxin B subunit.
For costaining experiments of IgE and cholera toxin B, RBL cells were in-
cubated for 1 h at 4

 

8

 

C with 50 ng/ml Cy3.5 or fluorescein-labeled DNP-
specific IgE. After a brief incubation at 37

 

8

 

C, the cells were activated at
room temperature (

 

z

 

25

 

8

 

C) with 500 ng/ml DNP-BSA and fixed for 15 min
with paraformaldehyde at different time points after activation. After wash-
ing with phosphate-buffered saline, cells were incubated for 10 min with 2
ng/ml fluorescently labeled cholera toxin B and/or 1 

 

m

 

M FM 1-43 (Molec-
ular Probes, Eugene, OR), washed with phosphate-buffered saline, and
the coverslips examined by confocal laser scanning microscopy (LSM;
Zeiss, Inc.).

The overlap in the fluorescence distribution of the two probes was de-
termined by correlation analysis 

 

G

 

(

 

D

 

x

 

) 

 

5

 

 

 

f(i)

 

 

 

3

 

 

 

g

 

(

 

i 

 

1 D

 

x

 

) with 

 

f(i)

 

 as
the fluorescence intensity in the green and 

 

g(i)

 

 as the fluorescence inten-
sity in the red channel. For this analysis, NIH Image 1.6 software was used
to obtain the two line profiles of the plasma membrane fluorescence in-
tensity in the red and green channels. Confocal midsections of cells were
used, and the entire cell boundary around each cell was tracked in parallel
for both channels.

 

Results

 

Antigen-induced Translocation of GFP-tagged SH2 
Domains to Plasma Membrane Microdomains

 

We studied the spatiotemporal organization of antigen-
mediated signal transduction in tumor mast cells (RBL
cells) by using fluorescently tagged SH2 domains as in vivo
signaling probes. GFP-tagged tandem SH2 domains from
Syk and PLC-

 

g

 

1 were expressed by microporation their in
vitro transcribed and poly adenylated RNA in RBL cells,
which allows for the rapid and efficient expression of fu-
sion proteins in adherent cells (33, 36).

Addition of antigen triggered the rapid translocation of
the expressed GFP-tagged Syk SH2 domain from a uniform
cytosolic distribution to the plasma membrane (Fig. 1 

 

A

 

).
A similar plasma membrane translocation was observed
for the SH2 domain from PLC-

 

g

 

1, while SH2 domains of sig-
naling molecules not involved in this pathway (i.e., PI3
Kinase, Abl, or Grb2) failed to translocate after antigen stim-
ulation (data not shown). The Syk and PLC-

 

g

 

1 SH2 domains
showed a marked nonuniformity in plasma membrane lo-
calization. This clustering of SH2 domains in plasma mem-
brane microdomains is shown more clearly in a plasma
membrane surface image in Fig. 1 

 

B

 

 and in a line intensity
profile in Fig. 1 

 

C.

 

The time course of the translocation of the Syk SH2-
GFP probe to the plasma membrane was monitored in in-
dividual cells by series of confocal midsections (Fig. 1 

 

D

 

).
The arrow in Fig. 1 

 

D

 

 points to a location where a strong

n
 S 
i 5 l
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staining of the plasma membrane developed within less
than 1 min after activation. The time course of the relative
increase in plasma membrane translocated Syk SH2 do-
mains is shown in Fig. 1 

 

E.

 

 Within 2 min after antigen ad-
dition, 50% of the total number of translocating SH2 do-
mains was associated with the plasma membrane (Fig. 1 

 

E

 

).
We tested whether the plasma membrane translocation

of the GFP-tagged SH2 domains were affected by GFP by
studying the translocation of fluorescently labeled recom-
binant Syk and PLC-

 

g

 

1 tandem SH2 domains. Recombi-
nant SH2 domains were labeled with Cy2 and loaded into
RBL cells by electroporation. Fig. 2 

 

A

 

 shows that also Cy2-
labeled SH2 domains translocated to the plasma membrane
after antigen addition. We also determined whether the
punctate distribution of translocated GFP-tagged SH2

 

domains is a result of membrane inhomogeneities by
monitoring the distribution of plasma membrane–localized
GFP-tagged PH domain from pleckstrin during antigen
stimulation. This PH domain binds to phosphatidylinositol
4,5-bisphosphate (PIP

 

2

 

), which is predominantly present
in the plasma membrane (9). The expressed PH domains
were uniformly associated along the plasma membrane
and did not significantly redistribute in activated cells (Fig.
2 

