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Functions of the major tyrosine phosphorylation site of
the PDGF receptor j# subunit

Andrius Kazlauskas,* Donald L. Durden, and
Jonathan A. Cooper
Fred Hutchinson Cancer Research Center
Seattle, Washington 98104

Two tyrosine phosphorylation sites in the human
platelet-derived growth factor receptor (PDGFR) fi
subunit have been mapped previously to tyrosine
(Y)751, in the kinase insert, and Y857, in the kinase
domain. Y857 is the major site of tyrosine phos-
phorylation in PDGF-stimulated cells. To evaluate
the importance of these phosphorylations, we have
characterized the wild-type (WT) and mutant human
PDGF receptor fi subunits in dog kidney epithelial
cells. Replacement of either Y751 or Y857 with phe-
nylalanine (F) reduced PDGF-stimulated DNA syn-
thesis to -509% of the WT level. A mutant receptor
with both tyrosines mutated was unable to initiate
DNA synthesis, as was a kinase-inactive mutant re-
ceptor. Transmodulation of the epidermal growth
factor receptor required Y857 but not Y751. We also
tested the effects of phosphorylation site mutations
on PDGF-stimulated receptor kinase activity. PDGF-
induced tyrosine phosphorylation of two cellular
proteins, phospholipase C yl (PLCyI) and the
GTPase activating protein of Ras (GAP), was as-
sayed in epithelial cells expressing each of the mu-
tant receptors. Tyrosine phosphorylation of GAP
and PLC'yl was reduced markedly by the F857 mu-
tation but not significantly by the F751 mutation.
Reduced kinase activity of F857 receptors was also
evident in vitro. Immunoprecipitated WT receptors
showed a two- to fourfold increase in specific kinase
activity if immunoprecipitated from PDGF-stimu-
lated cells. The F751 receptors showed a similar
increase in activity, but F857 receptors did not. Our
data suggest that phosphorylation of Y857 may be
important for stimulation of kinase activity of the
receptors and for downstream actions such as epi-
dermal growth factor receptor transmodulation and
mitogenesis.

* Present address: Department of Pediatrics, National
Jewish Center, 1400 Jackson St., Denver, CO 80206.

Introduction

Growth factors bind to cell surface receptors
and initiate many changes, including DNA syn-
thesis, mitosis, and cell division. The receptor
for platelet-derived growth factor (PDGF) is a
protein tyrosine kinase. Ligand binding activates
its intrinsic enzymatic activity (reviews in Wil-
liams, 1989; Heldin and Westermark, 1990). This
leads to the tyrosine phosphorylation of nu-
merous intracellular proteins, including the re-
ceptor itself. The importance of these events in
signal relay is best illustrated by the fact that
mutant receptors lacking kinase activity fail to
signal (Escobedo et al., 1 988a; Westermark et
al., 1990).
Some of the proteins that become tyrosine

phosphorylated in a PDGF-stimulated cell are
phospholipase C yl (PLCy1), the GTPase ac-
tivating protein of Ras (GAP), an 85-kDa subunit
of phosphatidylinositol 3 kinase (P13 kinase), and
a number of less well-characterized proteins
(reviewed in Cantley et al., 1991). Some of the
functional consequences of these phosphory-
lation events are starting to be determined, and
it appears that they may contribute to the relay
of a biological signal. For instance, tyrosine
phosphorylation activates PLCy1 (Nishibe etal.,
1990), leading to increased hydrolysis of phos-
phatidylinositol-4,5-bisphosphate, accumula-
tion of diacylglycerol and inositol trisphosphate,
and activation of protein kinase C. Tyrosine
phosphorylation of GAP may be responsible for
the two- to threefold increase in the GTP/GDP
ratio of Ras observed in PDGF-stimulated cells
(Gibbs et al., 1990; Satoh et al., 1990). These
examples suggest that the activated receptor
kinase mediates an intracellular signal by mod-
ifying the activities of cytoplasmic enzymes.
The PDGF receptor (PDGFR) is also tyrosine

phosphorylated after activation by PDGF
(Frackelton et al., 1984). This may be important
for activation, because some protein kinases are
known to be regulated by tyrosine phosphory-
lation. Phosphorylation of a homologous tyro-
sine (Y) residue (equivalent to Y416 of Src) ac-
tivates Src, the insulin receptor, Fps, and Lck
(Rosen et al., 1983; Weinmaster et al., 1984;
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Ellis et al., 1986; Kmiecik et aL, 1988; Abraham
and Veillette, 1990). In contrast, phosphoryla-
tion of Y15 of the Schizosaccharomyces pombe
serine/threonine-specific cdc2 kinase inhibits
kinase activity (Gould and Nurse, 1989). The 3
subunit of the human PDGFR is phosphorylated
at Y751 and Y857 in response to binding PDGF
(Kazlauskas and Cooper, 1989). One previous
study has suggested that phosphorylation of the
mouse PDGFR a subunit at the Y857 homologue
is needed for receptor kinase activation (Fantl
et aL, 1989). The contribution of phosphate at
Y751 for receptor kinase activity has not yet
been investigated.

