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Platelet-derived growth factor (PDGF) stimulates the proliferation of quiescent fibroblasts through a series
of events initiated by activation of tyrosine kinase activity of the PDGF receptor at the cell surface.
Physiologically significant substrates for this or other growth factor receptor or oncogene tyrosine kinases have
been difficult to identify. Phospholipase C (PLC), a key enzyme of the phosphoinositide pathway, is believed to
be an important site for hormonal regulation of the hydrolysis of phosphatidylinositol 4,5-bisphosphate, which
produces the intracellular second-messenger molecules inositol 1,4,5-trisphosphate and 1,2-diacylglycerol.
Treatment of BALB/c 3T3 cells with PDGF led to a rapid (within 1 min) and significant (greater than 50-fold)
increase in PLC activity, as detected in eluates of proteins from a phosphotyrosine immunoaffinity matrix. This
PDGF-stimulated increase in phosphotyrosine-immunopurified PLC activity occurred for up to 12 h after
addition of growth factor to quiescent cells. Interestingly, the PDGF stimulation occurred at 3 as well as 37°C
and in the absence or presence of extracellular Ca2 . Immunoprecipitation of cellular proteins with monoclonal
antibodies specific for three distinct cytosolic PLC isozymes demonstrated the presence of a 145-kilodalton
isozyme, PLC--y (formerly PLC-II), in BALB/c 3T3 cells. Furthermore, these immunoprecipitation studies
showed that PLC-y is rapidly phosphorylated on tyrosine residues after PDGF stimulation. The results suggest
that mitogenic signaling by PDGF is coincident with tyrosine phosphorylation of PLC-y.

Platelet-derived growth factor (PDGF) initiates a prolifer-
ative response in fibroblasts through a complex mechanism
that includes the induction of specific gene products (12, 50).
The biochemical mechanisms involved in transduction of the
mitogenic signal from the cell surface to the nucleus are not
well understood. PDGF binds to a specific cell surface
glycoprotein receptor that mediates the mitogenic signal (7,
27, 32). The initial biochemical response after binding of
PDGF to its receptor is stimulation of the receptor tyrosine
kinase activity (15, 65). Several other growth factor recep-
tors and oncogene products demonstrate this enzymatic
activity (reviewed in references 8, 33, and 66), suggesting
that this biochemical property is a fundamental property of
growth regulatory systems. Furthermore, expression in in-
tact cells of mutated PDGF receptors lacking tyrosine kinase
activity revealed that such receptors are incapable of trans-
ducing a mitogenic signal after binding PDGF (16). At
present, key tyrosine kinase substrates in the mitogenic
process have not been identified in either the growth factor-
regulated or oncogene system. The detection of substrates
having a known biochemical function may provide clues to
the transduction signals involved in growth factor modula-
tion of cell proliferation.

In addition to the stimulation of tyrosine kinase activity,
other intracellular signaling pathways are rapidly modulated
by PDGF binding. One of these is the stimulation of inositol
phosphate (InsP) formation and Ca2+ mobilization (6, 11, 23,
25). Although the mechanisms by which extracellular ligands
modulate the turnover of inositol phospholipids have not
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been thoroughly elucidated, many hormones are believed to
stimulate phospholipase C (PLC), the key enzyme of the
phosphoinositide cycle (reviewed by Abdel-Latif [1]). The
biochemical characteristics of the family of PLC isozymes
purified from mammalian tissues and a revised system of
nomenclature have been reported by S. G. Rhee, P. G. Suh,
and S. H. Ryu (Science, in press). PLC hydrolyzes phos-
phatidylinositol 4,5-bisphosphate (PtdIns 4,5-P2) to produce
two important intracellular second messengers, inositol
1,4,5-triphosphate (Ins 1,4,5-P3) and diacylglycerol. These
compounds mediate, respectively, the liberation of stored
intracellular Ca2+ and stimulation of protein kinase C (re-
viewed in references 5 and 46). Knowledge of the biological
processes regulated by Ins 1,4,5-P3 and diacylglycerol as
well as of the processes regulating their formation is funda-
mental to a mechanistic understanding of cell proliferation.
Treatment of fibroblasts with PDGF induces a variety of

rapid responses, including cellular alkalinization (10, 41),
redistribution of the cytoskeletal components vinculin and
actin (29), and induction of numerous gene products, such as
c-myc and c-fos (12, 22, 37, 39). It is plausible that all of
these events are mediated, at least in part, by Ins 1,4,5-P3
and diacylglycerol (28, 34, 41, 44, 62). These responses are
induced rapidly by PDGF and thus may be involved in
PDGF-induced competence formation, the process by which
PDGF renders quiescent BALB/c 3T3 cells responsive to
plasma factors that mediate subsequent traversal of the cell
cycle (51). Although the roles of Ins 1,4,5-P3 and diacylglyc-
erol in growth factor-initiated early responses have been
studied extensively, comparatively less attention has fo-
cused on the potential involvement of these second-mes-
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senger molecules in events that occur at later times after
mitogenic stimulation. The importance of this signaling
system in growth factor-mediated cell proliferation is sup-
ported by the observation that when antibody to Ptdlns
4,5-P2 was microinjected into NIH 3T3 fibroblasts 2 h before
or after PDGF addition, PDGF-induced DNA synthesis was
blocked (42).
Our studies have focused on the mechanisms by which the

tyrosine kinase activity of the PDGF receptor may commu-
nicate with the phosphoinositide signaling system. The re-
sults show that PDGF induces the rapid and sustained
tyrosine phosphorylation of PLC-y and that this event coin-
cides with PDGF-stimulated formation of InsPs.

