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Cells expressing mutant epidermal growth factor (EGF) receptors have been used to study mechanisms
through which EGF increases phospholipase C (PLC) activity. C-terminal truncation mutant EGF receptors
are markedly impaired in their ability to increase inositol phosphate formation compared with wild-type EGF
receptors. Mutation of the single tyrosine self-phosphorylation site at residue 992 to phenylalanine in an EGF
receptor truncated at residue 1000 abolished the ability of EGF to increase inositol phosphate formation.
C-terminal deletion mutant receptors that are impaired in their ability to increase inositol phosphate formation
effectively phosphorylate PLC-y at the same tyrosine residues as do wild-type EGF receptors. EGF enhances
PLC--y association with wild-type EGF receptors but not with mutant receptors lacking sites of tyrosine
phosphorylation. These results indicate that formation of a complex between self-phosphorylated EGF
receptors and PLC--y is necessary for enzyme activation in vivo. We propose that both binding of PLC-y to
activated EGF receptors and tyrosine phosphorylation of the enzyme are necessary to elicit biological
responses. Kinase-active EGF receptors lacking sites of tyrosine phosphorylation are unable to signal increased
inositol phosphate formation and increases in cytosolic Ca2+ concentration.

The intrinsic protein tyrosine kinase activity of the epider-
mal growth factor (EGF) receptor is essential for the diverse
biochemical responses of cells to the growth factor (8, 15).
Stimulation of the phosphatidylinositol pathway to generate
the second messengers inositol 1,4,5-trisphosphate (1P3) and
1,2-diacylglycerol is a prominent early response to EGF (14,
41) that is dependent on the tyrosine kinase activity of the
receptor (32). Phospholipase C--y (PLC--y), a member of the
family of enzymes catalyzing hydrolysis of phosphatidylino-
sitol bisphosphate to IP3 and 1,2-diacylglycerol (38), is
phosphorylated on tyrosine residues by ligand-activated
EGF and platelet-derived growth factor (PDGF) receptors in
vivo and in vitro (26, 30, 35, 42). The major identified sites of
tyrosine phosphorylation are residues 771, 783, and 1254
with a minor site at 472 in PLC--y (19, 43). Analysis of
site-directed mutation of these residues indicates that Y783
and to a lesser extent Y1254 are essential to PDGF-stimu-
lated inositol phospholipid hydrolysis in vivo (18). In vitro
studies indicate that phosphorylated PLC--y is more active
when assayed under carefully defined conditions with Triton
X-100 or profilin that may sequester the substrate (13, 34).
However, under standard conditions without profilin or
Triton X-100, results of in vitro assays of the activity of
normal and PLC enzymes mutated to contain phenylalanine
replacements of tyrosine at residues 771, 783, and 1254 from
control and PDGF-treated cells were similar (18). Conditions
that are necessary in vivo are incompletely defined, but
these results suggest that factors additional to tyrosine
phosphorylation may be necessary to couple ligand-acti-
vated growth factor receptors to PLC-y activation.

Analysis of mutant EGF receptors revealed that deletion
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of 213 to 228 carboxyl-terminal amino acids abolished EGF-
stimulated increases in cytosolic calcium concentrations
([Ca2+]i) (7). These C-truncated EGF receptors exhibited
enhanced ligand-dependent protein tyrosine kinase activity
in vivo (45) and enhanced mitogenic activity (46). The failure
to increase [Ca2+]i suggested deletion of sequences essential
for coupling activated EGF receptors to the phosphatidyl-
inositol pathway. This could result from failure to phosphor-
ylate PLC--y or altered association of PLC--y with activated
kinase-active EGF receptors. Studies by Mayer and cowork-
ers (27-29) indicate that regions homologous to those present
in p6Osrc (src homology regions, SH2 domains) interact with
tyrosine-phosphorylated and surrounding residues. Such in-
teractions appear to account for the association of PLC--y,
which contains two SH2 domains (38), with ligand-activated
but not with control or kinase-inactive EGF and PDGF
receptors (1, 24, 25, 33). The identified sites of tyrosine
self-phosphorylation in the EGF receptor are located in the
C terminus distal to the kinase domain at residues 992, 1068,
1086, 1148, and 1173 (10, 16, 45).
To investigate the mechanisms through which ligand-

activated EGF receptors couple to the phosphatidylinositol
signaling pathway, we have analyzed the ability of normal
and mutant EGF receptors to stimulate inositol phosphate
production and to catalyze tyrosine phosphorylation of
PLC--y in vivo. Mutations in the C terminus that remove