In addition to the phosphorylation of numer-
ous intracellular proteins, exposure of target
cells to PDGF results in the stable association
of the activated PDGFR with a number of intra-
cellular proteins, including PLCy1, GAP, a P13
kinase activity, Src, Fyn, Yes, and several other
less well-characterized proteins (reviewed in
Ulirich and Schlessinger, 1990; Cantley et al.,
1991). These associations require receptor
phosphorylation. Phosphorylation of Y751 is re-
quired for the stable association of P13 kinase,
GAP, and several other proteins, whereas
phosphorylation of Y857 is not required for as-
sociation of P13 kinase, but is required for as-
sociation of GAP (Kazlauskas and Cooper, 1989,
1990; Kazlauskas et al., 1990).
Here we provide evidence that phosphoryla-

tion of the PDGFR at both of the phosphoryla-
tion sites is necessary to elicit a full mitogenic
response to PDGF. In contrast, we found that
phosphorylation of Y857, but not Y751, is re-
quired for PDGF-mediated receptor kinase ac-
tivation and subsequent phosphorylation of a
number of cellular substrates. Last, Y857 is
necessary for transmodulation of the epidermal
growth factor (EGF) receptor.

Results
Biological properties of epithelial cells
expressing mutant PDGFRs
We have previously described certain properties
of dog kidney epithelial TRMP cells expressing
the wild-type (WT) and mutant PDGFR ,B sub-
units (Kazlauskas and Cooper, 1989). Mutant
PDGFRs include kinase-inactive substitution
R635 and phenlyalanine (F) substitutions F751,
F857, and F751 /F857. All of these mutants have
the same binding affinity for pure yeast recom-
binant PDGF-BB as does the WT PDGFR. We
have recently derived populations ofTRMP cells
expressing higher levels of the PDGFR, 105
receptors/cell (Kazlauskas et aL, 1990), and we

describe their biological and biochemical prop-
erties here.

Receptor abundance was assessed by 1251-
PDGF binding (data not shown) and by
[35S]methionine labeling (Figure 1). Receptor
expression varied <100% between different cell
lines. Mitogenic responsiveness was assayed
by [3H]thymidine uptake. As a positive control
we stimulated cells with 100% fetal bovine serum
(FBS), and incorporation is expressed as a per-
centage of the positive control. As with Balb/c
3T3 cells, for which PDGF is a poor mitogen in
the absence of cooperating factors (Scher et
al., 1979), we found that the PDGF response of

Ltr)
co
LIL

- Lr r -

F L X W7 LO
s CD co r

C)l3o :LJ- C LL. LL

Figure 1. Immunoprecipitation of the PDGFR from IS-
labeled TRMP cells. Confluent, quiescent cultures of TRMP
cells were labeled overnight with 50 MCi/ml Tran-35S-label,
lysed, and immunoprecipitated with human-specific mono-
clonal PDGFR d subunit antibody PR7212 (see Materials
and methods). The immunoprecipitates were resolved on a
7.5% acrylamide, 0.1 93% bisacrylamide SDS-PAGE gel, the
gel was impregnated with 2,5-diphenyloxazole, and the ra-
diolabeled proteins were detected by fluorography. The 180-
kDa PDGFR (PR; marked with an arrow) was excised and
the radioactivity quantitated and normalized relative to total
incorporation. The receptor levels in all the cell lines were
found to be within 10% of wild type. The amount of the 200-
kDa species fluctuated in the various samples in replicate
experiments and is probably unrelated to the PDGFR, be-
cause it is also recovered from the parental, PDGFR negative
cell line. 0: TRMP cells expressing an empty expression
vector; WT: wild-type PDGFR; F751 and F857: phenylalanine
substitutions for Y751 and Y857, respectively; R635: arginine
substitution for K635; F751 /F857: double phenylalanine
substitution.
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TRMP cells expressing WVT PDGFRs was poor
unless other growth factors were present. In
serum-free medium, PDGF caused only <100/o
of the maximal response, but in the presence
of 2%o horse serum, PDGF initiated -500/o of
the maximal response, with a half-maximal dose
of 5-10 ng/ml of PDGF-BB (Figure 2). Two per-
cent horse serum alone initiated 10-1 20/o of the
maximal response. Cells expressing an empty
expression vector or the kinase-negative
PDGFR were not stimulated by PDGF even in
the presence of 20/o horse serum. Mutation of
either of the phosphorylation sites diminished
the ability of the receptor to signal to -50Y/o of
the WT level, whereas mutating both of the
phosphorylation sites in the same PDGFR si-
lenced the receptor. Whereas the response of
the various cell lines to PDGF differed greatly,
EGF (in the presence of 2%o horse serum) stim-
ulated DNA synthesis to 65-80Yo of maximal in
all the cell lines. Thus it appears that mutation
of either of the known PDGFR A subunit phos-
phorylation sites reduces the mitogenic re-
sponse.
One effect of PDGF stimulation of cultured