MATERIALS AND METHODS

Cell culture and metabolic labeling. BALB/c 3T3 cells were
grown in 100-mm-diameter tissue culture plates in Dulbecco-
Vogt modified Eagle medium (DMEM) plus 10% calf serum,
4 mM L-glutamine, 50 U of penicillin per ml, and 50 ,ug of
streptomycin per ml. Cells were grown for 5 days to conflu-
ence, and the medium was changed to inositol-free DMEM
plus 2% platelet-poor plasma (PPP) 20 h before an experi-
ment. [3H]inositol (2 ,uCi/ml) was included in this medium
for cultures in which the levels of [3H]InsPs were deter-
mined.

Extraction and separation of [3H]InsPs. BALB/c 3T3 cells
labeled with [3H]inositol in DMEM plus 2% PPP were
treated for 10 min with 20 mM LiCI; PDGF was then added,
and cells were incubated as indicated in the figure legends.
Cells were then rapidly washed three times with ice-cold
Ca2+-Mg2+-free phosphate-buffered saline (CMF-PBS), and
cellular metabolism was stopped by addition of 1.0 ml of 10%
perchloric acid. After 15 to 30 min, the acidic supernatants
were recovered. [3H]InsPs were then separated and quanti-
tated as described previously (47). Data represent the aver-
age amounts of [3H]InsPs recovered from duplicate plates
per treatment condition.

Antiphosphotyrosine recovery of PLC activity. BALB/c
3T3 cells in DMEM plus 2% PPP were treated for 10 min
with 100 ,uM Na3VO4; PDGF was then added, and cells were
incubated as indicated in the figure legends. Cells were then
rapidly washed three times with ice-cold CMF-PBS, and
cellular proteins were extracted with 1.3 ml of solubilization
buffer [1.0% octylglucoside, 20 mM N-2-hydroxyethylpiper-
azine-N'-2-ethanesulfonic acid (HEPES; pH 7.2), 30 mM
sodium pyrophosphate, 50 mM sodium chloride, 5 mM
,-glycerophosphate, 1 mM ethylene glycol-bis(3-aminoethyl
ether)-N,N,N',N',-tetraacetic acid (EGTA), 1 mM phenyl-
methylsulfonyl fluoride, 100 ,uM Na3VO4, 10 ,ug of leupeptin
per ml, 10 ,ug of aprotinin per ml) per plate for 15 min on ice.
The supernatant was recovered and clarified by centrifuga-
tion for 15 min at 12,200 rpm in a microfuge. The crude
protein extracts (1.0 to 2.0 mg/ml; 1,400 ,u) were added to
100 RI of Sepharose-linked antiphosphotyrosine (1G2)-
packed bead matrix (18). After adsorption for 2 h at 4°C, the
matrix was washed three times with 1,000 RI of solubilization
buffer. Specifically bound proteins were then recovered by
elution with 150 RI of 5 mM phenylphosphate in solubiliza-
tion buffer.
PLC assay. Samples were assayed by addition of 5 ,ul of

the 150-pA eluate (containing 1% octylglucoside) to a reaction
buffer composed of 15 RI of solubilization buffer without
octylglucoside, 20 RI of 50 mM sodium phosphate (pH 6.8)-i
mM EGTA-100 mM potassium chloride, 5 pA of 2 mM
[3H]Ptdlns 4,5-P2 (25,000 cpm) in 2.5% octylglucoside, and 5

pul of 8 mM calcium chloride. This yields final concentrations
in 50 pA of 200 ,uM [3H]Ptdlns 4,5-P2, 1 ,uM free Ca2+, and
0.35% octylglucoside. The reaction mixture was incubated
for 15 min at 37°C, and the reaction was stopped by transfer
to an ice bath and addition of 100 plA of 1% bovine serum
albumin and 500 RI of 10% trichloroacetic acid. The precip-
itate was removed by centrifugation, and the release of
[3H]Ins 1,4,5-P3 was measured by combining the acidic
supernatant with aqueous counting scintillant and determi-
nation of radioactivity by fluorimetry. The radioactivity
present in a buffer-only control (approximately 250 cpm) was
subtracted from the experimental values. A control experi-
ment demonstrated that the only water-soluble product
formed in the PLC assay was [3H]Ins 1,4,5-P3 (data not
shown). Data presented in the figures represent average PLC
activity (picomoles of InsP3 per min) present in the antiphos-
photyrosine eluate derived from a 100-mm-diameter plate.

Immunoprecipitation of PLC. BALB/c 3T3 cell proteins
were radioactively labeled by treatment with 80 ,uCi of
[35S]methionine-cysteine trans label per ml in methionine-
free DMEM plus 2% PPP for 20 h or with 0.75 mCi of 32p; in
phosphate-free DMEM plus 2% PPP for 4 h. After PDGF
treatment, the cells were washed four times with CMF-PBS
and then extracted with 1.0 ml of 1.0% Triton X-100-20 mM
HEPES (pH 7.2)-10% glycerol-50 mM NaF-1 mM phenyl-
methylsulfonyl fluoride-1 mM Na3VO4 per plate. The solu-
ble extracts (1,000 pA) were treated first with 20 pl of 10%
heat-inactivated Staphylococcuis aureus cells precoated with
rabbit anti-mouse immunoglobulin G for 30 min at 4°C. The
precoated S. aureus cells were removed by centrifugation.
The extracts were next treated with 3 jig of monoclonal
antibodies to PLC-rl, -y, or -8 plus 20 pul of 10% heat-
inactivated precoated S. aureus cells. The mixtures of mono-
clonal antibodies were PLC-pl (K-32-3, K-82-3, and K-
92-3), PLC-y (F-7-2, B-20-3, B-6-4, D-7-4, E-8-4, and E-9-4),
and PLC-8 (S-11-2, R-29-1, R-39-2, and Z-78-5), whose
properties are described elsewhere (57).
The mixtures of radiolabeled cell proteins plus antibodies

