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Upon binding to its cell surface receptor, platelet-derived growth factor (PDGF) causes the tyrosine
phosphorylation of phospholipase C-y1 (PLC-y1) and stimulates the production of diacylglycerol and inositol
1,4,5-triphosphate. We showed that following stimulation by PDGF, rat-2 cells overexpressing PLC--yl display
an increase in the levels of both tyrosine-phosphorylated PLC-y1 and inositol phosphates compared with the
parental rat-2 cells. This increased responsiveness to PDGF is a direct effect of PLC-'yl overexpression, as a cell
line expressing similar levels of an enzymatically inactive point mutant of PLC-yl, PLC--y,335Q, did not show
elevated inositol phosphate production in response to PDGF. Hematopoietic cells express PLC-'y2, a PLC
isoform that is closely related to PLC-yl. When rat-2 cells overexpressing PLC-'y2 were treated with PDGF, an
increase in both the tyrosine phosphorylation and the in vivo activity of PLC-^y2 was observed. Aluminum
fluoride (A1F4 ), a universal activator of PLC linked to G-proteins, did not produce an increase in the levels
of inositol phosphates in either of the overexpressing cell lines compared with parental rat-2 cells, demonstrat-
ing that PLC-,y isoforms respond specifically to a receptor with tyrosine kinase activity.

The binding of various ligands to their cell surface recep-
tors rapidly induces the formation of two second messenger
molecules derived from phosphatidylinositol (PI) 4,5-
bisphosphate: diacylglycerol and inositol 1,4,5-triphosphate
(1P3) (2, 3). The production of these molecules is mediated
by an activated PI-specific phospholipase C (PLC) (26). At
present, PLC has been shown to be composed of several
different isoforms, and cDNA clones encoding five different
PLC isoforms, PLC-a, PLC-J31, PLC--yl, PLC--y2, and PLC-
81, have been described (1, 7, 12, 24, 30, 31). All these
isoforms have been shown to encode PI-specific PLC activ-
ity, with the notable exception of PLC-a, which also fails to
share significant sequence similarity with any of the known
PLCs (1). More recently, we have identified cDNA clones
encoding four additional PLC isoforms. Based on their
sequence similarity with the previously characterized PLCs,
they reveal the existence of three classes of PLC and are
referred to as PLC-P2, PLC-P3, PLC-82, and PLC-83 (16,
16a).

Presently, little is known about the regulation of these
particular isoforms, but the complexity of the family may
explain the diverse modes of regulation which have been
observed (23). In fibroblasts, for example, the PI turnover
induced by bombesin has been shown to be sensitive to
pertussis toxin, an inhibitor of certain G-proteins. Platelet-
derived growth factor (PDGF) stimulation of fibroblasts also
induces PI turnover in these cells; however, this event is
insensitive to pertussis toxin (8). These data have suggested
that PDGF activates PLC via a pertussis toxin-insensitive
G-protein or utilizes an alternative activation mechanism
such as the direct phosphorylation of PLC--yj by the PDGF
receptor (17, 20, 34). In addition to PLC-yl, several other
cellular proteins known to be involved in the regulation of
cell growth such as PI kinase (11), GTPase-activating protein
(6, 11, 13, 21), and possibly Raf (22, 23) have been identified
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as direct substrates of the PDGF receptor, although at
present it is not clear whether there is a modification in the
activity of these proteins in response to tyrosine phosphor-
ylation. By overexpressing PLC-y1 and PLC-.y2 in rat-2
fibroblasts, we were able to demonstrate that the in vivo
activity of PLC-,yl and PLC-Y2 increases in response to
PDGF treatment and that this increased activity is correlated
with an increased serine and tyrosine phosphorylation of
either PLC-y1 or PLC-y2.

MATERIALS AND METHODS

Cell lines. rat-2 cell lines were maintained in Dulbecco
modified Eagle medium (DMEM) containing 50 units of
penicillin and 50 jig of streptomycin per ml and supple-
mented with 10% fetal bovine serum in a humidified atmo-
sphere with 10% CO2. Cell lines overexpressing PLC--yl,
PLC--y,335Q, or PLC-.y2 were made by cotransfecting 1 ,ug
of pSV2neo and 10 ,ug of the appropriate plasmid DNAs by
the lipofection technique and selecting for colonies resistant
to the antibiotic G418 (400 ,ug/ml).