fibroblasts is to reduce the affinity of EGF bind-

ing to the EGF receptor (Wrann et al., 1980).
This is termed transmodulation. The mechanism
of this effect is obscure, but it is rapid, occurring
concomitantly with binding of PDGF to its re-
ceptor and even at 4°C (Bowen-Pope et al,
1983). In TRMP cells expressing WT PDGFRs,
we found a 30-39%o reduction in specific bind-
ing of EGF after PDGF stimulation (Table 1).
Stimulation with the phorbol diester 12-O-tet-
radecanoylphorbol-1 3-acetate resulted in a
>98%o reduction in EGF binding in all mutant
cell lines (not shown). The F751 receptor could
also mediate reduced EGF binding, although not
as well as the WT receptor (Table 1). In contrast,
the F857 PDGFR did not cause transmodulation.
R635 and F751/F857 PDGFRs were also inac-
tive. Hence Y857 of the PDGFR appears to be
critical for transmodulation of the EGF receptor.

Tyrosine phosphorylation in intact cells
PLC'yl. In fibroblasts, PLCy1 is tyrosine phos-
phorylated in response to activation of the PDGF
or EGF receptors (Wahl et al., 1988; Margolis
et al., 1989; Meisenhelder et al., 1989). Anti-
phosphotyrosine immunoprecipitates of EGF-
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Figure 2. Ability of PDGFR mutants to mediate DNA synthesis. TRMP cells expressing the various PDGFR constructs (1 o0/
cell) were plated in triplicate at 4 x 1 4 cells/well in 24-well dishes and incubated for 2 d at 370C, after which time one of
the following additions was made: FBS to a final concentration of 10%, 2% horse serum, or 2% horse serum and the indicated
concentration of PDGF-BB. After 18 h at 370C, [3H]thymidine was added to 0.4 ,Ci/ml for 2 h at 37°C, after which time the
TCA-precipitable material was harvested and counted in a scintillation counter. Replicate values were routinely within 1-2%
of one another. The data are expressed as a fraction of the response to 10% FBS. Similar results were obtained in three
other independent experiments. In this experiment, responses to EGF (50 ng/ml in the presence of 2% horse serum) were
WT, 77%; F857, 80%; F751, 67%; R635, 64%; F751/F857, 70%; 0, 43%. (The low response of TRMP-0 cells to EGF was
not reproducible).
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Table 1. Transmodulation of EGF receptor by PDGF

Reduction in specific
EGF binding (%)

Mutant Experiment 1 Experiment 2

o _48 -13
WT 30 39
F751 23 28
R635 -3 -4
F857 10 -4
F751/F857 -3 -7

Confluent quiescent cultures ofTRMP cells expressing sim-
ilar amounts of the various PDGFR mutants were stimulated
with 40 ng/ml PDGF for 30 min at 37°C, cooled to 40C, and
incubated with "261-EGF. Data are the percentages of re-
duction of specific 1251-EGF binding to cells after PDGF
stimulation, i.e., ratio of EGF binding in PDGF stimulated/
unstimulated cells. Replicate values were routinely within
5% of each other. Specific binding was calculated by sub-
tracting nonspecific binding from the total binding. 12-0-
tetradecanoylphorbol-1 3-acetate (10 nM) reduced the
binding of EGF by 98-100% in each of the cell lines tested
in several different experiments.
I Negative values represent small increases in 1251-EGF
binding.

treated A431 cells or PDGF-treated Balb/c 3T3
cells, but not the corresponding unstimulated
cells, have readily detectable PLC activity. Pre-
sumably this reflects tyrosine phosphorylation
of either PLCy1 or a protein with which it as-
sociates.
We compared the ability of the various