EGF receptor self-phosphorylation sites severely impair
inositol phosphate production and association of PLC-y with
ligand-activated EGF receptors. These truncated receptors
efficiently catalyze tyrosine phosphorylation of PLC--y in
vivo, indicating that phosphorylation of PLC--y alone is not
sufficient for its activation. Interaction of PLC-y with the
self-phosphorylated EGF receptor appears required for effi-
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cient in vivo coupling of these two signal transduction
pathways.

MATERIALS AND METHODS

Preparation of clonal cell lines expressing mutant EGF
receptors. EGF receptor cDNA corresponding to the human
wild-type receptor or mutated to contain the indicated car-
boxyl-terminal truncations or substitutions were placed in
the pXER expression vector, which contains a mutant
dihydrofolate reductase gene as a selectable marker (8). A
truncation mutant (c'1000) was created by removing the
coding sequence for the C-terminal 186 amino acids of the
EGF receptor. The cDNA for c'1000 F-992 was prepared by
site-directed mutagenesis according to the method of Kunkel
(22). All mutant sequences were confirmed by the dideoxy
chain termination procedure. cDNAs were transfected into
recipient mouse B82L cells, which lack endogenous EGF
receptor mRNA and protein (7). Permanent clonal transfec-
tants were selected, and the EGF receptor gene was ampli-
fied by increasing concentrations of methotrexate from 400
nM to 5 ,uM. Two or more clonal lines were established for
each mutant EGF receptor.
Measurement of inositol phosphate production. Cells were

grown in 6-cm plates containing Dulbecco modified Eagle
medium, 5% dialyzed newborn calf serum, and 5 puM meth-
otrexate. At 24 h before the cells were collected, the medium
was replaced with 2 ml of medium containing 5 ,uCi of
[3H]myoinositol per ml. Cells were treated with 20 mM LiCl
for 20 min followed by bovine serum albumin (BSA) as
control, EGF (100 nM), vasopressin (10 ,uM), ATP (10 ,uM),
or GTP (10 p.M) for the times indicated at 37°C. LiCl was
used to increase the inositol phosphate signal by inhibiting
inositol phosphate and inositol bisphosphate phosphatases
(4). Vasopressin, ATP, or GTP was used to verify the ability
of cells to increase inositol phosphate formation. Cells were
then washed with phosphate-buffered saline (PBS), and the
cells were collected with 10% trichloroacetic acid. The
trichloroacetic acid supernatants were extracted with ether,
neutralized to pH 7.5, and fractionated on Dowex columns
(3). The columns were washed with H20 and 60 mM sodium
formate before the inositol phosphates were eluted with 0.2
M ammonium formate-100 mM formic acid (inositol phos-
phate), 0.4 M ammonium formate-100 mM formic acid
(inositol bisphosphate), and 1 M ammonium formate-100
mM formic acid (1P3 and inositol tetraphosphate). Inositol
phosphate separations were confirmed by using tritium-
labeled inositol phosphate standards (New England Nucle-
ar). Samples were counted by diluting them with Aquamix
and adding the tubes to a Beckman scintillation counter.
Each datum point in Fig. 1 and 2 represents triplicate
samples. Inositol phosphates were verified by high-perfor-
mance liquid chromatography (2).
Measurement of tyrosine phosphorylation of PLC-y. Cells