were incubated at 4°C overnight. The immunoprecipitates
were recovered by centrifugation in a microfuge for 15 s and
then washed four times with a buffer containing 1% Triton
X-100, 1% deoxycholate, 0.1% sodium dodecyl sulfate, 50
mM Tris (pH 8.5), 150 mM NaCl, and 0.02% sodium azide.
The immunoprecipitated proteins were released by addition
of 120 [lI of Laemmli buffer and heating for 5 min at 60°C.
The preparations were centrifuged for 15 s in a microfuge,
and the proteins present in the clarified supernatants were
separated by 7.5% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. The 32P-radiolabeled PLC--y bands from
control and PDGF-treated cells were excised from the gels,
and the 32P-phosphoamino acids were determined as de-
scribed previcusly (14).

Materials. PDGF (recombinant BB homodimer) was ob-
tained from Amgen Biologicals (Thousand Oaks, Calif.).
Ptdlns 4,5-P2 was obtained from Boehringer Mannheim
Biochemicals (Indianapolis, Ind.). [3H]PtdIns 4,5-P2 was
obtained from Dupont, NEN Research Products (Boston,
Mass.). Octylglucoside and S. aureus cells were obtained
from Calbiochem-Behring (La Jolla, Calif.). Rabbit anti-
mouse immunoglobulin G was obtained from Accurate
Chemical and Scientific Corp. (Westbury, N.Y.). [35S]me-
thionine-cysteine trans label and 32p; were obtained from
ICN Pharmaceuticals Inc. (Irvine, Calif.). [3H]inositol was
obtained from American Radiolabeled Chemicals (St. Louis,
Mo.).
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FIG. 1. Comparison of the time course of PDGF stimulation of PLC activity in antiphosphotyrosine eluates (A) with formation of
[3H]InsP3 (B), [3H]InsP2 (C), and [3H]InsP, (D) in intact cells. BALB/c 3T3 cells were prepared as described in the text, treated with 100 JIM
Na3VO4 (A) or 20 mM LiCl (B to D) for 10 min, and then treated with 100 ng of PDGF (0) or carrier (0) per ml at 37°C for the indicated periods
of time. The cells were extracted with solubilization buffer (A) or 10% HCl04 (B to D), and the levels of PLC activity and [3H]InsPs were
determined as described in the text.

RESULTS

Rapid and sustained PDGF effect. To demonstrate the
occurrence of growth factor-sensitive PLC activity in cells
that are nontransformed and mitogenically stimulated by
growth factor, density-arrested BALB/c 3T3 cells were
treated with PDGF for 0 to 60 min. Control and PDGF-
treated cells were solubilized in buffer containing 1% octyl-
glucoside, and phosphotyrosine-containing proteins in the
extracts were separated by adsorption to a phosphotyrosine.
antibody (1G2) coupled to Sepharose. Phosphotyrosine-
containing proteins were eluted from the antiphosphoty-
rosine matrix with the phosphotyrosine analog phenylphos-
phate and then assayed for PLC activity in vitro. There was
a substantial and rapid (60-fold at 1 min) increase in the level
of phosphotyrosine-immunoisolated PLC activity from cells
treated with PDGF (Fig. 1A). The level of PLC activity
continued to increase for 10 min after addition of PDGF to a
maximal level of 80-fold higher than the level of untreated
cells. At later times (20 to 60 min after PDGF treatment),
there was a slow decrease in the level of PLC activity
recovered by phosphotyrosine immunoisolation even though
the cells were treated during the experiment with sodium
orthovanadate, a tyrosine phosphatase inhibitor (61).
The relationship between the appearance of the PDGF-

sensitive PLC activity, as judged by antiphosphotyrosine
isolation and enzyme assay in vitro, and PDGF-stimulated
formation of InsPs in [3H]inositol-labeled BALB/c 3T3 cells

is demonstrated in Fig. 1B to D. The rise in PDGF-sensitive
PLC activity (Fig. 1A) occurred at least as rapidly as did the
increase in formation of [3H]InsP3 (Fig. 1B). Furthermore,
the increase in [3H]InsP3 preceded increases in [3H]InsP2
(Fig. 1C) and [3H]InsP1 (Fig. 1D), consistent with the direct
formation of InsP3 from PtdIns 4,5-P2.

In this experiment and those described below, cells were

pretreated with Na3VO4 or LiCl, respectively, in the assay
of PDGF-stimulated antiphosphotyrosine recovery of PLC
activity or the cellular formation of InsPs. These compounds
are useful as pharmacologic inhibitors of cellular phos-
phatases for tyrosine phosphate and InsP1, respectively. The
data presented may reflect subtle differences in the magni-
tude or duration of the PDGF-stimulated PLC responses in
intact cells or extracts that resulted from inclusion of these
different inhibitors.
Many of the rapid cellular responses to PDGF are tran-