 

B

 

). A comparison of line intensity profiles of Syk SH2
and PH domains along the plasma membrane (Figs. 1 

 

C

 

and 2 

 

C

 

) suggests that the punctuate staining observed for
Syk and PLC-

 

g

 

1 SH2 domains is indeed the result of a
translocation to specific plasma membrane microdomains.

 

Selectivity of Syk and PLC-

 

g

 

 SH2 Domains

 

We examined whether the recruitment of Syk and PLC-

 

g

 

1
SH2 domains is required for IgE receptor–mediated cal-
cium signaling since earlier studies have suggested that

Figure 1. Cross-linking of IgE receptor leads to the translocation
of GFP-tagged Syk tandem SH2 domains from the cytosol to dis-
tinct plasma membrane microdomains. (A) GFP-Syk SH2 domains
were expressed in RBL cells by RNA transfection to monitor the
translocation of Syk SH2 domains in vivo. A midsection of the
same cell is shown before and 3 min after the addition of antigen
(500 ng/ml DNP-BSA). (B) Confocal section of the cell surface 3
min after antigen addition. The same experimental conditions as
in A were used. (C) One-dimensional plasma membrane fluores-
cence intensity profiles for a midsection segment before and after
activation with antigen. (D) The time course of the plasma mem-
brane translocation of the Syk SH2 domains GFP probe is shown
in a confocal midsection of the same cell. The arrow points to one
of the sites where a strong punctate membrane staining appears.
(E) Plot of the increase of the total plasma membrane fluores-
cence intensity at different time points after activation of the cells
with antigen (average of four cells). Bar, 10 mm.

Figure 2. Control measurements, showing that punctate plasma
membrane staining can also be seen after antigen addition with
fluorescently labeled recombinant Syk SH2 domains but not with
the GFP-tagged phospholipid binding pleckstrin-PH domain. (A)
The translocation of Syk SH2 domains was also observed when
recombinant Syk SH2 domains were labeled with Cy2 and intro-
duced into RBL cells by microporation. The images show cells
that were fixed 3 min after antigen addition (to minimize the cyto-
solic background staining). The stimulation conditions were the
same as in Fig. 1 A. (B) Plasma membrane localization of GFP-
pleckstrin PH domain in living cells 3 min after stimulation. Anti-
gen activation had no significant effect on the distribution of PH
domains. (C) One-dimensional plasma membrane fluorescence
intensity profiles for a membrane segment of cells that expressed
GFP-tagged pleckstrin PH domain. Bar, 10 mm.
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calcium signaling is mediated by Syk and PLC-

 

g

 

1 activa-
tion (3). The effect of the SH2 domains on IgE receptor–
mediated calcium signaling was tested by microporation of
recombinant tandem SH2 domains from Syk and PLC-

 

g

 

1
and single SH2 domains from Abl and PI3-kinase into RBL
cells (Fig. 3 

 

A

 

). Syk and PLC-

 

g

 

1 SH2 domains, but not the
SH2 domains from Abl and PI3-kinase, inhibited calcium
signaling in a concentration-dependent manner (Fig. 3, 

 

A

 

and 

 

B

 

). Half-maximal inhibition was observed at 

 

z

 

200 nM
of intracellular PLC-

 

g

 

1 or Syk SH2 domains. This result is
consistent with the hypothesis that SH2 domain interac-
tions from Syk and PLC-

 

g

 

1, but not those of Abl and PI3-
kinase, are critical signaling steps for the induction of IgE
receptor–mediated calcium spikes.

We then tested whether the inhibitory effect of the Syk
and PLC-

 

g

 

 SH2 domains on calcium signaling is specific
for the IgE receptor pathway by electroporating recombi-
nant SH2 domains into RBL cells with stably transfected
FMLP receptor. Calcium signaling triggered by this G pro-
tein–coupled receptor remained unaffected in the pres-
ence of the SH2 domains, while the same cells failed to re-
spond to antigen stimulation (Fig. 3 

 

C

 

).