Antibodies. PLC--yl antibodies were raised to a peptide
corresponding to bovine PLC--yl residues 1255 to 1274,
which was conjugated to keyhole limpet hemocyanin with
glutaraldehyde and injected into rabbits as described previ-
ously (18). The PLC-.y2 antibodies were raised by injecting
rabbits with PLC-Y2 produced in Escherichia coli under the
control of the PL promoter and purified from solubilized
inclusion bodies by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis and electroelution. These antibod-
ies are shown in Fig. 1 to cross-react with PLC--yl to a very
slight extent; however, any cross-reactivity with PLC--yl can
be readily distinguished because the two proteins migrate
differently on SDS-polyacrylamide gels.
PLC overexpression analysis. For the determination of the

relative amount of PLC present in transfected COS-1 cells or
in the recombinant rat-2 cell lines, cells were incubated in 5
ml of methionine-free DMEM supplemented with 5% com-
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FIG. 1. Overexpression of PLC-y1, PLC-Y2, and PLC-y1335Q in
rat-2 cells. Parental rat-2, rat-2PLC--yl, rat-2PLC-y2, and rat-2PLC-
y,335Q cells were labeled for 24 h with [35S]methionine and immu-
noprecipitated with the indicated antibodies (PI, preimmune; Yl,
PLC-yl; Y2, PLC-y2). Immunoprecipitates were separated by elec-
trophoresis through an SDS-7.5% polyacrylamide gel and exposed
to X-ray film for 10 h at -70°C.

plete DMEM, 10% dialyzed fetal bovine serum, and 200 ,uCi
of [35S]methionine (1,000 Ci/mmol; Dupont, NEN Research
Products) per ml for 24 h at 37°C. Cells were lysed in NETN
buffer (20 mM Tris [pH 8.1], 100 mM NaCI, 1 mM EDTA,
0.5% Nonidet P-40, 50 mM NaF, 200 ,uM sodium orthovan-
adate, 10 mM PPi) and centrifuged at 100,000 x g for 1 h.
SDS was then added to a final concentration of 0.1%. Equal
numbers of trichloroacetic acid-precipitable counts were
immunoprecipitated with the indicated antibodies and ana-
lyzed by SDS-polyacrylamide gel electrophoresis and auto-
radiography.
Western immunoblotting. Cells were grown to confluence

and incubated for 48 h in medium containing 0.5% fetal
bovine serum. Cells were then stimulated with 50 ng of
PDGF-p, (Amgen) per ml for 15 min and lysed in NETN,
and equal amounts of protein were immunoprecipitated with
the indicated PLC antibodies. The immunoprecipitates were
separated by gel electrophoresis and immunoblotted with 1
,ug of a murine monoclonal antiphosphotyrosine antibody
(Upstate Biotechnology Inc.) per ml; this was followed by a
1-h incubation with 10 ,uCi of a 125I-labeled goat anti-mouse
antibody (Dupont) per ml.
Phosphoamino acid analysis. Cells were grown to conflu-

ence in 35-mm dishes and incubated for 48 h in medium
containing 0.5% fetal bovine serum. The medium was re-
moved and replaced with 3 ml of DMEM minus phosphate,
0.1% bovine serum albumin (BSA), and 2 mCi of 32P04 per
ml. Cells were then stimulated with 50 ng of PDGF (Amgen)
per ml for 10 min, washed twice with ice-cold phosphate-
buffered saline (PBS), and lysed in NETN buffer plus 0.1%
SDS, and equal amounts of protein were immunoprecipi-
tated with the indicated PLC antibodies. The immunopre-
cipitates were separated by gel electrophoresis, and the
32P04-labeled PLC bands were excised from the gel and
subjected to phosphoamino acid analysis as described pre-
viously (9).

In vitro mutagenesis, COS cell transfection, and in vitro
PLC activity determination. In vitro mutagenesis was done as
described previously (32). Plasmid DNA (10 ,ug) was trans-
fected into four 100-mm dishes of COS-1 cells by the
DEAE-dextran protocol with the addition of a chloroquine
treatment as described previously (30). Cells were harvested
or labeled 50 h after the addition of the DNA. COS-1 cells
were homogenized, and the 100,000 x g supernatant was
used for determining PLC activity with PI as a substrate as
described previously (30).