sient. Therefore, we investigated whether interaction of the
ligand-stimulated PDGF receptor with PLC, resulting in
enhanced antiphosphotyrosine recovery of PLC activity,
was a transient or prolonged response. Quiescent BALB/c
3T3 cells were stimulated with PDGF (in the absence of
Na3VO4) for increasing periods of time from 10 min to 12 h.
A maximal increase in antiphosphotyrosine recovery ofPLC
activity (100-fold) from PDGF-treated cells occurred after a
10-min treatment (Fig. 2A). Subsequently, the amount of
immunoisolated PLC activity from PDGF-treated cells
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FIG. 2. Comparison of the long-term PDGF stimulation of PLC activity in antiphosphotyrosine eluates (A) with the rates of formation of
[3H]InsP3 (B), [3H]InsP, (C), and [3H]InsP, (D) in intact cells. BALB/c 3T3 cells were prepared as described in the text except that Na3VO4
and LiCl were omitted. Then the cells were treated with 100 ng of PDGF or carrier per ml at 37°C for the indicated periods of time. For
determination of the rate of [3H]InsP formation (B to D). LiCI was added 20 min before extraction with 10% HCIO4. For determination of PLC
activity (A), cells (not exposed to Na3VO4) were extracted with solubilization buffer. Levels of PDGF-sensitive PLC activity and [3H]InsPs
were determined as described in the text and are expressed as fold increase over control levels.

slowly decreased until 3 h after mitogen addition. Thereafter
and for up to 12 h of PDGF exposure, the PLC activity
recovered from PDGF-treated cells remained approximately
10-fold above the level of activity recovered from control
cells. During this prolonged exposure to PDGF, the rate of
formation of InsPs was assessed in [3H]inositol-labeled cells
by adding LiCl 20 min before acid extraction of the cells.
Increased rates of formation of InsP3, InsP, and InsP1 could
be detected throughout the course of the experiment (Fig. 2B
to D). This result demonstrates a prolonged coincidence
between PDGF-stimulated antiphosphotyrosine recovery of
PLC activity and enhanced turnover of inositol phospholip-
ids.

Tyrosine phosphorylation of PLC--y induced by PDGF. The
antiphosphotyrosine recovery of PLC activity suggested that
PLC, or a protein to which PLC is tightly coupled, is

phosphorylated by the PDGF receptor tyrosine kinase. To
distinguish between these two possibilities, we first deter-
mined which PLC isozyme was present in BALB/c 3T3 cells.
BALB/c 3T3 cells were metabolically labeled with
[35S]methionine-cysteine for approximately 18 h, and a sol-
uble extract of cell proteins was prepared. The extract was
treated with specific monoclonal antibodies to three distinct
cytosolic PLC isozymes, PLC-,13 (150 kilodaltons [kDa]), -y

(145 kDa), and -8 (85 kDa) (57; Rhee et al., in press). The
immunoprecipitated proteins were separated by gel electro-
phoresis, and the proteins were visualized by radiofluorog-

raphy (Fig. 3A). Of these three isozymes, only the 145-kDa
(PLC-y) isozyme was detected in BALB/c 3T3 cells (Fig. 3,
lane 2), consistent with the more ubiquitous distribution of
this isozyme in tissue and cell lines (S. G. Rhee, unpublished
data). It is likely that other PLC isozymes were present also
(see below). To determine whether PLC-y is phosphorylated
after growth factor treatment, BALB/c 3T3 cells were met-
abolically labeled with 32Pi for 4 h and treated with PDGF for
10 min. Detergent-solubilized extracts of cell proteins were

prepared and treated with monoclonal antibodies to PLC-y.
The immunoprecipitated proteins were separated by gel
electrophoresis and visualized by autoradiography (Fig. 3B).
A phosphoprotein corresponding to the apparent molecular
size, 145 kDa, of PLC-y was present. PDGF treatment
increased the phosphorylation of PLC-y by approximately
sevenfold above the level of control cells, as determined by
measuring Cerenkov radioactivity present in excised bands
from the gel. A second phosphoprotein, whose 32P content
was increased by PDGF and which had a molecular size of
approximately 180 kDa, was also visible in the immunopre-
cipitate from PDGF-stimulated cells (lane 5). The identities
of the other phosphoproteins (with apparent molecular sizes
of 44, 76, and 83 kDa) immunoprecipitated from both the
control and PDGF-stimulated preparations are unknown.
The coprecipitating bands were not detected in similar
immunoprecipitates in assays using antibodies to PLC-1l or

PLC-8 (data not shown).
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FIG. 3. Influence of PDGF on phosphorylation of PLC-y in BALB/c 3T3 cells. BALB/c 3T3 cells' were radiolabeled with [35S]methionine
(A) or 32Pi (B and C). (A) Extracts containing 35S-radiolabeled BALB/c 3T3 cell proteins were treated with antibodies to PLC-Pl (lane 1),
PLC-y (lane 2), or PLC-8 (lane 3), and the immunoprecipitated proteins were separated by gel electrophoresis. The radiofluorograph was
exposed to Enlightening-treated gel for 24 h at -70°C. (B) Extracts containing 32P-radiolabeled proteins from BALB/c 3T3 cells treated
without (lane 4) or with (lane 5) PDGF (100 ng/ml) for 10 min were treated with antibodies to PLC--y, and the immunoprecipitated proteins
were separated by gel electrophoresis. The autoradiograph was exposed to the gel for 24 h at -70°C. (C) Gel slices containing the 32P-labeled
PLC--y bands from several experiments were excised, and radioactivity (Cerenkov counts) was determined: without (-) PDGF, 260 cpm; with
(+) PDGF, 1,625 cpm. The 32P-labeled PLC-y was extracted from the gel slices and acid hydrolyzed, and the 32P-phosphoamino acids were
separated by high-voltage thin-layer electrophoresis. The autoradiograph was exposed to the plate for 5 days at -70°C. After exposure, the
radioactive spots corresponding to the locations of the phosphoamino acid standards were scraped and eluted with water, and radioactivity
was determined by using aqueous counting scintillant.