To further evaluate the selectivity of SH2 domains, we
competed the plasma membrane binding of fluorescently
labeled Syk and PLC-

 

g

 

1 SH2 domains in the presence of
either unlabeled SH2 domains of Syk or PLC-

 

g

 

1. While
Syk SH2 domains prevented almost completely the trans-
location of the fluorescent Syk SH2 domain, the SH2 do-
mains of PLC-

 

g

 

1 failed to do so even at maximal concen-
trations (Fig. 4). In contrast, SH2 domains from Syk and
PLC-

 

g

 

1 both inhibited the translocation of fluorescently
labeled PLC-

 

g

 

1 SH2 domains to the plasma membrane.
These measurements are consistent with the hypothesis
that SH2 domains from Syk and PLC-

 

g

 

1 are specific in
vivo probes for phosphorylated ITAM motifs of IgE re-
ceptors and for phosphorylated Syk, respectively.

 

Syk and PLC-

 

g

 

1 SH2 Domains Bind to 
Glycosphingolipid-rich Microdomains

 

The microdomains where tyrosine phosphorylation oc-
curred were further characterized by staining RBL cells
with fluorescently labeled cholera toxin B. Cholera toxin
B is a marker for glycosphingolipids with strong affinity
for GM1 (20) and lower affinity for other gangliosides. A
punctuate plasma membrane staining was observed that
was reminiscent of the one seen for Syk or PLC-

 

g

 

1 SH2
domains (Fig. 5 

 

A

 

). Again, the punctuate staining is most
clearly apparent in a surface section (Fig. 5 

 

A

 

, 

 

right

 

). As an
additional control experiment, we found that the plasma
membrane marker FM 1-43 stained the cell surface uni-
formly in live and fixed cells (Fig. 5 

 

B

 

). This suggests that
the punctuate staining observed with cholera toxin is not
due to the fixation of the cells.

The punctuate plasma membrane staining of cholera
toxin B raises the possibility that these compartments are
identical to the microdomains targeted by the two tandem
SH2 domains. Double staining experiments of GFP Syk
SH2 domains (

 

green

 

) and Cy3.5-labeled cholera toxin B

Figure 3. Importance of Syk
and PLC-g1 SH2 domains for
antigen-mediated calcium
signaling. (A) IgE receptor–
mediated calcium spiking is
progressively inhibited at in-
creasing concentrations of
recombinant Syk SH2 do-
mains. RBL cells were co-
electroporated with fluo-3
and SH2 domains, and intra-
cellular concentrations of
SH2 domains were estimated
by the relative fluorescence
intensity of coelectroporated
fluo3 fluorescence (see refer-
ence 32 for calibration). Cal-
cium spikes were recorded as a
function of time after cross-
linking of IgE receptor with
DNP-BSA (50 ng/ml). The
shown fluorescence intensity
traces reflect calcium re-
sponses after IgE receptor
activation in the presence of
different concentrations of
Syk SH2 domains. (B) Con-
centration-dependent inhibi-
tion of calcium spiking by
Syk (squares) and PLC-g1
SH2 domains (circles). SH2
domains from Abl (triangle)

and PI3 kinase (cross) did not affect IgE receptor–mediated cal-
cium signaling even at maximal concentrations. (C) The trigger-
ing of G protein–coupled calcium signals is not affected by re-
combinant Syk or PLC-g1 SH2 domains. RBL cells with stably
transfected FMLP receptors were activated with FMLP (10 mM)
or with antigen (50 ng/ml) at different time points. Different pro-
tocols are shown with either antigen added alone, FMLP added
alone, or both added sequentially (with the FMLP addition 4 min
after the antigen addition).

Figure 4. Syk and PLC-g1 SH2 domains bind to different binding
partners. (A) The translocation of fluorescently labeled Syk SH2
domain to the plasma membrane (left) is suppressed in the pres-
ence of high concentrations of unlabeled Syk SH2 domains (mid-
dle) but not suppressed in the presence of high concentrations of
unlabeled PLC-g1 SH2 domains (right). (B) Fluorescently la-
beled PLC-g1 SH2 domains translocate to the plasma membrane
(left) upon stimulation with antigen. The translocation is sup-
pressed in the presence of high concentrations of unlabeled Syk
(middle) or PLC-g1 SH2 domains (right). Bar, 10 mm.
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(red) demonstrated a near complete overlap (yellow), sug-
gesting that GFP-tagged SH2 domains are almost exclu-
sively localized to glycosphingolipid-rich microdomains
(Fig. 5 C). A similar colocalization was observed between
GFP PLC-g1 SH2 domains and cholera toxin B (Fig. 5 D).