were collected with radioimmunoprecipitation assay buffer
(0.1% sodium dodecyl sulfate [SDS], 1% deoxycholate, 1%
Nonidet P-40, 20 mM sodium phosphate [pH 7.2], 150 mM
NaCl, 2 mM EDTA) after 5 min of treatment with either BSA
(1 ,ug/ml) or EGF (100 nM). The extracts were cleared with
immobilized staphylococcus A before immunoprecipitation
with PLC-y monoclonal antibodies (39). The sample pellets
were washed twice with radioimmunoprecipitation assay
buffer, once with 0.5 M NaCl, and once with H20. The
samples were solubilized with Laemmli sample buffer, run
on SDS-7.5% polyacrylamide gel electrophoresis (PAGE)
gels, and transferred onto Immobilon membranes. PLC--y

protein levels were determined by incubating the blot with a
mixture of PLC--y monoclonal antibodies and developed with
goat anti-mouse antibody conjugated with alkaline phos-
phatase. Protein phosphotyrosine levels were determined on
the same blot by incubation with '25I-labeled anti-phospho-
tyrosine monoclonal antibody PY20 (12) and autoradiogra-
phy. Densitometry was performed on both the colorimetric
immunostained PLC--y and the phosphotyrosine autoradio-
gram developed after various times under linear conditions
of both color and radioactivity. Levels of PLC-y tyrosine
phosphorylation were determined in relation to the amount
of PLC-y present.

Two-dimensional tryptic phosphopeptide mapping. Solubi-
lized wild-type and c'973 EGF receptors were incubated
with 100 nM EGF at 25°C for 20 min. Purified PLC--y (2.6 ,ug)
was then added with the kinase assay mixture (20 mM HEPES
[N-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH 7.4],
100 ,uM Na3VO4, 2 mM MnCl2, 10 mM MgCl2, 10 puM ATP,
10 ,uCi [y-32P]ATP [2 x 105 cpm pmol-1]) in a final assay
volume of 25 ,ul. The samples were incubated for 5 min at
25°C, the reaction was stopped by the addition of Laemmli
sample buffer, and the proteins were separated on an SDS-
7.5% PAGE gel. PLC--y, identified by autoradiography, was
eluted from the gel with 0.3% ammonium bicarbonate-0.3%
SDS-2.3 M 3-mercaptoethanol (5). The protein was oxidized
with performic acid and treated overnight with 1 mg of
trypsin per ml. After trypsinization, the samples were
washed and resuspended in 2.5% formic acid-7.5% acetic
acid, pH 1.9. The samples were loaded on a cellulose
thin-layer chromatography plate (Kodak) and electro-
phoresed in the first dimension at 1 kV for 30 min at pH 1.9
followed by thin-layer chromatography in the second dimen-
sion for 5 h in n-butanol-pyridine-acetic acid (38:25:7.5).
Phosphoamino acid analysis confirmed that phosphotyrosine
was the only phosphoamino acid present.

Coimmunoprecipitation. After EGF treatment, cells were
washed with PBS and collected by the addition of solubili-
zation buffer containing 1% Nonidet P-40, 20 mM Tris [pH
8.0], 137 mM NaCl, 10% glycerol, 2 mM EDTA, 0.2 mM
phenylmethylsulfonyl fluoride, 100 ,uM sodium vanadate,
and 10 puM ammonium molybdate. The extracts were cleared
by incubation with Sepharose beads, and the supernatant
was incubated with a monoclonal antibody directed against
the extracellular portion of the EGF receptor (528 immuno-
globulin G) (11) coupled to Sepharose beads. The 528
immunoglobulin G-Sepharose beads were washed three
times with the solubilization buffer and once with 10 mM
Tris, pH 7.4. Proteins were solubilized with Laemmli sample
buffer, separated on SDS-7.5% PAGE gels, and transferred
onto Immobilon membranes. Blots were stained either with
a mixture of PLC-y monoclonal antibodies or with a rabbit
polyclonal antibody directed against the amino-terminal 13
amino acids of the EGF receptor.