[3H]IP determination. For the measurement of inositol

phosphates (IPs) (15), 5 x 105 cells were plated in 35-mm
dishes and incubated for 48 h in 3 ml of inositol-free medium
supplemented with 1.6% complete DMEM, 10% dialyzed
fetal bovine serum, and [3H]myoinositol (20 Ci/mmol; Am-
ersham Corp.) at 10 p,Ci/ml. Cells were then rinsed twice in
inositol-free medium and incubated a further 12 to 18 h in 2
ml of inositol-free medium supplemented with 10 ,uCi of
[3H]myoinositol per ml and 1% platelet-poor plasma. Cells
were then rinsed twice with PBS and incubated for 1 h in
DMEM plus 0.1% fatty acid-free BSA (Sigma Chemical
Co.). LiCl (20 mM) was added for 10 min before the addition
of PDGF (Amgen) (50 ng/ml) or AlF4- (AlCl3 at 10 ,uM and
NaF at 20 mM). Medium was removed, and the reaction was
quenched by adding 0.5 ml of ice-cold 4% perchloric acid
containing 1 mg of phytic acid carrier per ml. The mixture
was then placed on ice for 10 min. Plates were scraped, and
the precipitated protein was centrifuged (1,000 x g) for 5
min. The perchlorate was removed by adding 0.08 volume of
ice-cold 50 mM EDTA (pH 7.0) and 1.5 volumes of freshly
mixed ice-cold 1:1 (vol/vol) 1,1,2-trichlorotrifluoroethane:
tri-n-octylamine to the supernatant. Samples were vortexed
and centrifuged at 1,000 x g for 5 min at 4°C. A 400-,u
sample of the upper phase was diluted with 10 ml of water
and loaded onto a 0.6-ml (packed) Bio-Rad AG1-X8 200/400-
mesh resin (formate form). The column was then washed
with 10 ml of water followed by 10 ml of 0.06 M ammonium
formate to elute the glycerol-PI. IP1 was eluted with 10 ml of
0.18 M ammonium formate, TP2 with 10 ml of 0.4 M
ammonium formate-0.1 M formic acid, and 1P3 with 10 ml of
0.8 M ammonium formate-0.1 M formic acid. Radioactivity
in the eluates was determined by scintillation counting.

RESULTS

PDGF induced tyrosine phosphorylation of PLC-yl and
PLC--y2 overexpressed in rat-2 cells. To study the in vivo
regulation of PLC-y1, we established a PDGF-responsive
rat-2 cell line which overexpresses PLC--yl. For this pur-
pose, the PLC-y1 cDNA contained in the expression vector
PMT was cotransfected with pSV2neo into rat-2 cells. G418-
resistant colonies were isolated, and the relative level of
PLC-y1 was determined by immunoprecipitation of [35S]me-
thionine-labeled proteins with PLC--yl-specific antibodies.
One cell line, rat-2PLC-y1, was found to overexpress
PLC-y1 approximately 5- to 10-fold compared with rat-2 cells
(Fig. 1). This overexpression did not alter the morphology of
the rat-2PLC-y1 cells, as they were indistinguishable from
the parental cells (data not shown).
To determine whether the heterologous bovine PLC--yj

could be phosphorylated on tyrosine in response to PDGF
treatment, as has been reported for the endogenous enzyme
(17, 20, 34), lysates from unstimulated or PDGF-stimulated
cells were immunoprecipitated with PLC--yl-specific anti-
bodies, separated by SDS-polyacrylamide gel electrophore-
sis, blotted onto nitrocellulose, and incubated with a mono-
clonal antiphosphotyrosine antibody (Fig. 2). In response to
PDGF stimulation, rat-2PLC--yl cells had approximately
three- to fourfold-higher levels of tyrosine-phosphorylated
PLC-y1 than parental cells. An increased amount of a
tyrosine-phosphorylated 180-kDa protein was also observed
in the immunoprecipitates from the rat-2PLC-y1 cells com-
pared with the parental rat-2 cells. This 180-kDa tyrosine-
phosphorylated protein is likely to be the PDGF receptor, as
it has been reported by several groups to coimmunoprecip-
itate with PLC--yj (17, 20).

