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Phospholipase C-�1 (PLC-�1) is phosphorylated on
three tyrosine residues: Tyr-771, Tyr-783, and Tyr-1253.
With the use of antibodies specific for each of these
phosphorylation sites, we have now determined the ki-
netics and magnitude of phosphorylation at each site.
Phosphorylation of Tyr-783, which is essential for lipase
activation, was observed in all stimulated cell types ex-
amined. The extent of phosphorylation of Tyr-1253 was
�50 to 70% of that of Tyr-783 in cells stimulated with
platelet-derived growth factor (PDGF) or epidermal
growth factor (EGF), but Tyr-1253 phosphorylation was
not detected in B or T cell lines stimulated through B-
and T-cell antigen receptors, respectively. Tyr-771 was
phosphorylated only at a low level in all cells studied. In
cells stimulated with PDGF, phosphorylation and de-
phosphorylation of Tyr-783 and of Tyr-1253 occurred
with similar kinetics; the receptor kinase appeared to
phosphorylate both sites, albeit with Tyr-783 favored
over Tyr-1253, before the bound PLC-�1 was released,
and phosphorylation at the two sites occurred inde-
pendently. PDGF and EGF induced similar levels of
phosphorylation of Tyr-783 and of Tyr-1253 in a cell line
that expressed receptors for both growth factors. How-
ever, only PDGF, not EGF, elicited substantial PLC ac-
tivity, suggesting that Tyr-783 phosphorylation was not
sufficient for enzyme activation. Finally, concurrent
production of phosphatidylinositol 3,4,5-trisphosphate
was found to contribute to the activation of phosphoryl-
ated PLC-�1.

Hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2)1

by phospholipase C (PLC) yields the intracellular messengers
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol and is an
early signaling event triggered by many hormones, neurotrans-

mitters, and growth factors. The PLC family comprises a di-
verse group of isozymes. Mammalian cells thus express 12
different PLC gene products, which are grouped on the basis of
their domain structure and mode of activation into five sub-
families, � (�1 to �4), � (�1 and �2), � (�1 to �4), �, and � (1, 2).
The activity of PLC isozymes is strictly controlled in cells; they
are virtually inactive in resting cells but are able to generate
their messenger products immediately in response to exposure
of cells to various extracellular stimuli. Activation of the two
�-type isozymes, PLC-�1 and PLC-�2, requires their phospho-
rylation on tyrosine residues. PLC-�1 is present in most cell
types and at most developmental stages, and targeted deletion
of its gene in mice results in early embryonic death, underlin-
ing the importance of this isozyme in cell proliferation and
differentiation (1, 3, 4). In contrast, PLC-�2 expression is re-
stricted to hematopoietic cells, and deletion of the PLC-�2 gene
in mice results in impairment of immune function (5).

Activation of PLC-� by tyrosine phosphorylation is an impor-
tant step in signaling by many stimuli that induce the activa-
tion of protein tyrosine kinases (PTKs). The intracellular do-
mains of receptors for peptide growth factors such as platelet-
derived growth factor (PDGF), epidermal growth factor (EGF),
and fibroblast growth factor possess intrinsic PTK activity, and
many of these receptor PTKs directly phosphorylate and acti-
vate PLC-�1 (1, 4). A class of receptors present on hematopoi-
etic cells that are collectively termed immunoreceptors also
triggers the tyrosine phosphorylation of PLC-�1 and PLC-�2.
Immunoreceptors comprise multiple polypeptide chains but do
not possess intrinsic PTK activity; rather, in response to ligand
binding, they recruit several distinct types of cytoplasmic PTKs
and adapter proteins to form supramolecular complexes that
activate PLC-� (1, 3, 6).

PLC-�1 becomes phosphorylated on three tyrosine residues,
Tyr-771, Tyr-783, and Tyr-1253 (amino acid numbering is
based on the sequence of the rat protein), in cells stimulated
with PDGF or EGF (7–9). The role of tyrosine phosphorylation
of PLC-�1 was investigated through substitution of Phe for Tyr
at each of these three sites and expression of the mutant
enzymes in NIH 3T3 cells. Substitution of Tyr-783 with Phe
prevented the activation of PLC by PDGF, whereas substitu-
tion of Tyr-1253 or Tyr-771 resulted in partial or no inhibition,
respectively (9). Further examination of the effects of Tyr 3
Phe substitution by expression of the three mutant proteins in
fibroblasts deficient in PLC-�1 (Null TV-1 cells) revealed that
Tyr-783 was essential for PDGF-dependent activation but that
Tyr-771 and Tyr-1253 were dispensable.2 The evaluation of the
Y1253F mutant in Null TV-1 cells is likely more reliable than
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that in NIH 3T3 cells given that the latter contain endogenous
wild-type PLC-�1.

Activation of PLC-�1 in cells is always accompanied by its
tyrosine phosphorylation, and the extent of this phosphoryla-
tion is commonly regarded as a measure of its activation status.
However, our unpublished observations have suggested that
the lipase activity of PLC-�1 measured in various stimulated
cells does not correlate well with the extent of PLC-�1 tyrosine
phosphorylation as determined by immunoblot analysis with
antibodies to tyrosine phosphate such as 4G10 or PY20. One
possible explanation for these observations is that tyrosine
phosphorylation alone might not be sufficient for the activation
of PLC-�1. Indeed, lipids such as phosphatidic acid (10), arachi-
donic acid (11, 12), and phosphatidylinositol 3,4,5-trisphos-
phate (PIP3) (13–16) have been shown to augment the catalytic
activity of PLC-�1. Another possibility is that total tyrosine
phosphorylation of PLC-�1 measured with conventional anti-
bodies to tyrosine phosphate may not closely reflect the extent
of phosphorylation at the essential residueTyr-783. Whether or
not multiple phosphorylation, such as that on Tyr-783 and
Tyr-1253, occurs in the same molecule or in different PLC-�1
molecules also might be an important determinant of PLC
function.

To address these questions, we have now measured the ki-
netics and extent of phosphorylation of each of the three tyro-
sine residues of PLC-�1 with the use of phospho-specific anti-
bodies raised against the three phosphorylation sites. We found
that phosphorylation of PLC-�1 on Tyr-783 is accompanied by
phosphorylation on Tyr-1253 in growth factor-stimulated cells
but not in B cells or T cells stimulated via their respective
immunoreceptors. Our results also indicate that phosphoryla-
tion of PLC-�1 on Tyr-783 per se is not sufficient to initiate
phosphoinositide hydrolysis, with the lipase activity of the ty-
rosine-phosphorylated enzyme also being determined by other
factors, including the production of PIP3.