RESULTS

In vivo activation of phospholipase C in cells expressing
wild-type and mutant EGF receptors. Addition ofEGF to B82
cells expressing wild-type EGF receptors rapidly increased
[Ca2+]i -fourfold from 0.2 to 0.7 to 0.9 F.M with a peak
response at -20 s (8). In contrast, EGF failed to increase
[Ca2"]i in B82 cells expressing kinase-inactive (M-721) or
kinase-active EGF receptors C-terminally truncated to resi-
due 973 (c'973) or 958 (c'958) (7). Because EGF is reported
to stimulate PLC-y activity, the effect of EGF on inositol
phosphate formation was measured to determine whether
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FIG. 1. EGF-stimulated inositol phosphate formation in cells expressing mutant EGF receptors. Inositol phosphates were measured in
[3H]myoinositol-labeled cells expressing the indicated mutant EGF receptors (WT, wild type). Cells were treated with 20 mM LiCl for 20 min
prior to addition of 100 nM EGF for 30 min. Data represent triplicate dishes of each cell type from two experiments in which various cell types
were analyzed in parallel. Similar results were reproducibly observed in multiple experiments.

the differences in [Ca2+]i responses were correlated with
changes in in vivo PLC--y activity. Figure 1 shows that in
cells expressing kinase-active wild-type EGF receptors,
EGF increased inositol phosphate formation up to eightfold.
EGF had no effect on inositol phosphate formation in cells
expressing kinase-inactive M-721 EGF receptors, confirming
that tyrosine kinase is essential for this biological effect (32).
EGF also strongly increased inositol phosphate formation in
cells expressing c'1022 EGF receptors. In contrast, EGF-
stimulated inositol phosphate formation was significantly
less in cells expressing c'991, c'973, and c'958 EGF recep-
tors, showing a less than twofold increase in total inositol
phosphate formation. Cells expressing kinase-inactive M-721
c'973 EGF receptors showed no inositol phosphate response
to EGF, indicating that the rise in inositol phosphates in cells
expressing c'973 EGF receptors, although markedly dimin-
ished, reflected the tyrosine kinase activity of this receptor
(Fig. 1). All cells equally increased inositol phosphate for-
mation in response to a mixture of fetal calf serum and 10
,uM vasopressin or 10 ,uM ATP or 10 puM GTP, indicating
that the ability to respond was equivalent in all B82 cell
clones (data not shown).
A summary of the range of effects of EGF on total inositol

phosphate formation in B82 cells expressing wild-type and
mutant receptors is shown in Table 1. Data are pooled from

TABLE 1. Summary of EGF-stimulated inositol phosphate
formation in B82 cells expressing mutant EGF receptors

Inositol phosphate
EGF receptor formation (fold

increasea ± SEM)

Wild type (c'1186) ..................................... 5.4 ± 1.6
M-721 wild type (kinase inactive) ....................... 1.0 ± 0.0
c'1022 ..................................... 4.7 ± 1.0
c'991 .......... ........................... 1.3 ± 0.2
c'973 .......... ........................... 1.9 ± 0.5
c'958 ..................................... 1.8 ± 0.2

a EGF-induced increase for 10 separate experiments.

10 separate experiments in which inositol phosphate re-
sponses were measured in parallel to compare various cell
lines; each experiment contained cells expressing either
wild-type or c'1022 EGF receptors as a positive control.
These results indicate that wild-type and c'1022 EGF recep-
tors which contain sites of tyrosine self-phosphorylation
effectively increase PLC--y activity measured as in vivo
formation of inositol phosphates. EGF receptors which lack
self-phosphorylation sites and do not undergo EGF-stimu-
lated tyrosine phosphorylation in vivo (45) have significantly
decreased EGF-stimulated inositol phosphate formation to
<20% of that measured in parallel in cells expressing wild-
type and c'1022 EGF receptors.
The decreases in inositol phosphate formation in cells

expressing EGF receptors that lack self-phosphorylation
sites were not due to decreased EGF receptor expression or
activity. Cells express -1.1 x 105, 2.5 x 105, 2.3 x 106, and
1.6 x 106 EGF receptors cell-' in clonal lines with wild-type
c'991, c'973, and c'958 EGF receptors, respectively. c'973
receptors exhibit enhanced in vivo tyrosine kinase activity
and stimulation of growth (45, 46). The ability of EGF to
increase inositol phosphate formation in cells expressing
c'1022 EGF receptors to the same extent as in cells express-
ing wild-type receptors may be due to the fact that -10-fold
higher numbers of c'1022 EGF receptors are expressed (1.4
x 106 versus 1.1 x 105 EGF receptors cell-', respectively).
The increased expression of a receptor (c'1022) with a single
tyrosine self-phosphorylation site resulted in effects equiva-
lent to those seen with lower concentrations of wild-type
EGF receptors containing multiple tyrosine self-phosphory-
lation sites. c'973 and c'958 EGF receptors are expressed at
equally high concentrations as c'1022 EGF receptors but
exhibit a markedly impaired ability to increase inositol
phosphate formation.
To more critically examine the correlation between EGF