The colocalization was determined more quantitatively
by a correlation analysis between the plasma membrane
fluorescence intensity line profiles of cholera toxin B and
of GFP-tagged SH2 domains (Fig. 5 E). Cross-correlation
analysis is a convenient method to determine the degree of
overlap between two fluorescent distributions. The higher
the overlap between two distributions, the higher the cross-
correlation peak amplitude (at the X-axis value of 0). The
autocorrelation analysis of a profile can be used to calcu-
late the maximal peak amplitude that would be observed if
two distributions completely overlapped. The peak am-
plitudes were 1.26 (Syk SH2 domains; Fig. 5 F) and 1.25
(PLC-g1 SH2 domains; Fig. 5 G) for the cross-correlation
between the two profiles, compared to 1.28 for their auto-
correlation. This is consistent with a near complete colo-
calization of cholera toxin B and GFP–SH2 domains. In
contrast, the correlation between the distributions of chol-
era toxin B and GFP-tagged PH domains or FM 1-43 was
much smaller (Fig. 5, F and G). These results strongly sug-
gest that the recruitment of Syk and PLC-g1 SH2 domains
is confined to glycosphingolipid-rich microdomains.

Antigen-mediated Cross-linking Leads to the Clustering 
of the IgE Receptors

In analogy to the proposed prelocalization of growth fac-
tor receptors to caveolae (14–16, 28, 34), IgE receptors
may be prelocalized to glycosphingolipid-rich regions or,
alternatively, may translocate to these regions only after

receptor activation (1, 6, 7, 24). We measured the plasma
membrane distribution of surface IgE receptors in tumor
mast cells (RBL-2H3) by monitoring fluorescently (Cy3.5)
labeled surface-bound IgE in a confocal microscope. The
high affinity between IgE and the IgE receptor makes flu-
orescently labeled IgE an ideal receptor marker. Before
activation, IgE receptors were uniformly distributed (Fig.
6 A) in the plasma membrane as expected for a freely dif-
fusing surface receptor (27). However, activation with an-
tigen (DNP-BSA) led to the progressive accumulation of
receptors in clusters over a time scale of a few min (Fig. 6 B)
(see reference 30). In the bottom panels, the receptor clus-
tering is shown in one-dimensional plasma membrane flu-
orescence intensity profiles. Activation leads to a marked
increase in the fluorescence intensity fluctuations along
the plasma membrane, indicating that the receptors be-
come distinctly clustered.

Transient Association of Activated IgE Receptors with 
Glycosphingolipid-rich Microdomains

We then tested the possibility that the antigen-induced
clustering of IgE receptors leads to its translocation to gly-
cosphingolipid-rich microdomains. Fig. 7 A shows a coim-
munofluoresence staining of RBL cells with IgE-Cy3.5 and
cholera toxin B-FITC before, as well as 3 and 10 min after
crosslinking of the IgE receptor. While the colocalization
between IgE (red) and cholera toxin B (green) was mini-
mal in unstimulated cells (left), antigen addition led to a
significant increase in colocalization within 3 min, as is ap-
parent from the largely yellow membrane staining and loss
of red staining in the overlay image (middle). A few min-
utes later, the colocalization was progressively lost, even
though the IgE receptors remained clustered (right).

Figure 5. Colocalization of
GFP-tagged Syk and PLC-g1
SH2 domains with the gly-
cosphingolipid marker cholera
toxin B in antigen stimulated
RBL cells. (A) Cholera toxin
B staining in a midsection (left)
and surface section (right) of
unstimulated RBL cells. (B)
Plasma membrane staining of
unstimulated RBL cells with
FM 1-43. (C) Colocalization
of GFP-Syk SH2 domain
(green) and cholera toxin B
Cy3.5 (red) in RBL cells 3 min
after cross-linking of IgE re-
ceptors with 500 ng/ml DNP-
BSA. The color yellow in the
overlay image on the right in-
dicates a colocalization of SH2
domains and cholera toxin B.
(D) Same as in C but with
GFP-PLC-g1 SH2 domain in-