MATERIALS AND METHODS

Materials and Cell Lines—PDGF-BB (human recombinant) and pu-
rified active tyrosine kinases (EGFR, ZAP-70, and Src) were obtained
from Upstate Biotechnology. EGF (human recombinant) and LY294002
were from Calbiochem. Null-TV1 cells, which are derived from PLC-
�1�/� mouse embryonic fibroblasts (17), were kindly provided by G.
Carpenter (Vanderbilt University School of Medicine, Nashville, TN).
NIH 3T3/EGFR cells were as described previously (18). Null-TV1, A431,
and NIH 3T3/EGFR cells were maintained under a humidified atmo-
sphere of 5% CO2 in Dulbecco’s modified Eagle’s medium supplemented
with penicillin-streptomycin and either 10% fetal bovine serum (Null
TV-1 and A431) or 10% calf serum (NIH 3T3/EGFR). Ramos and Jurkat
cells were maintained in RPMI 1640 medium supplemented with 10%
fetal bovine serum and penicillin-streptomycin.

Antibodies—A mixture of mouse monoclonal antibodies to PLC-�1
was previously described (19). Affinity-purified rabbit polyclonal anti-
bodies specific for PLC-�1 phosphorylated on Tyr-783 (anti-pY783) were
obtained from Biosource/QCB. Antibodies to PLC-�1 phosphorylated on
Tyr-771 or on Tyr-1253 (anti-pY771 and anti-pY1253, respectively)
were prepared by injection of rabbits with the phosphotyrosyl peptides
EPD(pY)GALYEGC (corresponding to residues 768–777 of rat PLC-�1
plus a terminal Cys residue for conjugation; pY, phosphorylated Tyr) or
FEAR(pY)QQPFGC (residues 1249–1257 plus a linker Gly residue and
a Cys residue), respectively, each conjugated with keyhole limpet he-
mocyanin and synthesized by BioSynthesis. Antisera were depleted of
cross-reactive antibodies with nonantigen phosphorylated peptides
(pY783 and pY1253 peptides for anti-pY771; pY771 and pY783 peptides
for anti-pY1253) to prevent possible recognition of phosphorylated sites
other than the target. Given that isolation of monospecific antibodies
with the use of immobilized phosphopeptide antigens did not result in
improvement of specificity, we used the antisera without further puri-
fication for our experiments. Mouse monoclonal antibody to Akt phos-
phorylated on Ser-473 was from Cell Signaling, goat F(ab�)2 fragments
specific for human IgM were from Jackson ImmunoResearch, and the
mouse monoclonal antibody OKT-3 to CD3 was kindly provided by L.
Samelson (NCI, National Institutes of Health, Bethesda, MD).

Expression of PLC-�1 Mutants—Mutants of rat PLC-�1 in which the
phosphorylation-site Tyr residues had been substituted with Phe were
described previously (9). The coding sequences of these mutant proteins
were transferred to the vector pSC11, and recombinant vaccinia viruses
for expression in mammalian cells were prepared as described previ-
ously (20). Null TV-1 cells were exposed to the recombinant viruses for
3 h and then cultured in medium containing 1% fetal bovine serum for
24 h.

Preparation of Cell Lysates and Immunoblot Analysis—Adherent
A431, Null TV-1, or NIH 3T3/EGFR cells grown in six-well culture
plates to 50–80% confluence were incubated for 24 h in medium con-
taining 1% serum before stimulation with growth factors. The serum-
deprived cells were washed, incubated for 10 min at 37 °C with DMEM
(1 ml per well) supplemented with 20 mM HEPES-NaOH (pH 7.4) (plus
1 mM sodium vanadate where indicated), and then stimulated as indi-
cated. After incubation for the indicated times, the medium was re-
moved, and lysis buffer I (20 mM HEPES-NaOH (pH 7.2), 1% Triton
X-100, 10% glycerol, 50 mM NaF, 1 mM sodium vanadate, 0.1 mM

4-(2-aminoethyl)benzenesulfonylfluoride hydrochloride, leupeptin (5
�g/ml), aprotinin (5 �g/ml), 0.2 ml per well) was added to the cells,
which were then incubated for 20 min on ice. The cell lysates were
centrifuged and the resulting supernatants were subjected to SDS-
PAGE on 6% gels (Novex). The separated proteins were transferred
electrophoretically to a nitrocellulose membrane, which was then incu-
bated with primary antibodies. Immune complexes were detected with
alkaline phosphatase-conjugated secondary antibodies and the chemi-
luminescent reagent CDP-Star (Tropix). Images were captured and
analyzed with a Kodak Image Station 440 equipped with a charge-
coupled device camera.

Ramos and Jurkat cells were incubated overnight in medium con-
taining 0.5% serum, washed, suspended in RPMI 1640 supplemented
with 20 mM HEPES-NaOH (pH 7.4) and 1 mM sodium vanadate, incu-
bated for 10 min at 37 °C, and then stimulated with antibodies to their
immunoreceptors. Stimulation was terminated by the addition of 0.25
volumes of ice-cold lysis buffer II (20 mM HEPES-NaOH (pH 7.5), 100
mM NaF, 5 mM sodium vanadate, 20 mM EDTA, 5% Triton X-100, 1.25%
sodium deoxycholate, 0.5 mM 4-(2-aminoethyl)benzenesulfonylfluoride
hydrochloride, leupeptin (25 �g/ml), aprotinin (25 �g/ml)) and incuba-
tion for 20 min on ice. After the removal of cell debris by centrifugation,
the remaining supernatants were subjected to immunoblot analysis as
described above. For stimulation with pervanadate, cells were equili-
brated with 1 mM sodium vanadate for 10 min then stimulated with 2
mM H2O2.

Immunoprecipitation—Cell lysates were diluted 5-fold with lysis
buffer I and then incubated at 4 °C first with appropriate antibodies for
1 h (with rocking) and then for an additional 2 h with 50 �l of a 50%
slurry of Protein G-Sepharose (Amersham Biosciences). The Protein
G-Sepharose beads were then recovered by centrifugation, washed
twice with lysis buffer I and once with water, suspended in SDS-PAGE
sample buffer, and boiled. The eluted proteins were subjected to immu-
noblot analysis as described above.

In Vitro Phosphorylation of PLC-�1—Purified rat PLC-�1 (20 �g/ml)
was incubated for the indicated times at 30 °C in a solution containing
20 mM HEPES-NaOH (pH 7.0), 100 mM NaCl, 1 mM EGTA, 1 mM

dithiothreitol, 10 mM MgCl2, 5 mM MnCl2, 0.1 mM sodium vanadate, 1
mM ATP, bovine serum albumin (0.1 mg/ml), and either EGF receptor
(EGFR, 0.5 unit/ml), ZAP-70 (1 �g/ml), or Src (4 �g/ml). The reaction
was terminated by the addition of SDS-PAGE sample buffer, and the
extent of PLC-�1 phosphorylation was assessed by immunoblot
analysis.

Measurement of Inositol Phosphates—Cells (in six-well plates) were
transferred to myo-inositol-free DMEM containing 1% calf serum and
incubated for 2 days in the presence of myo-[2-3H]inositol (1 �Ci/ml, 25
Ci/mol; PerkinElmer Life Sciences). After washing with DMEM, the
cells were incubated for 10 min in DMEM supplemented with 20 mM

LiCl and 20 mM HEPES-NaOH (pH 7.4) (plus 1 mM sodium vanadate
where indicated) and were then exposed to growth factors for various
times. The medium was subsequently removed, and the cells were
scraped into 1 ml of 5% perchloric acid on ice. The cell extracts were
centrifuged to remove debris, and the resulting supernatants were
neutralized with 2 M KOH before analysis of inositol phosphates by
high-performance liquid chromatography on a Partisil SAX-10 (What-
man) ion-exchange column with a Flo-One on-line radiometric detector
(Packard), as described previously (21).