Recently, another PLC isoform closely related to PLC--yl,
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FIG. 2. PDGF-induced tyrosine phosphorylation of PLC--yl and
PLC--y2. Cells were treated with 50 nM PDGF for 5 min and
immunoprecipitated with either PLC--yl antibodies or-PLC-^y2 anti-
bodies. Immunoprecipitates were electrophoresed through an SDS-
7.5% polyacrylamide gel, transferred to nitrocellulose, and blotted
with antiphosphotyrosine antibodies and 125-labeled goat anti-mouse
immunoglobulin G antibodies and then exposed to X-ray film at
-70°C for 14 h. Relative molecular masses (in kilodaltons) are
indicated on the right.

has been identified and termed PLC-^y2 (7, 24). To date, this
isoform has only been found in cells of the hematopoietic
lineage, and we could not detect it in rat-2 fibroblasts (Fig.
1). We were interested in determining whether PLC-^y2 could
be activated by PDGF if expressed in the appropriate cell
type. To test this possibility, we established a clonal cell
line, rat-2PLC-^y2, which expressed PLC-Y2 at about the
same level as the endogenous PLC--yl (Fig. 1). To determine
whether PLC-^y2 was phosphorylated on tyrosine after stim-
ulation of rat-2PLC--y2 cells with PDGF, immunoprecipitates
of PLC-Y2, and the endogenous PLC--yl were immunoblotted
and probed with antiphosphotyrosine antibodies. In re-
sponse to PDGF stimulation, PLC--y1 and PLC-^y2 were
found to be phosphorylated on tyrosine to a similar extent
(Fig. 2). The fact that PLC-y1 and PLC--y2 are expressed at
similar levels indicates that the stoichiometry of phosphoty-
rosine in the two proteins is similar. A tyrosine-phosphory-
lated protein of 180 kDa which was noted to coprecipitate
with PLC-^y2 is again likely to be the PDGF receptor. We
noted that PLC-^y2 is rapidly phosphorylated on tyrosine,
with maximal tyrosine phosphorylation occurring within 1
min of PDGF addition (Fig. 3). These tyrosine phosphory-
lation kinetics are similar to those reported previously for
PLC-y1, which has been demonstrated to directly interact
with the PDGF receptor (20, 34).
The PDGF-stimulated phosphorylation of PLC-y1 and

PLC-^y2 was also examined by metabolic labeling of rat-
2PLC-^y2 cells with 32P04. 32PO4-labeled PLC--yl or PLC-^y2
was immunoprecipitated from control and PDGF-treated
rat-2PLC-^y2 cells, separated by gel electrophoresis, and
visualized by autoradiography. The PDGF treatment caused
an increase in the phosphorylation of both PLC-y1 and
PLC-Y2 (Fig. 4a). A phosphoamino acid analysis of the
PLC-y1 or the PLC-Y2 eluted from this gel indicated that
PDGF treatment caused a large increase in phosphotyrosine
and a smaller but significant increase in phosphoserine in
both isoforms (Fig. 4b), confirming the antiphosphotyrosine
immunoblotting analysis.

_q7

FIG. 3. Kinetics of PDGF-induced tyrosine phosphorylation of
PLC--y2. rat-2PLC-.y2 cells were stimulated with 50 nM PDGF for the
indicated times (minutes). Cell lysates were immunoprecipitated
with PLC-^y2 antibodies, electrophoresed through an SDS-7.5%
polyacrylamide gel, transferred to nitrocellulose, and blotted with
antiphosphotyrosine antibodies and '25I-labeled goat anti-mouse
immunoglobulin G antibodies. Exposure time was 14 h at -70°C.
Relative molecular masses (in kilodaltons) are indicated on the right.

PDGF activates PLC--y in whole cells. The PDGF-induced
tyrosine phosphorylation of PLC--yl in fibroblasts has been
previously correlated with an increased production of IPs
(30). Fibroblasts have been shown to contain several PLC
isoforms, PLC-p1, PLC--yl, and PLC-81 (20). Recently, two
additional isoforms, PLC-03 and PLC-83, have been isolated
from a fibroblast cDNA library, bringing the total number of
PLCs expressed in fibroblasts to five (16). It is possible,
therefore, that the PDGF-induced phosphoinositide break-
down could be due to the activation of any number of these
isoforms. If, however, the PDGF-induced increase in phos-
phoinositide breakdown is mediated by PLC-y1, then after
stimulation with PDGF, the rate of production of IPs in the
rat-2PLC-y1 cell line should exceed that of PDGF-treated
rat-2 cells. To test this, we labeled rat-2 cells and rat-
2PLC--yj cells with [3H]myoinositol and determined the level
of IPs as a function of time following PDGF treatment. The
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FIG. 4. PDGF-induced phosphorylation of PLC--yl and PLC--y2.
rat-2 cells expressing PLC-Y2 were labeled with 32P04 as described
in Materials and Methods and stimulated with 50 nM PDGF.
32P04-labeled PLC-Y2 was immunoprecipitated from rat-2PLC-y2
cells (without and with PDGF treatment) with PLC-Y2 antibodies.
The endogenous 32P04-labelled PLC--yl present in the resulting
supernatant was immunoprecipitated with PLC--yl antibodies. (a)
Immunoprecipitates were separated by electrophoresis on an SDS-
7.5% polyacrylamide gel and autoradiographed for 15 h. Relative
molecular masses (in kilodaltons) are indicated on the right. (b)
PLC--y1 and PLC-^y2 were eluted from the SDS-polyacrylamide gel,
subjected to phosphoamino acid analysis, and exposed to X-ray film
at -70°C for 14 days. P-Ser, Phosphoserine; P-Thr, phosphothreo-
nine; P-Tyr, phosphotyrosine.
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FIG. 5. Kinetics of PDGF-induced [3H]IP2 and [3H]IP3 accumu-