receptor self-phosphorylation and in vivo activation of
PLC--y, cells expressing c'1000 and c'1000 F-992 EGF recep-
tors were compared. Deletion of sequences between resi-
dues 1022 and 991 removed the single site of tyrosine
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FIG. 2. Kinetics of formation of inositol phosphates in cells expressing c'1000 and c'1000 F-992 EGF receptors. Cells were labeled with
3H-myoinositol for 24 h and treated with 20 mM LiCl for 20 min and 100 nM EGF for the indicated times at 37°C. Inositol phosphates were
measured in triplicate dishes under each experimental condition. Data are for cells expressing c'1000 EGF receptors treated without (D) or
with (M) EGF and cells expressing c'1000 F-992 EGF receptors treated without (A) or with (A) EGF. IPt, total inositol phosphates.

self-phosphorylation at residue 992 (45) and severely im-
paired EGF-stimulated inositol phosphate formation. Re-
placement of Tyr-992 with Phe also removed this site of
self-phosphorylation, yielding a kinase-active EGF receptor
that does not undergo in vivo self-phosphorylation (data not
shown). Figure 2 shows that EGF effectively stimulated
formation of each of the measured inositol phosphates in
cells expressing c'1000 EGF receptors. 1P3 was significantly
increased by 5 to 10 min following addition of EGF and was
increased -fivefold at 30 min. In contrast, EGF stimulated
IP3 accumulation minimally in cells expressing c'1000 F-992
receptors at all times assayed. Proportional changes were
seen in inositol phosphate, inositol bisphosphate, and total
inositol phosphates. Scatchard analysis indicated similar
expression of EGF receptors in the two cell types (2.5 x 106
and 1.6 x 106 c'1000 and c'1000F-992 EGF receptors cell-',
respectively). Because these two receptors differ only at
residue 992, it appears that a site of tyrosine self-phosphor-
ylation is essential for activation of PLC-y by EGF receptors
in vivo.

In vivo tyrosine phosphorylation of PLC-y. Because ty-
rosine phosphorylation of PLC-y is associated with enzyme
activation in response to EGF and PDGF (43, 44), one

explanation for the diminished inositol phosphate formation
in cells expressing c'973 EGF receptors is an inability of this
receptor to phosphorylate PLC--y on tyrosine residues. To
investigate this possibility, cells expressing wild-type or
c'973 EGF receptors were treated with EGF and PLC--y was
isolated by immunoprecipitation with a mixture of monoclo-
nal antibodies (39). Immunoisolated PLC--y was resolved on
SDS-PAGE gels, transferred to Immobilon membranes, and
analyzed by immunoblotting with monoclonal PLC--y and
phosphotyrosine antibodies. This procedure allowed com-
parison of the relative in vivo tyrosine phosphorylation per
unit of mass of PLC--y. Figure 3 shows that EGF effectively
stimulated tyrosine phosphorylation of PLC--y in cells ex-
pressing either wild-type or c'973 EGF receptors. Comparison
of the results ofdensitometric scanning ofthe autoradiogram of
'25I-labeled antiphosphotyrosine antibody staining with the
mass of PLC--y quantitated by colorimetric immunostaining
showed that EGF caused a 5.2-fold increase in tyrosine phos-
phorylation of PLC--y in cells expressing c'973 EGF receptors
compared with a 3.6-fold increase in cells expressing wild-
type EGF receptors. The reproducibly greater increase in
EGF-stimulated tyrosine phosphorylation of PLC--y in cells
expressing c'973 EGF receptors is in agreement with the
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FIG. 3. In vivo tyrosine phosphorylation of PLC-y by wild-type
(WT) and c'973 EGF receptors. Cells were incubated without or
with 100 nM EGF for S min. PLC-y was immunoprecipitated with a
mixture of six monoclonal antibodies, and immunoprecipitates were
analyzed following SDS-PAGE and transfer to Immobilon mem-
branes. PLC-y was immunostained with monoclonal anti-PLC-y
antibody and detected by using a second antibody conjugated with
alkaline phosphatase (aPLC-y Ab); phosphotyrosine was detected
by using "25I-labeled monoclonal antibody PY-20 (aPTyr Ab). The
lower panel shows the results of densitometry of blots carried out
under linear conditions of detection.