Measurement of PIP3—Serum-deprived NIH 3T3/EGFR cells were
washed with phosphate-free DMEM, incubated for 1 h in the same
medium, and then labeled for 1 h with [32P]orthophosphate (0.5 mCi/ml;
ICN) again in phosphate-free DMEM. After stimulation of the cells with

Phosphorylation and Activation of PLC-�132182

 at E
w

ha M
edical L

ibrary on M
ay 9, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


EGF or PDGF, the medium was removed and the cells were scraped into
10% trichloroacetic acid on ice. The cell lysates were centrifuged, and
phospholipids were extracted from the pellets as previously described
(22). The extracted phospholipids were subjected to deacylation by
treatment with methylamine (23), and the released fatty acids were
removed by extraction with chloroform. The remaining aqueous phase
containing glycerophosphoinositol phosphates was then analyzed by
high-performance liquid chromatography on a Partisil SAX-10 column
with a 70-min nonlinear gradient of 0 to 1 M NH4H2PO4. The radioac-
tivity associated with deacylated PIP3 in the eluate was monitored with
an on-line detector and was expressed as a percentage of the total
radioactivity in the phospholipid fraction.

RESULTS

Characterization of Antibodies Specific for Phosphorylated
PLC-�1—Of the three phosphorylation sites of PLC-�1, Tyr-
771 and Tyr-783 are located between the X and Y catalytic
domains and Tyr-1253 is localized near the COOH terminus
(Fig. 1A). Polyclonal antibodies specific for PLC-�1 phosphoryl-
ated on Tyr-783 (anti-pY783) are commercially available, and
we have prepared anti-pY771 and anti-pY1253. The specifici-
ties of these various antibodies were tested with PLC-�1-defi-
cient fibroblasts (Null TV-1 cells) after their infection with
vaccinia virus vectors for wild-type PLC-�1 or for each of the
Tyr 3 Phe phosphorylation site mutants (Y771F, Y783F, and
Y1253F). The cells were stimulated with a combination of
PDGF and pervanadate to induce maximal phosphorylation of
PLC-�1; vanadate (VO4

3�) is a reversible inhibitor of a wide
variety of phosphatases, but, in the presence of H2O2, it is
converted to pervanadate (a general term for the various ad-
ducts formed between vanadate and H2O2), which irreversibly
oxidizes the essential cysteine residue of protein tyrosine phos-
phatases (24). Lysates of the cells were then subjected directly
to immunoblot analysis (Fig. 1B). Anti-pY783 and anti-pY1253
did not recognize PLC-�1 before cell stimulation but yielded a
single immunoreactive band at the position corresponding to
the molecular size of PLC-�1 after cell stimulation, indicating
that they are specific for phosphorylated forms of PLC-�1.
Anti-pY771 exhibited a low level of reactivity with PLC-�1 in
nonstimulated cells but showed a much higher level of reactiv-
ity with a band of slightly lower mobility, corresponding to
phosphorylated PLC-�1, after cell stimulation.

The specificity of each of the three antibody preparations was
high, as indicated by the fact that mutation of each of the target
tyrosine residues prevented recognition of PLC-�1 by the cor-

responding antibodies but not by the other two antibody prep-
arations (Fig. 1B). The binding of these antibodies to PLC-�1
thus requires not only phosphorylation of tyrosine but also the
amino acid sequence surrounding each phosphorylated tyro-
sine residue. The detection of phosphorylated PLC-�1 by anti-
pY771 or anti-pY1253 was not affected by the inclusion of
phosphotyrosine (0.1 mM) in the immunoblot reaction mixture,
whereas that by anti-pY783 was partially inhibited (data not
shown). The same treatment completely blocked the reactivity
of tyrosylphosphorylated proteins with the anti-phosphoty-
rosine antibody 4G10. In addition, the reactivity of phospho-
rylated PLC-�1 with each of the three antibody preparations
was blocked by the respective phosphorylated peptide used as
the antigen for antibody production but not by the other two
phosphorylated peptides (data not shown). Anti-pY771 and
anti-pY1253 sometimes recognized several cellular proteins
other than PLC-�1 in a phosphorylation-dependent manner,
whereas anti-pY783 did not. In particular, phosphorylated
EGFR was markedly reactive with anti-pY1253 (Figs. 2B and
4B) despite the fact that it does not contain an amino acid
sequence similar to that surrounding Tyr-1253 of PLC-�1.

Phosphorylation of PLC-�1 in Various Cell Types—We next
investigated the reactivity of the phospho-specific antibodies to
PLC-�1 with lysates of NIH 3T3/EGFR fibroblasts (NIH 3T3
cells that express exogenous EGFR in addition to endogenous
PDGFR) that had been exposed to PDGF or to a combination of
PDGF and pervanadate. Treatment of the cells with PDGF plus
pervanadate induced a marked increase in PLC-�1 reactivity
with all the phospho-specific antibodies (Fig. 2A). Immunoblot
analysis with anti-PLC-�1 antibody revealed that the PLC-�1
band of cells stimulated with PDGF plus pervanadate migrated
more slowly than did that of nonstimulated cells or that of cells
stimulated with PDGF alone and yet was as sharp as the band
corresponding to nonphosphorylated PLC-�1 in nonstimulated
cells (Fig. 2A). Increasing the incubation time or the concen-
trations of PDGF and pervanadate did not increase further the
blot intensities obtained with any of the three phospho-specific
antibody preparations (data not shown). Treatment of immu-
noprecipitated PLC-�1 with alkaline phosphatase abolished
both the shift in the mobility of the PLC-�1 band and its
reactivity with the phospho-specific antibodies induced by
treatment of the cells with PDGF and pervanadate (data not
shown), indicating that the mobility shift was due to phospho-
rylation. Together, these results indicate that most PLC-�1
molecules in the cells treated with PDGF and pervanadate are
phosphorylated at all three tyrosine phosphorylation sites. In
contrast, the broad immunoreactive band detected with anti-
bodies to PLC-�1 in cells stimulated with PDGF alone was
suggestive of heterogeneity in the extent of phosphorylation
(Fig. 2A). The mobility of this band was intermediate between
those of the nonphosphorylated and fully phosphorylated
PLC-�1 bands; the extent of phosphorylation of Tyr-783 and
Tyr-1253 was substantial but reduced compared with that ap-
parent in the cells stimulated with PDGF plus pervanadate,
and the phosphorylation of Tyr-771 was barely detectable.