stead of Syk SH2 domains. (E) One-dimensional plasma membrane fluorescence intensity profiles of the GFP-Syk SH2 domains and
cholera toxin B-Cy3.5 of the cell shown in C. (F) Correlation analysis of cells costained with the Syk-SH2 and cholera toxin B probes 3
min after antigen activation (average of five cells). (G) Correlation analysis of cells costained with the PLC-g1 SH2 domain and cholera
toxin B probes 3 min after antigen activation (average of six cells). The relatively high correlation peak in the traces in E and F indicates
a high degree of colocalization in the two images. (F and G) As a control, a comparison of the colocalization of cholera toxin B with
GFP-tagged PH domains and FM 1-43 was included in F and G, respectively. Bars, 10 mm.
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This transient receptor association with glycosphingolipid-
rich regions was characterized more quantitatively by a
correlation analysis of the plasma membrane fluorescence
intensity profiles, comparing the cholera toxin B-FITC and
IgE-Cy3.5 distributions. The activation-induced increase
in the correlation peak amplitude between the two distri-
butions supports the hypothesis that IgE receptors translo-
cate to glycosphingolipid-rich microdomains (Fig. 7 B). The
same analysis was then used to measure the time course of
the translocation process. The IgE receptor accumulated
in glycosphingolipid-rich regions for up to 4 min after acti-
vation with a t1/2 of ,2 min (Fig. 7 C). However, 10 min af-
ter activation, the association of IgE receptor with gly-
cosphingolipid-rich regions was markedly decreased. This
suggests that at least two translocation steps are part of the
IgE receptor–mediated signal transduction cascade: a trans-
location of the IgE receptor from a uniform plasma mem-
brane distribution to glycosphingolipid-rich microdomains,
followed by a translocation away from these plasma mem-
brane compartments.

Discussion
We investigated the spatial and temporal organization of
IgE receptor–mediated signal transduction in living RBL
cells by using fluorescently tagged SH2 domains of Syk
and PLC-g1. The recruitment of Syk and PLC-g1 SH2 do-
mains to distinct plasma membrane microdomains strongly
supports the hypothesis that IgE receptor–mediated signal
transduction is spatially restricted. Src family kinases such
as Lyn, tyrosine kinase receptors, and other signaling pro-
teins have been shown by biochemical studies to be local-
ized to the detergent-insoluble plasma membrane fractions
that have been termed caveolae or detergent-insoluble
glycosphingolipid–enriched complexes (DIGs) (14–16, 28,
34). Could these microdomains stained by the SH2 do-

mains be related to caveolae or DIGs? While the micro-
domains show variations in morphology and detergent sol-
ubility, they all contain a particular lipid composition (e.g.,
glycosphingolipids, sphingomyelins, and cholesterol [21]).
Due to the lack of caveolae, and the caveolae marker ca-
veolin in RBL cells (6, 7), we used cholera toxin subunit B
to visualize the localization of potential lipid micro-
domains. Cholera toxin B binds to ganglioside GM1 and
with lower affinity to other gangliosides. Earlier studies in
RBL cells have shown a more homogenous distribution of
a GD1b-specific antibody AA4 (17, 23), suggesting that
cholera toxin B–labeled gangliosides and GD1b ganglio-
sides are not equally distributed.

Our studies showed that the subcompartments stained
with cholera toxin subunit B have a marked overlap with
the compartments stained with the fluorescently tagged
SH2 domains. This suggests that the IgE receptor as well

Figure 6. IgE receptors (FceRI) redistribute from a uniform to a
punctuate plasma membrane distribution after antigen activa-
tion. (A) Distribution of fluorescently labeled IgE before and af-
ter antigen activation. Confocal image of a midsection through an
RBL-cell before (left) and 3 min after (right) stimulation with the
500 ng/ml of antigen (DNP-BSA). (B) Line intensity profiles of
the plasma membrane fluorescence intensity are shown for the
two images. Bar, 10 mm.