lation in rat-2 and rat-2PLC--yl cells. Cells were labeled with
[3H]myoinositol as described in Materials and Methods and stimu-
lated with 50 nM PDGF for the indicated times. 1P2 and IP3 were

separated as described in the text, and the radioactivity of an aliquot
was counted; error bars indicate the range of values obtained for
duplicate samples.

rat-2PLC--yl cells produced both [3H]1P2 and [3H]IP3 at a

greater rate and to a greater extent (about two- to threefold),
than rat-2 cells (Fig. 5). This two- to threefold increase in IP
production is closely correlated with the three- to fivefold
increase in tyrosine-phosphorylated PLC-y1 shown in Fig. 2.

All activators of PLC, however, do not cause an increased
production of IPs in the rat-2PLC--yl cells compared with the
parental rat-2 cells. AlF4- (aluminum fluoride), a universal
activator of PLCs linked to G-proteins, caused a similar
stimulation of [3H]IP2 and [3H]1P3 production in both rat-2
cells and rat-2PLC--yl cells, in contrast to the results ob-
tained with PDGF (Fig. 6). Therefore, the overexpression of
PLC--yj enhances the production of IPs in response to PDGF
but not to AlF4j.
The in vivo activity of PLC-Y2 is also increased in response

to PDGF treatment. Since the in vivo activity of PLC-y1 was

closely correlated with the amount of tyrosine-phosphory-
lated PLC-y1, we were interested to determine whether the
tyrosine-phosphorylated PLC-y2 also caused an increase in
the production of IPs. When rat-2PLC-y2 cells were labeled

with [3H]myoinositol, PDGF treatment induced a 2- and
1.7-fold increase in [3H]IP2 and [3H]1P3, respectively, in
rat-2PLC--y cells compared with the PDGF-induced in-
crease in [RH]IP2 and [3H]1P3 in rat-2 cells (Fig. 6). These
results were confirmed by examining an independent cell line
expressing PLC--y2, rat-2PLC-Y2-20. rat-2PLC--y2-20 cells
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Rat-2 Rat-2 Rat-2 Rat-2
PLC-y, PLC-y,3350 PLC-y2

FIG. 6. PDGF- and AIF4--induced [3H]IP accumulation in rat-2
and rat-2 cells expressing PLC--yl, PLC--y,335Q, or PLC-Y2. Cells
were labeled with [3H]myoinositol as described in the text and
stimulated with the indicated agonist, 50 nM PDGF or AlF4- (10 F.M
AIC13 and 20 mM NaF), for 10 min in the presence of LiCl. [3H]IPs
were extracted and separated, and the radioactivity in the eluates
was determined by scintillation counting. Error bars indicate the
range of values obtained for duplicate samples.

expressed about three- to fivefold more PLC-^y2 than endog-
enous PLC--yj (data not shown). Stimulation of these cells
with PDGF resulted in the production of approximately
threefold more [3H]'P3 than stimulation of the parental rat-2
cells (Fig. 7). The amount of tyrosine-phosphorylated
PLC-.y2 in the PLC-Y2 cells was also noted to be slightly
greater than that observed for the endogenous PLC--yj (data
not shown).
Although PDGF caused an increased IP release in the two

cell lines expressing PLC-^y2 compared with the parental
rat-2 cells (or rat-2 cells transfected with pSV2neo [data not
shown]), AlF4j caused a similar stimulation of IP production
in rat-2 cells and in rat-2 cells expressing PLC-Y2 (Fig. 6 and
7). The overexpression of PLC-y2, therefore, enhances the
production of IPs in response to PDGF but not to AlF4j.