We compared the phosphorylation profiles of PLC-�1 in three
different human cell types: Ramos B lymphoma cells stimu-
lated by cross-linking of the B cell receptor, Jurkat T lym-
phoma cells stimulated by cross-linking of CD3, and A431
epidermoid carcinoma cells stimulated with EGF (Fig. 2B). The
antigenic peptide (FEAR(pY1253)QQPF) used for the prepara-
tion of anti-pY1253 was based on the rat protein, which differs
in this region by a single amino acid residue (underlined) from
the human proteins (FESR(pY1254)QQPF). Although anti-
pY1253 is able to recognize both the human and rodent pro-
teins upon phosphorylation, reactivity of anti-pY1253 toward

FIG. 1. Characterization of antibodies specific for each phos-
phorylation site of PLC-�1. A, schematic representation of the do-
main organization of PLC-�1 and the location of the three tyrosine
phosphorylation sites. B, Null TV-1 cells were infected with recombi-
nant vaccinia viruses encoding either wild-type (WT) PLC-�1 or Tyr3
Phe mutants (Y771F, Y783F, and Y1253F) thereof. They were then
deprived of serum overnight and stimulated (or not) for 10 min with a
combination of PDGF (100 ng/ml) and pervanadate (2 mM H2O2 in the
presence of 1 mM sodium vanadate). Cell lysates were subjected to
immunoblot analysis with anti-PLC-�1 or with phospho-specific anti-
bodies against PLC-�1, as indicated.
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them may not be the same, which would make direct compar-
ison of samples of different origins difficult. Phosphorylation of
Tyr-783 was induced in all three cell lines by stimulation with
their respective ligands, whereas phosphorylation of Tyr-1254
(equivalent to Tyr-1253 of rodent PLC-�1) was readily observed
in A431 cells but was virtually undetectable in Jurkat and
Ramos cells (Fig. 2B). Phosphorylation of Tyr-771 was hardly
detected in any of the three cell lines (data not shown). Stim-
ulation of Ramos or Jurkat cells by pervanadate induced
marked phosphorylation of PLC-�1 on Tyr-1254 (Fig. 2B), indi-
cating that the cells are capable of phosphorylating PLC-�1 on
this residue. Phosphorylation of Tyr-771 was also observed in all
three cell lines stimulated by pervanadate (data not shown).

To determine whether the differences in the phosphorylation
patterns of PLC-�1 among these human cell lines were attrib-
utable to differences in the specificity of the responsible ki-

nases, we examined the phosphorylation of purified rat PLC-�1
by EGFR, ZAP-70, and Src in vitro (Fig. 2C). ZAP-70, which
belongs to the Syk family of PTKs, is thought to be the enzyme
predominantly responsible for the phosphorylation of PLC-�1
in Jurkat cells stimulated via the T cell receptor, and members
of the Src family of PTKs are also implicated in the phospho-
rylation of PLC-�1 in lymphocytes (25, 26). All three PTKs
phosphorylated both Tyr-783 and Tyr-1253, whereas EGFR
and Src catalyzed the phosphorylation of Tyr-783 faster than
they did that of Tyr-1253, and ZAP-70 phosphorylated the
two sites at similar rates. These results thus indicate that the
lack of Tyr-1253 phosphorylation in the immune cells is not
likely due to the specificity of kinases involved in PLC-�1
phosphorylation.

Mechanism of Growth Factor-induced PLC-�1 Phosphoryla-
tion—To gain insight into the mechanism of tyrosine phospho-
rylation of PLC-�1, we measured the time course of phospho-
rylation at each site in NIH 3T3/EGFR cells stimulated with
PDGF. As shown in Fig. 2A, PLC-�1 is fully phosphorylated at
all three sites in NIH 3T3/EGFR cells stimulated with PDGF
plus pervanadate; we therefore defined 100% phosphorylation
at a given position as the corresponding immunoblot intensity
obtained with PLC-�1 from these stimulated cells. The percent-
age of PLC-�1 molecules phosphorylated on Tyr-783 and Tyr-
1253 in cells stimulated with either a saturating (100 ng/ml) or
a subsaturating (10 ng/ml) concentration of PDGF in the ab-
sence or presence of vanadate was calculated from the corre-
sponding immunoblot intensities and plotted against time (Fig.
3, A and B). Treatment with vanadate alone did not induce any
detectable phosphorylation of PLC-�1. Under all conditions,
the time courses of phosphorylation were similar for the two
sites, and the extent of Tyr-783 phosphorylation was �1.5- to
2-fold greater than that of Tyr-1253 phosphorylation. The
higher concentration of PDGF (100 ng/ml) in the absence of
vanadate elicited transient phosphorylation of both Tyr-783
and Tyr-1253; the extent of phosphorylation was maximal (40%
for Tyr-783 and 25% for Tyr-1253) within 3–5 min and then
decreased rapidly. Stimulation with PDGF at the lower con-
centration (10 ng/ml) in the absence of vanadate resulted in
slower rates both of phosphorylation, which was maximal (25%
for Tyr-783 and 15% for Tyr-1253) after �10 min, and of de-
phosphorylation. Inclusion of vanadate enhanced phosphoryl-
ation at both sites, with maximal values of 60% for Tyr-783 and
35% for Tyr-1253 with PDGF at 100 ng/ml and of 45% for
Tyr-783 and 30% for Tyr-1253 with PDGF at 10 ng/ml. It also
markedly reduced the rate of decay of the phosphorylation at
each site induced by PDGF at 100 ng/ml. Phosphorylation of
PLC-�1 on Tyr-771 was detectable only in cells stimulated with
PDGF at 100 ng/ml in the presence of vanadate, but the max-
imal level achieved was �5%.

We also assessed the concordance of phosphorylation among
sites. PLC-�1 associates with receptor PTKs as a result of
interaction between its NH2-terminal SH2 domain and a phos-
phorylated tyrosine residue of the receptor. We tested whether
PLC-�1 bound to PDGFR becomes phosphorylated on both
Tyr-783 and Tyr-1253 before its dissociation from the receptor.
In such a linked scenario, Tyr-1253 phosphorylation and Tyr-
783 phosphorylation would thus occur together on the same
bound PLC-�1 molecule. In a random scenario, however, in
which receptor-bound PLC-�1 is phosphorylated on only one of
these sites before its dissociation, phosphorylation of both res-
idues of the same PLC-�1 molecule would be expected to be less
likely. We sought to distinguish between these scenarios by
comparing the extent of Tyr-1253 phosphorylation in the pool
of PLC-�1 molecules phosphorylated on Tyr-783 with that in
the total pool of PLC-�1 molecules.