Figure 7. Time course of association of fluorescently marked IgE
receptor with glycosphingolipid-rich microdomains after antigen
addition. (A) Comparison of the distributions of IgE receptors
and cholera toxin B. Overlay images of IgE receptor (red) and
cholera toxin B (green) are shown as a function of time after stim-
ulation with 500 ng/ml antigen. (Left) Minimal colocalization is
observed before antigen activation. (Middle) A significant overlap
of IgE receptor and cholera toxin B is observed after 3 min. (Right)
The colocalization is reduced 10 min after activation. Yellow shows
increased overlap in cholera toxin B and IgE distribution while
the red regions show the IgE receptor distributed elsewhere. (B)
Correlation analysis between cholera toxin B distribution before
and 3 min after activation (average of four cells). (C) Time course
of the increase and subsequent decrease of the correlation peak
amplitudes. Data are expressed as the mean of replicate samples
from at least six cells 6 SD. The dotted line corresponds to the
cross correlation peak value of the PH domain with cholera toxin
B. Maximal colocalization of IgE receptors with glycosphin-
golipid-rich membrane compartments is observed 2–4 min after
activation.
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as Syk are specifically tyrosine phosphorylated in micro-
domains that contain glycosphingolipids. The existence of
separate signaling compartments in the plasma membrane
of RBL cells is supported by the earlier finding that the
crosslinked IgE receptor associates with a detergent-insol-
uble cell fractions in RBL cells (7, 26). The latter study of
Field et al. (7) showed that the cross-linked receptor ap-
pears in a detergent insoluble cell fraction within 2 to 3
min after antigen addition. Furthermore, this translocation
to the detergent-insoluble fraction occurred in parallel
with the tyrosine phosphorylation of the receptor, a pro-
cess that was maximal after 3 min and subsequently de-
creased to ,50% between 5 and 30 min. While this time
course is similar to the one observed in our study, the data
in our Fig. 1 D suggest a longer presence of SH2 domains
at the plasma membrane. A possible explanation for the
prolonged plasma membrane association of the Syk SH2
domain is a protective role of the SH2 domain in the de-
phosphorylation of the IgE receptor. In addition, a similar
protective mechanism may also be responsible for an ob-
served reduced receptor internalization in the presence of
Syk SH2 domains within the first 15 min after antigen ad-
dition (i.e., Fig. 1 D).

While our in vivo studies with SH2 domains do not di-
rectly show a translocation of Syk and PLC-g1 holoen-
zyme, our studies suggest that a tyrosine phosphorylation–
mediated activation of Syk and PLC-g1 is essential for IgE
receptor–mediated calcium signaling. Nevertheless, it is im-
portant to consider possible differences in the localization
between the full length protein and its SH2 domain, since
full length Zap-70, a tyrosine kinase related to Syk (11),
was already prelocalized to a near plasma membrane struc-
ture before activation.

Previous studies have shown that IgE receptor cross-
linking leads to the Lyn-mediated phosphorylation of
ITAM motifs on its b and g subunits (5, 19, 25, 29, 35). The
selective and quantitative inhibition of IgE receptor–
mediated calcium signaling by Syk-SH2 domains (Fig. 3),
together with the earlier finding that the SH2 domain of
Syk selectively binds to ITAM motifs (2, 13, 31), supports
the hypothesis that Syk has an essential function in IgE
receptor–mediated calcium signaling. Similarly, the quan-
titative inhibition of calcium signaling by PLC-g1 SH2
domains suggests that the Syk-mediated activation of PLC-
g1 is the main pathway in RBL cells to generate calcium
signals (3). We also evaluated the specificity of SH2 do-
mains targets by showing that unlabeled PLC-g1 prevents
the binding of fluorescent PLC-g1 but not that of fluores-
cent Syk SH2 domains. In a different set of experiments,
we showed that fluorescently labeled Syk SH2 domains do
not bind to the tyrosine-phosphorylated PDGF or EGF
receptors in NIH-3T3 cells or A431-epithelial cells, whereas
activation of both receptors induced a plasma membrane
translocation of fluorescently tagged PLC-g1 SH2 domains
(data not shown). Thus, our studies strongly support the
hypothesis that the phosphorylation of IgE receptor and
Syk are functionally important for the recruitment of Syk
and PLC-g1, respectively. Our studies also suggest that
different fluorescent SH2 domains can be used as tools to
selectively monitor the tyrosine phosphorylation of dis-
tinct signaling proteins in different cell types.

While the localized signaling through EGF, PDGF, and

NGF receptors has been proposed to be mediated by their
prelocalization to caveolae-type membrane compartments
(8, 18, 22, 34), we here show that IgE receptors are uni-
formly localized in the plasma membrane and only tran-
siently align with compartments stained with cholera toxin
B during the activation process. This two step process for
IgE receptor activation, a translocation of the IgE recep-
tor from a uniform plasma membrane distribution to gly-
cosphingolipid-rich microdomains, followed by a translo-
cation away from these plasma membrane compartments
a few minutes later, is likely to represent an important sig-
naling principle by which receptors can activate signaling
processes in a spatially restricted manner.

Overall, these studies show that IgE receptor–mediated
signal transduction is a compartmentalized process that
can be monitored in living cells. Furthermore, our studies
suggest that the transient association of IgE receptors with
glycosphingolipid-rich microdomains, and the sequential
activation of IgE receptor, Syk, and PLC-g1 within these
microdomains, defines the specificity and efficiency of an-
tigen-mediated mast cell activation.
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