enhanced in vivo tyrosine kinase activity of this receptor
(45). EGF-dependent increases in tyrosine phosphorylation
of PLC--y were also similar (three- to fivefold) in cells
expressing c'958 and c'1000 F-992 EGF receptors in which
PLC--y activity is not increased and in cells expressing c'1022
and c'1000 EGF receptors in which PLC--y activity is in-
creased (data not shown). These results indicate that the
defect in PLC--y activation is not due to diminished tyrosine
phosphorylation by activated EGF receptors. Rather, ty-
rosine-phosphorylated PLC-y is less active in cells express-
ing EGF receptors which lack a site of tyrosine self-phos-
phorylation than in cells expressing EGF receptors which
contain a site of tyrosine self-phosphorylation.
Comparison of tryptic phosphopeptide maps of PLC--y

phosphorylated by wild-type and c'973 EGF receptors. Be-
cause specific sites of tyrosine phosphorylation of PLC--y
appear essential to growth factor activation of the enzyme
(18), the sites of tyrosine phosphorylation of purified PLC-y
catalyzed by wild-type and c'973 EGF receptors were com-

pared. Two-dimensional tryptic phosphopeptide maps of
PLC--y indicate that both wild-type and c'973 EGF receptors
catalyze tyrosine phosphorylation at the same sites (Fig. 4).
Peptide a contains tyrosine 783, peptide b represents an

incompletely digested peptide containing both tyrosine 771
and tyrosine 783, and peptide c contains tyrosine 1254 (18).
Mixing the two tryptic digestions prior to separation con-
firmed the identity of the sites of tyrosine phosphorylation
(Fig. 4C). Further confirmation was provided by comigration
with electrophoresis at pH 7.2 rather than 1.9 in the first
dimension (data not shown). These in vitro studies indicate
that the wild-type and c'973 EGF receptors catalyze tyrosine
phosphorylation of PLC--y on the same sites. Although
insufficient material was available for comparison of in vivo
phosphorylated sites, previous studies indicated strict con-

cordance between in vivo and in vitro sites of tyrosine
phosphorylation of PLC--y (18, 19, 42).
Comparison of the association of PLC--y with activated

wild-type and c'973 EGF receptors in vivo. Because tyrosine
phosphorylation of PLC--y was equivalent in cells expressing
wild-type and c'973 EGF receptors, we examined the inter-
action between PLC-y and ligand-activated EGF receptors.
Cells were treated with EGF, and EGF receptors were
isolated by using a monoclonal antibody. Immunoisolated
receptors were analyzed by SDS-PAGE, transfer to Immo-
bilon, and immunostaining with both a monoclonal anti-
PLC-y antibody and an anti-EGF receptor peptide antibody.
As shown in Fig. 5, PLC-y is associated with ligand-
activated wild-type EGF receptors. The slower migration of
wild-type EGF receptors from EGF-treated cells shown in
panel B is due to receptor self-phosphorylation. In contrast,
EGF did not enhance association of PLC-y with c'973 EGF
receptors (panel A). The small amount of PLC--y detected
from untreated wild-type and from c'973 EGF receptor-
expressing cells is nonspecific because these low levels of
association are also seen in immunoprecipitates from cells
that express c'688 EGF receptors that contain only 40 amino
acids of the cytoplasmic domain. Equivalent amounts of
EGF receptor were loaded (Fig. SB), indicating that PLC--y
specifically associates with the self-phosphorylated C termi-
nus of the EGF receptor. There is thus a direct correlation
between in vivo activation of PLC-y and its association with
the EGF receptor.