FIG. 2. Phosphorylation of PLC-�1 monitored by immunoblot
analysis with phospho-specific antibodies. A, serum-deprived NIH
3T3/EGFR cells were stimulated (or not) in the presence of 1 mM sodium
vanadate 10 min with PDGF (100 ng/ml) or PDGF plus pervanadate
(pv). Cell lysates were then subjected to immunoblot analysis with the
indicated antibodies. B, Ramos cells were stimulated for the indicated
times either with a saturating amount of goat anti-human IgM F(ab�)2
(10 �g/ml) or with pervanadate. Jurkat cells were stimulated either
with a saturating dose of the OKT-3 anti-CD3 antibody (5 �g/ml) or
with pervanadate. A431 cells were stimulated with EGF (20 ng/ml).
Cell lysates were then subjected to immunoblot analysis with the indi-
cated antibodies. The amounts of protein applied to the gel were ad-
justed so that samples from Ramos cells stimulated with anti-IgM for 2
min, from Jurkat cells stimulated with OKT-3 for 2 min, and from A431
cells stimulated with EGF for 2 min showed similar intensities on the
blot with anti-pY783. The positions of PLC-�1 and (cross-reactive)
EGFR are indicated for the blot with anti-pY1253. C, purified rat
PLC-�1 was subjected for the indicated times to phosphorylation in
vitro by either EGFR, ZAP-70, or Src and was then analyzed for the
extent of phosphorylation on Tyr-783 (closed circles) and Tyr-1253 (open
circles) by immunoblot analysis. Data are expressed as arbitrary units
and are from a representative experiment. The lag period observed with
ZAP-70 likely reflects the time required for activation of the kinase.
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NIH 3T3/EGFR cells were stimulated for 5 min with PDGF
(30 ng/ml) in the presence of vanadate. In 3 independent ex-
periments, this resulted in the average phosphorylation of �35
and �20% of PLC-�1 molecules on Tyr-783 and Tyr-1253, re-
spectively (see Fig. 4A). Cell lysates were then subjected to
immunoprecipitation with either anti-PLC-�1, anti-pY783, or
anti-pY1253, and the resulting precipitates were each sub-
jected to immunoblot analysis with these three antibodies (Fig.
3C). Both phospho-specific antibodies precipitated PLC-�1
from lysates of stimulated cells but not from those of resting
cells. The ratio of the blot intensity obtained with anti-pY1253
to that obtained with anti-pY783 was calculated for each of the
precipitates obtained with anti-PLC-�1, anti-pY783, and anti-
pY1253. For the anti- PLC-�1 precipitate, this pY1253/pY783
ratio was the same as the ratio (0.57 � 20%/35%) obtained with
the whole cell lysates. Under a linked scenario, all the PLC-�1
molecules phosphorylated on Tyr-1253 are also phosphorylated

on Tyr-783. Therefore, the predicted pY1253/pY783 ratio for
the anti-pY783 precipitate remains 0.57 (the same value as
that for the whole population of PLC-�1 molecules), whereas
the predicted ratio for the anti-pY1253 precipitate is 1. How-
ever, if Tyr-1253 phosphorylation is randomly distributed, the
predicted PLC-�1 population would include three phosphoryl-
ated species: one bisphosphorylated on Tyr-783 and Tyr-1253
(0.35 � 0.20 � 0.07 or 7%), one monophosphorylated on Tyr-
783 (35 � 7 � 28%), and one monophosphorylated on Tyr-1253
(20 � 7 � 13%). Therefore, the predicted pY1253/pY783 ratio
for the anti-pY783 precipitate would be 0.2 (� 0.07/0.35), and
the predicted pY1253/pY783 ratio for the anti-pY1253 precipi-
tate would be 2.86 (� 0.20/0.07). The actual ratios obtained
were 0.45 � 0.07 for the anti-pY783 precipitates and 1.19 �
0.39 for the anti-pY1253 precipitates (Fig. 3C), indicating that
phosphorylation of Tyr-783 and Tyr-1253 occurs on the same
molecules in most instances but that the kinase adds phos-

FIG. 3. Mechanism of PDGF-induced PLC-�1 phosphorylation. A, NIH 3T3/EGFR cells were stimulated for various times either with
PDGF (10 ng/ml) in the absence of sodium vanadate (upper four blots) or with PDGF (100 ng/ml) in the presence of 1 mM sodium vanadate (lower
three blots). Cell lysates were then subjected to immunoblot analysis with the indicated antibodies. For comparison, cells were also stimulated with
PDGF (100 ng/ml) plus sodium pervanadate (right-most lanes, P/pv (25%)), and the amount of lysate applied to the gels was 25% of that applied
in the other lanes; the intensity of the PLC-�1 bands in the P/pv lanes was taken as 25% to calculate the extent of phosphorylation at each site
as shown in B. B, the extent of phosphorylation of PLC-�1 on Tyr-783 and Tyr-1253 in experiments similar to that shown A was quantified by
measurement of immunoblot intensities. Cells were thus stimulated with PDGF (100 ng/ml) in the absence (closed circles) or presence (open circles)
of 1 mM sodium vanadate, or with PDGF (10 ng/ml) in the absence (closed diamonds) or presence (open diamonds) of 1 mM sodium vanadate. Data
are means from four independent determinations, with the size of the symbols approximately representing � S.E. C, NIH 3T3/EGFR cells were left
unstimulated (Ctrl) or stimulated for 5 min with PDGF (30 ng/ml) in the presence of 1 mM sodium vanadate. Cell lysates were then subjected to
immunoprecipitation (IP) with the indicated antibodies, and the resulting precipitates were subjected to immunoblot analysis (IB) with the same
antibodies (left panel). The ratio of the blot intensity obtained with anti-pY1253 to that obtained with anti-pY783 was measured for each of the
various precipitates prepared from PDGF-stimulated cells and was then normalized relative to the value obtained for the precipitates prepared
with the antibodies to PLC-�1 (right panel); data are means � S.E. of four independent determinations. D, Null TV-1 cells were infected with
vaccinia viruses for wild-type PLC-�1 or for the Y783F or Y1253F mutants thereof and were then stimulated for the indicated periods with PDGF
(100 ng/ml) in the absence of sodium vanadate. Cell lysates were then subjected to immunoblot analysis with the indicated antibodies.
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phate to Tyr-783 more frequently than it does to Tyr-1253. We
also conducted the same experiments with PLC-�1 phosphoryl-
ated in response to EGF stimulation to find essentially the
same conclusion (not shown).

To characterize further the relation between the phosphoryl-
ation reactions at these two positions, we monitored the time
course of PLC-�1 phosphorylation in Null TV-1 cells expressing
exogenous wild-type PLC-�1 or the Y783F or Y1253F mutants
after their stimulation with a saturating concentration (100
ng/ml) of PDGF in the absence of vanadate (Fig. 3D). Phospho-
rylation of both Tyr-783 and Tyr-1253 showed a transient in-
crease similar to that observed for the endogenous enzyme in
NIH 3T3/EGFR cells (Fig. 3A). The time courses were similar
for the two sites, and the absence of phosphorylation at one site
as a result of the Tyr3 Phe mutation did not affect the kinetics

of phosphorylation at the other site, suggesting that Tyr-783
and Tyr-1253 are phosphorylated independently.