rat-2 cells overexpressing an enzymatically inactive PLC-yl
mutant fail to overrespond to PDGF. Although the increased
PLC activity observed in rat-2PLC--yl cells is likely to be due
to the activation of the heterologous bovine PLC--yl, the
increased production of IPs could be due to an indirect effect
of the overexpression of PLC--yl. To test for this possibility,
we constructed an enzymatically inactive PLC--yj by chang-
ing a highly conserved histidine, residue 335, to a glutamine
residue, and we refer to this mutant as PLC--y,335Q. COS
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FIG. 7. PDGF- and AlF4--induced accumulation of lPs in rat-2,

rat-2PLC-^y2-20, and rat-2PLC-y1335Q-13 cell lines. Cells were la-

beled with [3H]myoinositol as described in the text and treated with

the indicated agonist, 50 nM PDGF or AlF4- (10 ,uM AlCI3 and 20

mM NaF), as indicated for 10 mmn in the presence of 20 mM LiCl.

The levels of 1P1, 1P2, and 1P3 were determined by scintillation

counting. Error bars indicate the range of values obtained for

duplicate samples.

cells were transfected with the pmt-2 vector alone, a con-

struct of a cDNA for PLC-y1 subcloned into pmt-2 PLC

(pmt-PLC-^y1), or a construct of a mutant PLC-y1 in which

histidine 335 was replaced by glutamine (pmt-PLC->y1335Q).
Total cell extracts were prepared and assayed for hydrolysis

of [3H]IP (see Materials and Methods). PLC activity was 368

cpml,ug of protein for pint, 3,200 cpm/,ug for pmt-PLC-<y1,
and 276 cpm/pug for pmt-PLC-^y1335Q. Thus, a 10-fold stim-

ulation of activity is detectable in the cell lysates compared

with vector-transfected cells. In contrast, however, when an

expression plasmid encoding PLC-^y1335Q was transfected

into COS cells, no increase in PLC activity was detected

compared with vector-transfected cells. Metabolic labeling

of transfected COS cells with [35S]methionine for 24 h

followed by immunoprecipitation indicated that approxi-

mately equal amounts of PLC-^y1 and PLC-^y1335Q protein

are produced and at levels at least 10-fold greater than

observed in vector-transformed cells (Fig. 8a). Taken to-

gether, these data indicate that PLC-y1335Q PI hydrolysis

activity must be reduced by at least 10-fold.

Studies on the in vivo activity of PLC-y1335Q were

initiated by establishing a clonal cell line, rat-2PLC-y1335Q,

overexpressing the mutant enzyme. The expression level of

FIG. 8. Expression of PLC-y1335Q in COS-1 cells and tyrosine
phosphorylation in rat-2 cells. (a) COS-1 cells were transfected with
10 ,ug of the indicated PLC plasmid DNA or vector. At 48 h
posttransfection, the cells were labeled with [35S]methionine for 24
h and immunoprecipitated with PLC-y1 antibodies. Immunoprecip-
itated proteins were analyzed by electrophoresis through an SDS-
7.5% polyacrylamide gel and exposed to X-ray film for 12 h at
-70°C. (b) Rat-2, rat-2PLC-yl, and rat-2PLC--y,335Q-13 cells were
treated with 50 nM PDGF for 10 min. Control and treated cell
lysates were immunoprecipitated with PLC--yj antibodies, electro-
phoresed through an SDS-7.5% polyacrylamide gel, transferred to
nitrocellulose, and blotted with antiphosphotyrosine antibodies.

PLC--y,335Q in rat-2PLC--y,335Q cells was severalfold
higher than the level of endogenous PLC-y1 and only about
twofold lower than the level of PLC--yl in the overproducing
rat-2PLC--yl cells (Fig. 1). The ability of PLC--y,335Q to
become activated in whole cells was examined by labeling
PLC--y,335Q cells with [3H]myoinositol and then analyzing
the [3H]IPs released upon stimulation with PDGF. No in-
crease in the responsiveness of PLC-y1335Q cells to PDGF
was noted compared with their responsiveness to AIFJ-
(Fig. 6). A lack of increased responsiveness to PDGF-
induced phosphoinositide turnover was also noted when an
independent clonal cell line, PLC-y1335Q-13, which overex-
presses PLC--y,335Q at a level three times the endogenous
PLC-y1 level (data not shown), was tested for it's ability to
respond to PDGF (Fig. 7).