The identities of the PLC--y amino acid residues phosphor-
ylated after PDGF treatment were determined by acid hy-
drolysis of the 32P-labeled PLC--y protein (Fig. 3C). A
sevenfold PDGF-induced increase was found in the radioac-
tive content of phosphotyrosine, and a smaller increase
(twofold) was detected in the contents of phosphoserine and
phosphothreonine. This result demonstrates that the an-
tiphosphotyrosine recovery of PLC activity resulted from
the growth factor-stimulated phosphorylation of PLC--y on
tyrosine residues. In addition, Western blot (immunoblot)
analysis with antibodies to PLC-y of the phosphotyrosine-
immunoisolated PLC activity from PDGF-treated cells rec-
ognized a protein of 145 kDa, corresponding to PLC--y (data
not shown). These results are convincing evidence that
PDGF increased the recovery of PLC activity in eluates
from the antiphosphotyrosine matrix as a result of the
presence of phosphotyrosine on PLC--y.

Stoichiometry of PLC-y phosphorylation in vivo. To deter-
mine the percentage of total cellular PLC--y that was phos-
phorylated, we investigated more thoroughly PDGF-stimu-
lated phosphorylation of PLC--y by using a combination of
antiphosphotyrosine adsorption and immunoprecipitation

with PLC--y antibodies (data not shown). Cells radiolabeled
with 32Pi or [35S]methionine were treated with or without
PDGF and then adsorbed to antiphosphotyrosine. In control
and PDGF-treated cells, respectively, approximately 0.1 and
0.5% of total acid-precipitable 32P radioactivity and 1.0 and
1.5% of total 35S radioactivity were recovered in the an-
tiphosphotyrosine eluates. Next, the 32P- or 35S-radiolabeled
nonadsorbed and specific eluate fractions from the antiphos-
photyrosine matrix were treated with excess PLC-y anti-
body. After gel electrophoresis of PLC--y immunoprecipi-
tates and quantification of radioactivity in corresponding gel
slices, the specific eluate was observed to contain 70 to 100%
of the PDGF-stimulated increase in [32P]PLC-y radioactiv-
ity. Furthermore, the specific eluates from 35S-radiolabeled
preparations contained less than 10% of total [35S]PLC--y
from control cells, but specific eluates from PDGF-treated
cells contained 70% of total [35S]PLC--y. Taken together,
these data reveal that a large portion (approximately 70%) of
the PLC--y pool was rapidly phosphorylated on tyrosine
residues after PDGF treatment of BALB/c 3T3 cells and that
essentially all of the tyrosine-phosphorylated PLC-y was
recovered by using phosphotyrosine immunoisolation.
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4 p-Thr
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FIG. 4. Comparison of 3C PDGF stimulation of PLC activity in antiphosphotyrosine eluates (A) with formation of [3H]InsP3, [3H]InsP2,
and [3H]InsPj in intact cells (B). BALB/c 3T3 cells were prepared as described in the text except that they were first cooled to 3°C, Na3VO4
(A) or LiCl (B) was added, and 10 min later cells were treated with 100 ng of PDGF (0) or carrier (L0) for an additional 10 min. The cells were
extracted with solubilization buffer (A) or 10% HCl04 (B), and the levels of PLC activity and [3H]InsPs were determined as described in the
text.

Additional evidence suggested that the PLC-y pool com-
prised a minority of the total detergent-extractable PLC
activity (data not shown). When detergent extracts of either
control or PDGF-stimulated cells were treated with excess
PLC--y antibody mixture, approximately 70 to 75% of the
PLC activity remained in the soluble, nonprecipitated frac-
tion. Antiphosphotyrosine eluates from control and PDGF-
treated (10 min at 37°C) cells routinely contained approxi-
mately 0.06 and 6%, respectively, of the total extract PLC
activity. Furthermore, PLC-y antibody immunoprecipitated
100% of the PLC-y activity present in the specific eluate
from PDGF-treated cells. These results suggest that the
PLC--y isozyme was selectively phosphorylated after PDGF
treatment. We consistently observed that the PLC activity
recovered in the antiphosphotyrosine eluates or immunopre-
cipitates was lower than the amount of PLC activity that had
been removed from the corresponding nonadsorbed soluble
extract. This discrepancy may reflect the influence of other
components present in these preparations. Comparison of
the relative levels of PLC-y protein (based on 35S radiola-
beling) and PLC activities present in the total cell extracts,
antiphosphotyrosine eluates, and PLC-y immunoprecipi-
tates suggests that no tyrosine phosphorylation-associated
increase in PLC-y enzymatic activity was detected. How-
ever, the relationship between PLC activities measured in
soluble or precipitate preparations and PLC activities within
intact cells is unclear.