Relationship between Tyrosine Phosphorylation of PLC-�1
and Lipase Activity—We evaluated the relationship between
the tyrosine phosphorylation of PLC-�1 and phosphoinositide
hydrolysis in NIH 3T3/EGFR cells. We measured phosphoryl-
ation of Tyr-783 and Tyr-1253 in cells stimulated for 5 min with
various concentrations of PDGF or EGF (Fig. 4A). The maximal
phosphorylation levels on both Tyr-783 and Tyr-1253 attained
in the presence of saturating concentrations of PDGF were
higher than those achieved with saturating concentrations of
EGF. Similar to the situation with PDGF, the level of Tyr-783
phosphorylation was about twice that of Tyr-1253 phosphoryl-
ation in EGF-stimulated cells. The dose-response curves indi-
cated that PDGF at 30 ng/ml and EGF at 20 ng/ml induced

FIG. 4. Tyrosine phosphorylation of PLC-�1 and production of inositol phosphates in NIH 3T3/EGFR cells stimulated with PDGF
or EGF. A, serum-deprived cells were stimulated for 5 min with the indicated concentrations of PDGF or EGF in the presence of 1 mM sodium
vanadate, after which the extent of phosphorylation of PLC-�1 on Tyr-783 (closed circles) and on Tyr-1253 (open circles) was quantified as described
in Fig. 3A. Data are means of three independent determinations. B, serum-deprived cells were left unstimulated or stimulated for 5 min with either
PDGF (30 ng/ml) or EGF (20 ng/ml) in the absence or presence of 1 mM sodium vanadate, after which cell lysates were subjected to immunoblot
analysis with the indicated antibodies (upper panel). The extent of Tyr-783 phosphorylation was quantified from immunoblot intensities (lower
panel); data are means � S.E. of values from four independent determinations. C, time course of phosphorylation of PLC-�1 on Tyr-783 in
serum-deprived cells stimulated for 5 min with either PDGF (30 ng/ml) (circles) or EGF (20 ng/ml) (diamonds) in the presence of 1 mM sodium
vanadate. D, cells that had been metabolically labeled with myo-[3H]inositol were stimulated for 30 min with the indicated concentrations of PDGF
(circles) or EGF (diamonds) in the absence of sodium vanadate, after which [3H]inositol phosphates (IP, IP2, and IP3) were measured. Data are
representative of results from three similar experiments. E, cells that had been labeled with myo-[3H]inositol as in D were stimulated for the
indicated times with PDGF (30 ng/ml) (circles) or EGF (20 ng/ml) (diamonds) in the absence (closed symbols) or presence (open symbols) of 1 mM

sodium vanadate, after which [3H]inositol phosphates in cell extracts were measured. Data are representative of results from three similar
experiments.
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similar levels of phosphorylation. This finding was confirmed
by immunoblot analysis with the three phospho-specific anti-
bodies of cells stimulated for 5 min with PDGF (30 ng/ml) or
EGF (20 ng/ml) in the absence or presence of vanadate (Fig.
4B). As with PDGF, EGF-induced Tyr-771 phosphorylation was
not detectable in the absence of vanadate and was barely de-
tectable in its presence. The time courses of Tyr-783 phospho-
rylation induced by PDGF (30 ng/ml) or EGF (20 ng/ml) were
similar, but a close inspection revealed some differences; in
EGF-stimulated cells, phosphorylation took place more rapidly
and dephosphorylation proceeded more slowly compared with
those observed in PDGF-stimulated cells (Fig. 4C).

We next measured PIP2-hydrolyzing activity in NIH 3T3/
EGFR cells after stimulation with PDGF or EGF. NIH 3T3/
EGFR cells were thus metabolically labeled with myo-[3H]i-
nositol and the production of [3H]inositol phosphates (the sum
of IP, IP2, and IP3) in response to growth factor stimulation was
determined. The incubation medium also included LiCl to block
dephosphorylation of inositol monophosphates; phosphoryla-
tion of PLC-�1 was not affected by the presence of LiCl (data
not shown). We first measured PLC activity in cells stimulated
with various concentrations of PDGF or EGF in the absence of
vanadate. Despite the fact that EGF could induce substantial
phosphorylation of PLC-�1, no PLC activity was detected in
cells exposed to the growth factor at any of the concentrations
tested, whereas PDGF induced marked PIP2 hydrolysis in a
concentration-dependent manner (Fig. 4D). In cells stimulated
with PDGF (30 ng/ml), the liberation of [3H]inositol phosphates
increased with time, and this increase was faster in the pres-
ence of vanadate, concomitant with the extent of tyrosine phos-
phorylation (Fig. 4E). EGF (20 ng/ml), which induced compa-

rable levels of phosphorylation on Tyr-783 and on Tyr-1253 as
did PDGF (30 ng/ml), was unable to induce any detectable PIP2

hydrolysis in the absence of vanadate. Although the addition of
vanadate only modestly increased the phosphorylation (Fig.
4B), it had a pronounced stimulating effect on EGF-induced
PLC activity to increase it to a detectable level. Although the
extent of inositol phosphate production was still 20–25% of that
induced by PDGF (30 ng/ml) in the presence of vanadate (Fig.
4E), however. It thus appears that phosphorylation of PLC-�1 is,
by itself, insufficient for the expression of enzymatic activity.

PIP3 Production in NIH 3T3/EGFR Cells Stimulated with
PDGF or EGF—PIP3, which is produced in response to cell
stimulation with growth factors, enhances PLC-�1 activity
both in vitro and in vivo (13–16). We examined the time course
of PIP3 production in NIH 3T3/EGFR cells stimulated with
PDGF (30 ng/ml) or EGF (20 ng/ml) in the absence or presence
of vanadate (Fig. 5A). Each growth factor induced a rapid and
transient increase in the amount of PIP3, which peaked at 1–2
min after the onset of stimulation. The effect of PDGF was
greater than that of EGF, and the effects of both growth factors
were enhanced by vanadate. Treatment of the cells with 50 �M

LY294002, an inhibitor of PI3K activity, virtually abolished
PIP3 production in response to either PDGF or EGF (data not
shown).

The phosphorylation of Akt is commonly used as an indirect
index of the activity of PI3K and the generation of PIP3 (27).
PDGF (30 ng/ml) induced a substantially larger increase in the
phosphorylation of Akt than did EGF (20 ng/ml), but Akt phos-
phorylation at Ser-473 in response to either growth factor was
completely blocked by prior incubation of the cells with
LY294002 (Fig. 5B).