Since tyrosine phosphorylation has been closely corre-
lated with the activation of PLC--yl, we tested the ability of
PLC-y1335Q to become phosphorylated on tyrosine in re-
sponse to PDGF. Following stimulation with PDGF, PLC-
y1335Q was immunoprecipitated from PLC-y1335Q-13 cell
lysates with PLC--yl antibodies, blotted, and then probed
with phosphotyrosine antibodies. An approximately twofold
increase in tyrosine-phosphorylated PLC--yl was observed in
the immunoprecipitates derived from the rat-2PLC--y,335Q
cells compared with the parental rat-2 cells. The levels of
tyrosine-phosphorylated PLC--y,335Q were similar to the
levels of tyrosine-phosphorylated PLC-y1 found in PDGF-
stimulated rat-2PLC-y1 cells (Fig. 8b), yet no increased
responsiveness to PDGF was observed in the rat-2PLC-
-y,335Q cells. Therefore, although PLC--y,335Q becomes
phosphorylated on tyrosine in response to PDGF treatment,
it does not become activated. These results indicate that the
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PDGF-induced increase in IP production in rat-2PLC-y1
cells is due to the activation of the PI-specific hydrolysis
activity of the heterologous bovine PLC-y1 and not to some
indirect effect caused by the overexpression of another
functional domain(s) of the enzyme.

DISCUSSION

We showed that after PDGF stimulation of cells overex-
pressing PLC--yl, the levels of both tyrosine-phosphorylated
PLC--yl, and IPs increased severalfold compared with those
in parental cells, indicating that the in vivo activity of
PLC-y1 is increased in response to PDGF treatment. The
specificity of the response was demonstrated by showing
that the overexpression of PLC--yj does not alter the respon-
siveness to AIF4-. Although PLC--yj was expressed at about
10 times the level of the endogenous enzyme, the production
of IPs was increased only threefold compared with the level
in the parental rat-2 cells. Interestingly, this threefold in-
crease in IP production was noted to correlate with an
approximately three- to fivefold increase in the level of
tyrosine-phosphorylated PLC--yl. These data are consistent
with the suggestion that the tyrosine-phosphorylated form of
PLC--yj is the active species in vivo (17, 20, 34).
We also showed that PDGF increases the serine and

tyrosine phosphorylation of PLC-Y2. Additionally, we noted
that a tyrosine-phosphorylated 180-kDa polypeptide coim-
munoprecipitates with PLC-y2 in response to PDGF treat-
ment (Fig. 2). This 180-kDa polypeptide is likely to be the
PDGF receptor as its presence has been previously detected
in PLC--yj immunoprecipitates (17, 20). Further support that
the 180-kDa band is the PDGF receptor comes from COS
cell studies which show that PLC--y2 coimmunoprecipitates
with a 180-kDa band in response to PDGF treatment only
when cells are transfected with both the PDGF receptor and
PLC--y2 and not when cells are transfected with PLC-^y2
alone (data not shown).
The PDGF-induced increase in PLC-Y2 tyrosine phosphor-

ylation was not a surprising result in light of the sequence
similarity of these two isoforms. The most highly conserved
region between the two isoforms is within the SH2 and SH3
domains, which are not necessary for catalytic activity and
are likely to serve regulatory functions (4, 7, 25, 27).

Interestingly, two of the tyrosine residues of PLC-y1
which are rapidly phosphorylated by the epidermal growth
factor receptor are located between the SH2 and SH3
regions, while two other more slowly phosphorylated sites
are outside of these regions (14, 33). Of these four phosphor-
ylation sites, only tyrosine 783 is conserved between the two
PLC-y isoforms. As it is one of the rapidly phosphorylated
sites, it will be interesting to determine whether the phos-
phorylation of this residue is critical for the activation of
PLC-y. We presented evidence that the two enzymes appear
to be phosphorylated on tyrosine with a similar stoichiom-
etry, which argues that there must be additional noncon-
served tyrosine phosphorylation sites on PLC-^y2, but their
lack of conservation may argue that they are not as impor-
tant as tyrosine 783.
Concomitant with the increased phosphorylation of