PLC--y phosphorylation at low temperature. We performed
several experiments to compare mechanistic aspects of
PDGF-stimulated phosphorylation of PLC-y and formation
of InsPs. The experiments compared these events upon
PDGF stimulation at a low temperature, upon stimulation in
the presence or absence of extracellular Ca2", and upon
stimulation with a G-protein agonist. BALB/c 3T3 cells were
incubated at 3°C in the absence or presence of PDGF for 10
min, and the levels of phosphotyrosine-immunoisolated PLC
activity and [3H]InsPs were measured. PDGF activation of
the PDGF receptor tyrosine kinase has been shown to occur
at 30C (19). PDGF stimulation at 30C led to phosphotyrosine
recovery ofPLC activity (Fig. 4A), but there was no effect of
PDGF treatment on the levels of InsP3, InsP2, and InsP1
(Fig. 4B). The amount of PLC activity recovered by an-

tiphosphotyrosine from cells treated with PDGF at 30C was
approximately 70% of the amount recovered upon treatment
at 37°C. This experiment demonstrates that PDGF-stimu-
lated phosphorylation of PLC-y occurred in the absence of
PLC-mediated formation of Ins 1,4,5-P3, consequent Ca2"
mobilization, and other events distal to PLC stimulation in
intact cells. This finding suggests that PDGF-stimulated
tyrosine phosphorylation of PLC-y is an early event in the
stimulation of phosphoinositide metabolism by PDGF and
shows that internalization of PDGF-receptor complexes,
which is blocked by low temperature (7), is not necessary for
tyrosine kinase phosphorylation of PLC--y.

2+PLC-y phosphorylation independent of extracellular Ca
All mammalian phosphoinositide-specific PLC isozymes dis-
play Ca2+-dependent stimulation of activity. Within a cell,
the level of free Ca2+ is regulated by a variety of influences,
including the presence of extracellular hormones. PDGF is
capable of stimulating an increase in the intracellular free
Ca2" level due in part to the influx of extracellular Ca2+ (25).
We investigated whether the PDGF stimulation of antiphos-
photyrosine recovery of PLC activity or the formation of
InsPs in intact cells was affected by the presence of extra-
cellular Ca2 . Increases in the antiphosphotyrosine recovery
of PLC activity at 2 and 30 min after PDGF treatment were
independent of extracellular Ca2+ (Fig. 5A). In contrast, the
PDGF-stimulated formation of InsP3 (Fig. SB) was indepen-
dent of extracellular Ca2+ when measured at 5 min after
treatment, whereas extracellular Ca2+ strongly potentiated
the PDGF-stimulated formation of InsPs measured at 30
min. These data suggest that PDGF stimulates phosphory-
lation of PLC--y and that PLC-mediated formation of InsP3 is

initially independent of extracellular Ca2+; however, growth
factor-stimulated InsP3 formation within the cells was en-
hanced at later times (after 5 min) by a mechanism depen-
dent on extracellular Ca2+.
No PLC-y phosphorylation induced by AIF4-. A common

finding in the investigation of hormone-stimulated formation
of InsP3 is the modulation of this effect by reagents that
modify G proteins (reviewed in references 13 and 17). The
identity of such phosphoinositide pathway G proteins and
their relationship to previously characterized G proteins is
uncertain. Formation of InsPs in BALB/c 3T3 cells can be

A. PLC Activity In Vitro B. Formation of IPs In Vivo
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formation of [3H]InsP3 in intact cells (B). BALB/c 3T3 cells were prepared as described in the text except that they were changed to Ca2'-free
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buffer (A) or 10% HC104 (B), and the levels of PLC activity and [3H]InsPs were determined as described in the text.

stimulated by a variety of G-protein reagents. To assess

whether tyrosine phosphorylation of PLC-y was detectable
in cells treated with any agent that increases cellular PLC
activity, we compared the stimulation of antiphosphoty-
rosine recovery of PLC activity and the cellular formation of
InsPs after treatment of BALB/c 3T3 cells with PDGF or

AlF4J, which is believed to interact with and activate a

G-protein-regulating PLC activity. Both PDGF and AlF4-
stimulated formation of InsP3 in BALB/c 3T3 cells (Fig. 6B);
however, an increase in phosphotyrosine-immunoisolated
PLC activity was found only in the PDGF-treated cells (Fig.
6A). Furthermore, the immunoprecipitation of PLC--y from
32P-labeled cells treated with either PDGF or AIF4- demon-
strated that only PDGF stimulated the phosphorylation of
PLC--y (data not shown). Thus, not all stimulators of cellular
InsP3 formation led to enhanced tyrosine phosphorylation of
PLC-y.

1500

c

E

-Q)
0

E

02
f

1000

500

0 '///' I v,,,L 0

FIG. 6. Comparison of the stimulation by PDGF and AIF4 of
PLC activity in antiphosphotyrosine eluates (A) with the formation
of [3H]InsP3 in intact cells (B). BALB/c 3T3 cells were prepared as

described in the text, were treated with Na3VO4 (A) or LiCl (B) for
10 min, and then received either no addition (0) 100 ng of PDGF per

ml (u), or 10 mM NaF plus 10 ,uM AICl3 (U). After 10 min at 37°C,
the cells were extracted with solubilization buffer (A) or 10% HC104
(B), and the levels of PLC activity and [3H]InsP3 were determined as

described in the text.

DISCUSSION

Numerous forms of PLC have been isolated from several
sources, including rat brain (31), bovine brain (53-55), hu-
man platelets (2, 3), guinea pig uterus (4), sheep seminal
vesicular glands (30), and rat liver (20, 60). Ryu et al. (54,
55), for example, purified three PLC enzymes from bovine
brain, initially designated PLC-I, -II, and -III and recently
named PLC-,1l, --y, and -8 (Rhee et al., in press). Isolation
and sequencing of cDNA encoding PLC-f31, -y, and -8
revealed two domains conserved among all three isozymes
but low overall sequence homology (36, 59). In addition, a

striking sequence similarity between regions of PLC--y and
the amino-terminal, noncatalytic domain of the src tyrosine
kinase has been found (43, 56, 58). The biological signifi-
cance of multiple PLC enzymes is obscure, and the expres-

sion of the different PLC enzymes in cultured lines has not
been previously addressed.