FIG. 5. Production of PIP3, activation of Akt, and formation of inositol phosphates in NIH 3T3/EGFR cells stimulated with PDGF
or EGF. A, serum-deprived cells that had been labeled with [32P]orthophosphate were stimulated for the indicated times with PDGF (30 ng/ml)
(circles) or EGF (20 ng/ml) (diamonds) in the absence (closed symbols) or presence (open symbols) of 1 mM sodium vanadate, after which the amount
of 32P-labeled PIP3 was measured. Data are expressed as a percentage of the total radioactivity associated with the phospholipid fraction and are
means of three independent determinations. B, serum-deprived cells were incubated with 50 �M LY294002 or vehicle for 10 min and then
stimulated for 5 min with PDGF (30 ng/ml) or EGF (20 ng/ml). Cell lysates were subjected to immunoblot analysis with antibodies specific for Akt
phosphorylated on Ser-473. C, cells were treated for 10 min with 50 �M LY294002 or vehicle and then either left unstimulated (Ctrl) or stimulated
for 10 min with PDGF (30 ng/ml) or EGF (20 ng/ml) in the presence of 1 mM sodium vanadate. Cell lysates were subjected to immunoblot analysis
with anti-pY783 and anti-pY1253. D, cells that had been labeled with myo-[3H]inositol as in Fig. 4D were incubated for 10 min with 50 �M

LY294002 (open symbols) or vehicle (closed symbols) and then stimulated for the indicated times with PDGF (30 ng/ml) (circles) or EGF (20 ng/ml)
(diamonds) in the presence of 1 mM sodium vanadate. The production of [3H]inositol phosphates was then analyzed.
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LY294002 also partially inhibited inositol phosphate produc-
tion induced by PDGF or EGF (Fig. 5D), but it did not affect the
phosphorylation of PLC-�1 (Fig. 5C). These results indicate
that PIP3 is an important activator of phosphorylated PLC-�1
and that the observed difference in PLC activity between cells
stimulated with PDGF or with EGF is likely attributable in
part to the difference in PIP3 production elicited by these
growth factors. However, given that �50% of PLC activity
persisted in stimulated cells treated with LY294002 at a con-
centration sufficient to fully block PIP3 accumulation and Akt
phosphorylation, PIP3 may not be the only stimulatory factor
for phosphorylated PLC-�1.

DISCUSSION

The tyrosine phosphorylation and activation of PLC-�1 are
triggered by most growth factor receptors and immunorecep-
tors in response to ligand binding (1, 3, 4). Whereas activated
growth factor receptors recruit and catalyze directly the phos-
phorylation of PLC-�1 (28, 29), activated immunoreceptors ap-
pear to achieve this goal through the formation of supramo-
lecular complexes that comprise the aggregated receptors,
adapter proteins, and one member each of the Src, Syk, and Tec
families of PTKs (3, 6). Although three tyrosine residues, Tyr-
771, Tyr-783, and Tyr-1253, have been identified as phospho-
rylation sites of PLC-�1 targeted by the receptors for PDGF
and EGF, it has remained unknown whether immunoreceptors
also elicit phosphorylation at all of these sites. In addition,
given that phosphorylation of PLC-�1 is generally monitored by
immunoblot analysis with antibodies to phosphotyrosine, the
extent and rate of phosphorylation of individual tyrosine resi-
dues have not been evaluated. We have now prepared and
established the specificity of antibodies specific for individual
tyrosine phosphorylation sites of PLC-�1. Furthermore, with
the use of these antibodies, we have analyzed the kinetics and
stoichiometry of phosphorylation at each site and examined the
relation of such phosphorylation to the lipase activity of
PLC-�1.

Phosphorylation of PLC-�1 on Tyr-1253 Depends on Receptor
Type—Our results have revealed that the mode of PLC-�1
phosphorylation mediated by immunoreceptors differs from
that mediated by growth factor receptors. Whereas PDGF and
EGF each induced a substantial level of phosphorylation of
PLC-�1 on Tyr-1253 in addition to the marked extent of phos-
phorylation of Tyr-783, stimulation of the B cell receptor or T
cell receptor resulted in measurable phosphorylation of only
Tyr-783. Like EGFR, Src and ZAP-70 each phosphorylated both
Tyr-783 and Tyr-1253 in vitro. The lack of Tyr-1253 phospho-
rylation apparent in Jurkat T cells and Ramos B cells is thus
not likely attributable per se to the specificity of the kinases
responsible for PLC-�1 phosphorylation in these cells.

Phosphorylation of PLC-�1 on Tyr-783 is essential for induc-
tion of phospholipase activity, whereas that of Tyr-1253 is
dispensable for such activity (9). The role of Tyr-1253 phospho-
rylation might thus be related to something other than direct
regulation of the catalytic function of PLC-�1. In this regard,
lipase-inactive PLC-�1 mutants have been shown to possess
biological activities (30–33). Lipase-inactive PLC-�1 thus man-
ifests mitogenic activity, probably by serving as a guanine
nucleotide exchange factor for the nuclear GTPase PIKE (32).
In addition, PLC-�1 and PLC-�2 play a lipase-independent role
in agonist-induced Ca2� entry (33).

Mechanism of Growth Factor-induced Phosphorylation of
PLC-�1—Phosphorylation of PLC-�1 is initiated on association
of the enzyme with autophosphorylated receptors for PDGF or
EGF (9, 34), and this association is mediated through recogni-
tion of phosphorylated tyrosine residues of the receptor PTKs
by the NH2-terminal SH2 domain of PLC-�1 (21, 35, 36). In

NIH 3T3/EGFR cells stimulated with PDGF, the level of phos-
phorylation of PLC-�1 on Tyr-783 was 1.5- to 2-fold greater
than that of Tyr-1253. Phosphorylation of Tyr-771 was barely
detectable even in the presence of a protein tyrosine phospha-
tase inhibitor, sodium vanadate. A similar quantitative rela-
tion, pY783 	 pY1253 		 pY771, was also observed in cells
stimulated with EGF.

We investigated if phosphorylation of PLC-�1 on Tyr-783
and on Tyr-1253 proceeded in a linked mechanism or in a
random fashion in cells stimulated with PDGF or EGF by
means of immunoprecipitation with the phospho-specific anti-
bodies. With cell lysates containing partially phosphorylated
PLC-�1, we analyzed the distribution of pY783 and pY1253
residues among total PLC-�1 molecules. All the experimentally
determined pY783/pY1253 ratio values were similar to those
predicted for a linked mechanism. If phosphorylation of the two
sites occurred randomly, a far fewer amount of PLC-�1 bisphos-
phorylated on Tyr-783 and Tyr-1253, as well as a significant
amount of PLC-�1 monophosphorylated on Tyr-1253, should
have been found. It thus seems likely that a molecule of PLC-�1
recruited by a receptor PTK is phosphorylated on both Tyr-783
and Tyr-1253 before being released from the receptor, albeit
with phosphorylation of Tyr-783 occurring more frequently
than that of Tyr-1253. Importantly, mutation of one site did not
affect the phosphorylation of the other site, indicating that
phosphorylation of Tyr-783 and Tyr-1253 is not a sequential
process.

The kinetics of PDGF-induced phosphorylation of PLC-�1
were similar for Tyr-783 and Tyr-1253 under various condi-
tions, probably because the phosphorylation of PLC-�1 by the
associated receptor is not rate-limiting. Rather, prior events,
such as the binding of PDGF to its receptor, the autophospho-
rylation of the receptor, and the binding of PLC-�1 to the
autophosphorylated receptor, might be relatively slow. Alter-
natively, the associated PTK might act at Tyr-783 and Tyr-
1253 with similar rates.