PLC-^y2 we noted an increase in the in vivo activity of the
enzyme. Expression of PLC-^y2 at a level equivalent to that
of the endogenous PLC-y1 resulted in a slight overrespon-
siveness to PDGF when the levels of IPs were measured.
Expression of higher levels of PLC-y2 in an independent cell
line resulted in a more marked overresponsiveness to PDGF,
similar to the overresponsiveness observed in the cells

overexpressing PLC-y1. As was noted for PLC--yl, the
increase in IP production was correlated with an increase in
tyrosine-phosphorylated PLC-Y2.
Although our studies demonstrated the ability of the

PDGF receptor to phosphorylate PLC--y2, it is an unlikely
natural regulator of this enzyme because the expression of
PLC-Y2 is limited to cells of the hematopoietic lineage, which
have not been reported to express the PDGF receptor.
However, there are several candidate tyrosine kinases ex-
pressed in hematopoietic cells whose activation is linked to
increased IP production.

Although our overexpression studies strongly suggested
that the increased IP production is due to the hydrolytic
activity of the overexpressed enzyme, an indirect effect of
the overexpression of PLC--y cannot be ruled out. Indeed,
v-crk encodes a protein with significant sequence similarity
to the putative regulatory region of PLC--y, and v-crk is
believed to mediate its transforming ability by indirectly
increasing the activity of cellular tyrosine kinases which
could in turn lead to increased PLC-y activity (25). A similar
result may be expected to occur when PLC-y is overex-
pressed. However, the overexpression of an enzymatically
inactive mutant failed to affect the responsiveness of these
cells to PDGF when PI hydrolysis was measured. This
enzymatically dead mutant appeared to interact with the
PDGF receptor, as it was phosphorylated on tyrosine to a
similar extent as the overexpressed PLC-y1. However, this
interaction may not be identical to that observed with the
wild-type enzyme. PLC-y1 has been observed to coimmuno-
precipitate with several tyrosine-phosphorylated proteins in
the range of 100 to 145 kDa (20, 34) (Fig. 8b), and when
PLC--yl was overexpressed, increased amounts of these
proteins were noted in the immunoprecipitates. Similar
results were obtained when the immunoprecipitates derived
from the PLC-y1335Q-overexpressing cells were examined
(Fig. 8b). These data indicate that the mutant enzyme is
phosphorylated to a similar extent as the wild-type enzyme
and is able to form complexes with several other tyrosine-
phosphorylated polypeptides. Curiously, however, a corre-
sponding amount of coimmunoprecipitating PDGF receptor
was not detected in the immunoprecipitates, which may
indicate that the interaction of the mutant enzyme with the
PDGF receptor is not very stable, but additional experi-
ments are necessary to verify this possibility. It remains
possible that this mutant PLC is not properly activated in
vivo and that this is the underlying cause of the lack of
enzymatic activity. Whatever the mechanism, the overex-
pression studies using this mutant allowed us to eliminate the
possibility that an indirect effect of the overexpression of
PLC-y1 caused the increased IP production.

Following the submission of the manuscript, two reports
appeared which also demonstrated that when PLC-y1 is
overexpressed in fibroblasts, PDGF treatment induces an
increased amount of IP production relative to parental cells
(5, 19). Interestingly, however, both of these reports fail to
observe an increased mitogenic responsiveness to PDGF,
indicating that the activation of PLC--yl is not a limiting
factor in the PDGF induced mitogenic response.

During our studies, we and others (5; data not shown)
noted that the transfection of PLC--yj into NIH 3T3 cells fails
to induce any morphological changes or focus formation. In
apparent contradiction with these reports, however, the
microinjection of 10,000 molecules of PLC-y1 into a 3T3 cell
induces the cells to enter the S phase (29). From the amount
of PLC-y1 present per milligram of protein in 3T3 cell lysates
(28), we estimate that the endogenous levels of PLC-y1 in
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3T3 cells are not likely to be much lower than about 30,000
molecules per cell. Therefore, it is interesting that the
microinjection of only a fraction of the total endogenous
PLC-y1 induces 3T3 cells to enter the S phase and that the
microinjection of 150% of the endogenous PLC--yl level
results in cell lysis. Even if our estimate of the endogenous
levels of PLC--yl was 10-fold lower, 3,000 molecules per cell,
these data would still be inconsistent with our observations
as well as those of others. One possible explanation is that
the microinjected PLC--yl became irreversibly activated at
some point in the purification process, or perhaps the
microinjected PLC--yl fails to become associated with nega-
tive regulatory elements. A clear understanding of the im-
portance of tyrosine and/or serine phosphorylation in the
activation of PLC-y1 awaits the overexpression of mutant
PLC--yl enzymes.
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