In our studies, extracts prepared from cells metabolically
labeled with [35S]methionine were immunoprecipitated with
monoclonal antibodies (59) specific for three distinct cyto-
solic PLC isozymes (PLC-,1l, 150 kDa; PLC--y, 145 kDa; and
PLC-8, 85 kDa). Density-arrested BALB/c 3T3 cells ex-

pressed detectable levels of PLC-y but not 13 or 8 (Fig. 3).
Whether this selective expression of PLC--y reflects prolifer-
ative status, cell type, or other factors is not known.
Furthermore, antibodies to PLC-y did not precipitate all of
the detergent-extracted PLC activity.
We have demonstrated the rapid tyrosine phosphorylation

of the PLC--y isozyme in BALB/c 3T3 cells in response to
PDGF (Fig. 3). BALB/c 3T3 cells labeled with 32Pi were

immunoprecipitated with antibodies to PLC--y, and the im-
munoprecipitated proteins were separated by gel electropho-
resis. Increased 32P radiolabeling of PLC--y was clearly
evident in material prepared from PDGF-treated as com-

pared with control cells (Fig. 3). Amino acid analysis of the
PLC--y gel slice showed that PDGF-induced PLC--y phos-
phorylation occurred predominantly on tyrosine residues.
Additional experiments revealed that the majority of the
cellular PLC-y pool was rapidly tyrosine phosphorylated
upon PDGF treatment. Furthermore, all of the PLC activity
recovered by phosphotyrosine immunoisolation from

A. PLC Activity in Vitro B. IP3 Formation In Vivo
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PDGF-treated cells was immunoprecipitated with PLC--y
antibody.
Our data are consistent with a direct phosphorylation of

PLC--y by the PDGF receptor kinase. PLC--y phosphoryla-
tion, as assessed by antiphosphotyrosine recovery of PLC
activity, occurred rapidly in response to PDGF; a significant
increase in recovery of PLC activity was evident within 1
min of addition of PDGF to cells at 37°C (Fig. 1A). The
kinetics of PLC--y phosphorylation are similar to those
previously described for PDGF receptor autophosphoryla-
tion. Studies of BALB/c 3T3 cells have shown that receptor
autophosphorylation is rapidly induced by PDGF, is maxi-
mal at 10 to 15 min, and then diminishes by 30 to 60 min (24).
Furthermore, PDGF-induced PLC--y phosphorylation oc-

curred at 3°C (Fig. 4), suggesting that PLC-y is a readily
accessible substrate. An indication of an interaction of the
PDGF receptor with PLC-y is the coprecipitation of a

phosphoprotein of Mr -180,000 in the PLC--y immunopre-
cipitates from 32P-radiolabeled cells (Fig. 3B). The apparent
molecular mass and the PDGF-dependent enhancement of
phosphorylation both suggest that this 180-kDa protein rep-

resents the PDGF receptor. The existence of a complex
between PLC and the PDGF receptor in PDGF-treated cells
is an intriguing possibility. Whether the PDGF receptor
kinase directly phosphorylates PLC--y or activates an inter-
vening tyrosine kinase cannot be ascertained from studies in
intact cells. However, we have observed that purified PLC--y
is an excellent substrate for purified EGF receptor tyrosine
kinase (S. Nishibe, M. I. Wahl, S. G. Rhee, and G. Carpen-
ter, J. Biol. Chem., in press).
Phosphoamino acid analysis of PLC--y immunoprecipi-

tated from PDGF-treated, 32P-labeled cells also revealed
small increases in serine and threonine phosphorylation (Fig.
3). Thus, PLC--y appears to be a substrate for an additional
and, at present, unidentified PDGF-activated serine-threo-
nine kinase(s).
Our data support, but do not conclusively prove, a rela-

tionship between PLC--y tyrosine phosphorylation and the
stimulation of InsP formation. PDGF-induced PLC-y phos-
phorylation and InsP3 formation were closely correlated in
both short-term (Fig. 1) and long-term (Fig. 2) time courses

and with respect to PDGF concentration dependence (data
not shown). In the short-term time course, antiphosphoty-
rosine recovery of PLC activity increased at least as rapidly
as did InsP3 formation. The initiation of a mitogenic re-

sponse required only a relatively brief period of PDGF
treatment, during which ligand binding, receptor tyrosine
kinase activity, recovery of PLC activity, and InsP turnover
attain maximally stimulated rates. We found a rapid, 100-
fold increase after PDGF addition in phosphotyrosine-immu-
nopurified PLC activity (Fig. 2). The level of PLC activity
isolated from PDGF-treated cells then slowly declined to
10-fold above the basal level and remained at that level for 12
h. This decline in PLC activity recovered does not reflect
PDGF receptor down-regulation, since chloroquine, which
blocks receptor degradation, did not affect the PLC recovery
measured 4 h after PDGF stimulation (data not shown). It is
possible, however, that another factor present in the plasma-
containing culture medium, such as insulinlike growth factor
I, which also stimulates a receptor tyrosine activity, may
have contributed to the elevation of phosphotyrosine-asso-
ciated PLC activity at later times. This is unlikely, since
PDGF stimulated antiphosphotyrosine recovery of PLC
activity for at least 4 h in the absence of plasma, whereas the
addition of insulinlike growth factor type I to untreated cells

or to cells treated with PDGF for 4 h had no detectable effect
on either PLC recovery or InsP formation (data not shown).
The antiphosphotyrosine recovery of PLC activity, but

not InsP3 formation, at low temperature (Fig. 4) suggests
that PLC-y phosphorylation occurs before InsP3 formation.
Furthermore, whereas InsP3 formation was enhanced by the
presence of extracellular Ca2", antiphosphotyrosine recov-
ery of PLC activity was independent of extracellular Ca2+
(Fig. 5). These data support a role for tyrosine phosphory-
lation in initiating the stimulation of PLC activity in BALB/c
3T3 cells, whereas the influx of extracellular Ca2+ maintains
InsP3 formation at a stimulated rate for a prolonged period of
time.