DISCUSSION

PLC--y is a well-defined in vivo substrate for ligand-
activated EGF and PDGF receptors (26, 30, 35, 43). The
correlation between in vivo PLC--y activation and tyrosine
phosphorylation of PLC-y suggested that this covalent mod-
ification resulted in enzyme activation. Mutation of tyrosine-
phosphorylated residues 783 and 1254 in PLC--y abolished
the ability of ligand-activated PDGF receptors to stimulate
activity of transfected mutant PLC--y in vivo, supporting an
essential role for tyrosine phosphorylation in PLC--y activa-
tion (18).
The present results indicate that a site of tyrosine phos-

phorylation in the EGF receptor is necessary for EGF to
activate PLC--y activity in vivo. Removal of the five identi-
fied sites of tyrosine self-phosphorylation in the C terminus
of the EGF receptor (c'991, c'973, and c'958 EGF receptors)
markedly impaired the ability of EGF to stimulate inositol
phosphate formation. The necessity for at least one site of
tyrosine self-phosphorylation was demonstrated by mutating
Tyr-992 to Phe in a C-terminal truncation mutant EGF
receptor containing only this proximal self-phosphorylation
site (c'1000). This mutation (c'1000 F-992) severely impaired
the ability of EGF to increase inositol phosphate formation
in vivo. Although the four additional sites of tyrosine self-
phosphorylation in the C terminus of wild-type EGF recep-
tors may similarly function to couple activated EGF recep-
tors to PLC--y in vivo, the single site of tyrosine self-
phosphorylation at Tyr-992 is sufficient. A mutant EGF
receptor in which residues 959 to 1023 are deleted retains
tyrosine self-phosphorylation of C-terminal tyrosines and
increases [Ca2+], to the same extent (70%) as c'1022 EGF
receptors which contain a single tyrosine self-phosphoryla-
tion site at residue 992 (Sa). These results suggest that other
sites of tyrosine self-phosphorylation may serve the same
function as Tyr-992. Kinase-active C-terminal deletion mu-
tant EGF receptors which fail to self-phosphorylate in vivo
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FIG. 4. Two-dimensional tryptic phosphopeptide maps of PLC--y. Purified PLC--y was phosphorylated by the indicated EGF receptors in
the presence of [y-32P]ATP, isolated, and digested with trypsin, and the fragments were separated in the first dimension (horizontal) by
high-voltage electrophoresis (pH 1.9) and in the second dimension (vertical) by thin-layer chromatography. (A) PLC-y phosphorylation by
wild-type EGF receptor; (13) PLC--y phosphorylation by c'973 EGF receptor; (C) the phosphorylated samples run mixed; (D) schematic
showing the sites of tyrosine phosphorylation. Arrows indicate the position of sample application in panel A to C.

(45) effectively signal other responses to EGF such as
morphological changes, gene induction, and cell prolifera-
tion (7, 46, 47). Sites of tyrosine self-phosphorylation thus
appear necessary for PLC--y activation but not for other cell
responses to ligand-activated EGF receptors.
EGF stimulated increases in [Ca2"]1 also require a site of

tyrosine self-phosphorylation in the C terminus of the EGF
receptor. Chang et al. (6) analyzed a series of mutant EGF
receptors and demonstrated that EGF-stimulated increases
in [Ca2+]I, quantitated in single cells by the fluorescent
indicator Fura 2, showed strict dependence on a site of
tyrosine self-phosphorylation. Because maximum increases
in [Ca2+]i occur within 30 s (37), it is not possible to causally
link the in vivo changes in inositol phosphate directly to
changes in [Ca2+J1. Although additional mechanisms may be
involved in EGF-stimulated increases in [Ca2+]i, the identi-
cal requirements for a site of tyrosine self-phosphorylation in
the EGF receptor for activation of PLC-y and formation of
'P3, a known mediator of increased [Ca2+]i (4, 31, 36),

suggest that these may be causally linked. Development of
methods for measuring single-cell 1P3 will be necessary to
critically test whether a causal link exists.