The greater extent of phosphorylation of Tyr-783 compared
with that of Tyr-1253 might result either from enhanced phos-
phorylation or reduced dephosphorylation of Tyr-783. Inhibi-
tion of protein tyrosine phosphatases by vanadate resulted in
an increase in the levels of PDGF-induced phosphorylation of
both Tyr-783 and Tyr-1253, but the pY783/pY1253 ratio re-
mained largely unchanged. It is thus possible that the interac-
tion of PLC-�1 with a phosphatase results in the dephospho-
rylation of both sites by the phosphatase before it releases the
PLC-�1 molecule. Stimulation of cells with a saturating con-
centration of PDGF resulted in the rapid dephosphorylation of
both pY783 and pY1253 after the peak level of phosphorylation
was attained, suggesting that pronounced stimulation of the
PDGFR also rapidly triggers a feedback mechanism, probably
involving activation of phosphatase function.

Requirement of Factors Other Than Tyr-783 Phosphorylation
for PLC-�1 Activation—Although activated receptor PTKs
phosphorylate both Tyr-783 and Tyr-1253 of PLC-�1, only the
phosphorylation of Tyr-783 is required for phospholipase activ-
ity. PLC activity is closely related to the extent of Tyr-783
phosphorylation in comparisons of various cell types stimu-
lated with a specific growth factor. Our results have now
shown, however, that PLC activity induced by EGF was much
less than that induced by PDGF in NIH 3T3/EGFR cells, even
though the extent and kinetics of phosphorylation of both Tyr-
783 and Tyr-1253 elicited by the growth factors were not much
different. Factors other than Tyr-783 phosphorylation thus
appear to contribute to PLC-�1 activation. EGF triggers PLC
activation or Ca2� mobilization in various cell types (8, 37–39),
and experiments with Null TV-1 cells have indicated that
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PLC-�1 is the isozyme responsible for the PLC activity (17).
EGF alone failed to induce measurable PLC activity in NIH
3T3/EGFR cells, but EGF-induced production of inositol
phosphates was detected in the additional presence of vana-
date. These results suggest that the production of a factor
necessary for PLC-�1 activation is also enhanced by tyrosine
phosphorylation.

We have now identified PIP3 as an important regulator of
PLC-�1, which might explain, at least in part, the differences in
PLC activity observed in NIH 3T3/EGFR cells stimulated with
PDGF or EGF. Most, if not all, growth factor receptors that
activate PLC-�1 also elicit PIP3 production. A role for PIP3 in
the activation of PLC-� isozymes has been demonstrated pre-
viously (13–16). The mechanism by which PIP3 activates
PLC-�1 remains to be determined, however. We have previ-
ously suggested that PIP3 activates PLC-�1 by binding to its
SH2 domains (14, 15). Falsca et al. (13) proposed that binding
of PIP3 to the NH2-terminal PH domain of PLC-�1 is respon-
sible for membrane targeting of the enzyme. Whereas yeast
two-hybrid analysis did not support interaction of this PH
domain with PIP3 (40), molecular modeling did (41). The bind-
ing of PIP3 and membrane targeting were studied with the
isolated PH domain or SH2 domains, however, not with the
intact PLC-�1 molecule.

PIP3 markedly activates nonphosphorylated PLC-�1 in vitro
(14). The production of PIP3 alone, however, appears insuffi-
cient to activate PLC-�1 in cells, with Tyr-783 phosphorylation
being a prerequisite. Specific binding sites for various SH2
domain-containing proteins, including PI3K (Tyr-740 and Tyr-
751) and PLC-�1 (Tyr-1021), have been identified in �-PDGFR
(42–44). Stimulation of HepG2 cells expressing a Y1021F mu-
tant of this receptor with PDGF resulted in normal PIP3 pro-
duction but not in PLC-�1 phosphorylation or PIP2 hydrolysis
(15, 44). The activation of PLC-�1 by PIP3 thus appears to
require priming by phosphorylation of the enzyme on Tyr-783.

Unlike PDGFR, which activates PI3K by providing a tandem
site (Tyr-740 and Tyr-751 for �-PDGFR) for the binding of the
two SH2 domains of the p85 regulatory subunit of the enzyme
(29, 44), EGFR does not possess a canonical p85 binding site
and binding of p85 to the receptor is weak or nonexistent (45).
Nevertheless, EGF-induced activation of PI3K has been de-
scribed in various cell types. EGFR therefore likely recruits
and activates PI3K indirectly, and different cell types appear to
achieve this effect in different manners. Proteins such as
ErbB3 and Gab1 have been shown to contribute to the EGF-
induced activation of PI3K (46–48). Insufficiency of such me-
diators might thus be responsible in part for the low level of
activation of PI3K by EGF in NIH 3T3/EGFR cells.

Treatment of NIH 3T3/EGFR cells with LY294002 at a con-
centration that completely blocked PIP3 generation and Akt
phosphorylation in response to PDGF resulted in only �50%
inhibition of PDGF-induced PLC activity. Furthermore, pre-
vention of PI3K activation by mutation of Tyr-740 and Tyr-751
of �-PDGFR resulted in only modest inhibition of PDGF-de-
pendent Ca2� mobilization in HepG2 cells (15). These results
may suggest that Tyr-783-phosphorylated PLC-�1 is partially
active in the absence of PIP3, but this explanation can be
excluded by the fact that EGF-induced tyrosine phosphoryla-
tion of PLC-�1 alone does not lead to its activation in the
absence of vanadate. It therefore seems most likely that the
phosphorylated PLC requires other factors produced by PDGF
for the activation. One possible candidate for such a factor is
phosphatidic acid, a product of phospholipase D action. Phos-
phatidic acid activates PLC-�1 in vitro (10), and phospholipase
D activity is increased in most cells stimulated by growth
factors. PDGF induces a larger increase in PLC activity than

does EGF in Swiss 3T3 cells and hippocampal stem cells; in the
same cell types, PDGF induces activation of phospholipase D,
but EGF does not (49, 50). Proteins such as Cbl might also
contribute to the differential activation of PLC-�1 by PDGF
and EGF in NIH 3T3/EGFR cells. Cbl is thought to function as
a negative regulator of growth factor signaling (51), and it
inhibits PLC-�1 activity in T cells (52). In mouse embryonic
fibroblasts, EGF elicits tyrosine phosphorylation of Cbl as well
as an association of the tyrosine-phosphorylated protein with
PLC-�1 that is mediated through interaction between the pro-
line-rich region of Cbl and the SH3 domain of PLC-�1; PDGF
does not induce the association of Cbl and PLC-�1 (53).

In conclusion, our results have revealed the phosphorylation
and subsequent activation of PLC-�1 to be complex and to vary
greatly depending on cell type and stimulus. In addition to
Tyr-783 phosphorylation, which is essential for the lipase ac-
tivity of PLC-�1, growth factors induce Tyr-1253 phosphoryla-
tion. The phosphorylation of Tyr-1253 is neither needed for
lipase activity nor does it occur in lymphoid cells stimulated by
immunoreceptors. Its role, which remains to be determined,
therefore appears to be specific to growth factor-simulated
cells. Our results have also revealed that Tyr-783 phosphoryl-
ation is not sufficient for the lipase activity of PLC-�1 and that
concurrent activation of PI3K appears to be important for ac-
tivation of the Tyr-783-phosphorylated enzyme.
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