Previous studies on pp60sr' provide precedent for regula-
tion of enzymatic and biological activity by tyrosine phos-
phorylation (9, 38, 49). Furthermore, studies by Ralston and
Bishop (52) and Gould and Hunter (21) showed that pp6src
was phosphorylated at tyrosine in response to PDGF and
that the tyrosine kinase activity of pp605rc was consequently
enhanced. The PDGF-modulated phosphotyrosines were
localized to the amino-terminal region of pp6Osrc; as noted
above, this region of src shares homology with PLC-y. Thus,
it is feasible that PLC-y, like pp6OsrC, is activated by tyrosine
phosphorylation. However, the high intrinsic activity of
purified PLC isozymes in relation to the small amount of
Ptdlns 4,5-P2 present in cell membranes suggests that in
intact cells, PLC isozymes must be under the influence of
proteins that are negative regulators of PLC activity (Rhee et
al., in press). Thus, tyrosine phosphorylation-mediated al-
teration in PLC-y activity may be undetectable in detergent
extracts or immunoprecipitates because of dissociation of a
putative negative regulatory protein(s). A more thorough
understanding will require identification of the actual phos-
phorylation sites in the primary amino acid structure of
PLC-y and selective dephosphorylation of phosphotyrosine,
phosphoserine, and phosphothreonine residues.
A number of ligands have been demonstrated to affect

PLC activity by a mechanism sensitive to regents (AlF4j,
cholera toxin, pertussis toxin, and GDP and GTP analogs)
that modify the actions of certain guanine nucleotide-binding
proteins (G proteins), suggesting that PLC activity is con-
trolled in a manner analogous to the modulation of adenylate
cyclase activity by regulatory proteins Gi and GS (reviewed
in references 13 and 17). Growth factor activation of PLC by
an alternative or additional mechanism is supported by
several recent findings. Paris et al. (48) reported that mito-
gens activating tyrosine kinases (e.g., PDGF, EGF, fibro-
blast growth factor, and insulin) potentiated thrombin and
AIF4--stimulated, G-protein-mediated InsP production in
Chinese hamster fibroblasts and suggested that tyrosine
kinases promote InsP formation by phosphorylation of either
PLC or a G protein. Hasegawa-Sasaki et al. (26) and
Nanberg and Rozengurt (45) compared the kinetics of InsP3
formation with Ca2+ mobilization in WFB rat fibroblasts and
Swiss 3T3 fibroblasts stimulated by bombesin, vasopressin,
or PDGF. Both groups determined that with PDGF, there
was a distinct lag of at least 10 s before detection of Ca2+
mobilization, whereas the response to bombesin or vaso-
pressin occurred without a detectable lag. Hasegawa-Sasaki
et al. (26) also observed a differential sensitivity of the InsP
response to G-protein-modifying reagents in agonist-stimu-
lated permeabilized cells. Kamata and Kung (35) examined
the possible role of G proteins by using membrane prepara-
tions from normal rat kidney fibroblasts and ras-transformed
normal rat kidney cells. PDGF was reported to stimulate
PtdIns 4,5-P, hydrolysis in membranes from nontransformed
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normal rat kidney cells in the presence of GTP[-y-S], whereas
no hydrolysis was observed in the absence of GTP[y-S] or in
membranes from transformed cells. The possibility of a
direct interaction between receptor tyrosine kinases and G
proteins was suggested by the results of Krupinski et al. (40),
who demonstrated that the insulin receptor kinase was
capable of phosphorylating in vitro Gi and G., primarily on
the a subunits. Thus, clarification of the role ofG proteins in
growth factor-stimulated PtdIns 4,5-P2 hydrolysis is re-
quired.
Our previous studies (63, 64) measuring PLC activity in

solubilized cell extracts immunoadsorbed and eluted from an
antiphosphotyrosine matrix demonstrated increased activity
in material prepared from EGF-treated A-431 cells. The data
presented here show that this effect is also observed in
PDGF-treated BALB/c 3T3 cells and thus is not an anoma-
lous EGF response in cell lines overexpressing EGF recep-
tors. Furthermore, the mechanisms of growth factor-stimu-
lated PLC--y phosphorylation in relation to increased cellular
formation of InsP3 are similar for PDGF and EGF in three
respects: (i) stimulation of PLC-y tyrosine phosphorylation
at low temperature without InsP3 formation, (ii) PLC-y
phosphorylation independent of extracellular Ca2+ and bi-
phasic Ca2+ dependence of InsP formation, and (iii) tyrosine
phosphorylation of PLC--y associated only with growth fac-
tor stimulation of receptor tyrosine kinase activity. Phos-
phorylation of PLC--y at tyrosine residues may be a mecha-
nism by which certain receptor tyrosine kinases interact with
the phosphoinositide pathway upon stimulation by the cor-
responding growth factors.
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ADDENDUM IN PROOF

Meisenhelder et al. (J. Meisenhelder, P.-G. Suh, S. G.
Rhee, and T. Hunter, Cell, in press) have recently demon-
strated PDGF-stimulated tyrosine and serine phosphoryla-
tion of PLC-y in intact NIH 3T3 fibroblasts and PDGF
receptor tyrosine phosphorylation of PLC-y in vitro.
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