Mutation of the kinase insert region of the PDGF receptor
to remove a site of tyrosine self-phosphorylation abolished
PDGF-stimulated increases in phosphatidylinositol 3-kinase
activity and association of this enzyme with the PDGF
receptor (17). The present study indicates that activation of
PLC--y by EGF similarly requires a site of tyrosine self-
phosphorylation in the EGF receptor. The SH2 domains of
PLC--y bind tightly to sites of tyrosine phosphorylation in
EGF and PDGF receptors (1, 25). Similar to other proteins,
tyrosine self-phosphorylation sites are proposed to create a
high-affinity binding site for PLC--y via the -100-amino-acid
SH2 domain (20, 25). Deletion of tyrosine phosphorylation
sites in the EGF receptor prevents PLC--y binding as assayed
by immunoprecipitation of complexes formed in vivo. Al-
though only a fraction of activated EGF and PDGF receptors
complex with PLC--y in vivo as revealed by coimmunopre-
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tion of PLC-y. The activated EGF receptor-PLC-y complex
may bring the enzyme to the cell membrane (40) where it is
tyrosine phosphorylated and placed in a conformation opti-
mal for interaction with phosphatidylinositol bisphosphate
substrate, which may be localized there or bound to profilin
(13). Studies which indicate that phosphatidylinositol 4-ki-
nase and PI 4P 5-kinase are also tyrosine phosphorylated and
associated with the EGF receptor (9) suggest that coupling of
these two signal transduction pathways occurs in a local
environment optimal for substrate production and conforma-
tional changes in PLC--y. These essential conformational
changes in PLC-y appear to require both tyrosine phosphor-
ylation and SH2-mediated interactions with activated EGF
receptors.
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FIG. 5. Comparison of coimmunoprecipitation of PLC-y with
wild-type (WT) and c'973 and c'688 mutant EGF receptors. Cells
were treated without or with 100 nM EGF for 5 min. The cells were
then lysed with a Nonidet P-40-deoxycholate solubilization buffer,
and the EGF receptor was immunoisolated by using an EGF
receptor monoclonal antibody coupled to Sepharose beads. Immu-

noprecipitates were analyzed by SDS-PAGE and Western blotting
(immunoblotting). (A) Immunostaining with PLC--y monoclonal an-

tibody; (B) immunostaining with polyclonal antipeptide antibody
directed against the N-terminal 13 amino acids of the EGF receptor.

cipitation (1, 21, 26, 30), this association correlates directly
with in vivo activation of PLC-y. These results suggest that
the association with self-phosphorylated EGF receptors is
required for in vivo activation of PLC--y.
Although tyrosine phosphorylation of PLC--y appears es-

sential for activation (18, 34), the observation that c'973
EGF receptors catalyze tyrosine phosphorylation of PLC--y
in vivo as effectively as wild-type EGF receptors but fail to
activate the enzyme indicates that tyrosine phosphorylation
of PLC--y is not sufficient for effective enzyme activation in
vivo. Recent studies of a chimeric receptor composed of the
EGF receptor-binding domain and the c-kit cytoplasmic
domain also indicate a dissociation between tyrosine phos-
phorylation of PLC--y and in vivo enzyme activation (23).
Taken together, these data indicate that both tyrosine

phosphorylation of PLC--y and binding to the EGF receptor
via SH2 domains of PLC--y to the EGF receptor sites of
tyrosine phosphorylation are necessary for PLC-,y activation
in vivo. Enzyme substrate interactions are not expected to
require high-affinity interactions such as those dictated by
SH2 regions, and c'973 EGF receptors efficiently catalyze
tyrosine phosphorylation of PLC-y in vivo. Because there is
evidence that tyrosine-phosphorylated PLC-y binds less
tightly than does nonphosphorylated enzyme to self-phos-
phorylated EGF and PDGF receptors (21, 25) and because
mutant nonphosphorylated PLC--y associates with self-phos-
phorylated PDGF receptors (18), the present experiments
suggest that although binding correlates directly with PLC--y
activation, it may not be sufficient to explain in vivo activa-
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