PDGFRs to mediate a PDGF-dependent in-
crease in the reactivity of PLC with anti-phos-
photyrosine antibodies. Confluent quiescent
cultures of TRMP cells expressing the various
introduced human A subunits were stimulated
with PDGF and lysed; the lysates were immu-
noprecipitated with 1G2 anti-phosphotyrosine
antibodies. The immunoprecipitated proteins
were eluted and then incubated with [3H]phos-
phatidylinositol-4,5-bisphosphate to detect PLC
activity. Immunoprecipitates from cells ex-
pressing the WT PDGFR had a 10- to 200-fold
increase in PLC activity in response to PDGF
(Table 2). Like the cells expressing an empty
expression vector, those expressing the R635
(kinase inactive) PDGFR failed to show a PDGF-
dependent increase in PLC activity. The F751
receptor was similar to the WT PDGFR, whereas
the F857 and F751 /F857 receptors were either
unable or barely able to mediate a PDGF-de-
pendent increase in the PLC activity detected
in anti-phosphotyrosine immunoprecipitates
(Table 2). The level of PDGF stimulation seemed

to vary in replicate experiments because of dif-
ferent basal levels of activity, but the relative
response of the mutant receptors within an ex-
periment was highly reproducible.
The presence of PLCyl in anti-phosphoty-

rosine immunoprecipitates could be explained
by its phosphorylation or its association with
the tyrosine-phosphorylated proteins, including
the PDGFR (Kumjian et al., 1989; Kaplan et al.,
1990; Morrison et al., 1990). To test directly
whether PLCy1 is phosphorylated on tyrosine
in PDGF-stimulated TRMP cells, we labeled
quiescent cells with 32Pi, stimulated them with
PDGF, lysed them, and immunoprecipitated
them with a mixture of PLCyl -specific mono-
clonal antibodies (Meisenhelder et al., 1989).
The proteins were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and the radiolabeled proteins were
detected by autoradiography. The phosphory-
lation state of a 148-kDa phosphoprotein (the
expected molecular mass of PLCy1) increased
modestly but reproducibly after PDGF stimu-
lation of cells expressing the WT (1.8-fold in-
crease) or F751 (1.6-fold) PDGFR (Figure 3A).
In contrast, no increase in the 148-kDa band
was detected after PDGF stimulation of cells
expressing the F857 PDGFR. Phosphoami-
noacid analysis of the 1 48-kDa phosphoprotein
revealed primarily phosphoserine in unstimu-

Table 2. PLC activity in anti-phosphotyrosine
immunoprecipitates

Relative PLC activity (+PDGF/-PDGF)

Mutant Experiment 1 Experiment 2 Experiment 3

O 1.2 2.2 4
WT 9.7 207 105
R635 3.1 2.8 0
F751 11.7 139 79
F857 1.6 2.1 27
F751/F857 2.0 2.2 21

TRMP cells expressing equivalent numbers of PDGFR (104/
cell) were grown to confluence, serum starved overnight,
then left quiescent or stimulated with 50 ng/ml PDGF-BB,
and lysed; the cell lysates were immunoprecipitated with
the 1 G2 phosphotyrosine monoclonal antibody. Proteins
eluted from immunoprecipitates representing 1 00/o of a
5-cm dish (2 x 109 receptors) were incubated with
[3H]phosphatidylinositol-4,5-bisphosphate for 15 min at
37°C; protein and uncleaved substrate were precipitated
by adding TCA; and the amount of [3H]inositol trisphosphate
liberated was quantitated by counting the soluble fraction
of the samples in a scintillation counter. The data are ex-
pressed as a ratio of PLC activity present in anti-phospho-
tyrosine immunoprecipitates from PDGF stimulated/un-
stimulated cells.
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Figure 3. Phosphorylation of PLCy1. Confluent, quiescent
cultures of TRMP cells expressing the indicated PDGFR
construct (1 04/cell) were metabolically labeled with 2.5 mCi/
ml 'Pi for 5 h, exposed to nothing (-) or 50 ng/ml PDGF-
BB (+), and lysed; and PLCy1 was immunoprecipitated with
a mixture of PLCT1y-specific monoclonal antibodies. (A)
Proteins were resolved on a 7.5% acrylamide, 0.1 93% bis-
acrylamide SDS-PAGE gel, and the radiolabeled proteins
were detected by autoradiography. The arrowhead points
to a 148-kDa phosphoprotein that was excised and had its
radioactivity quantitated by scintillation counting. The +/-
at the bottom refers to the ratio of radioactivity in the 148-
kDa PLC-1 protein from PDGF treated/control samples. (B)
Phosphoaminoacid analysis of the 148-kDa PLCy1 protein.
The 148-kDa protein from A was excised and hydrolyzed,
and the resulting phosphoamino acids were resolved in two
dimensions. Cont, unstimulated samples; +PDGF, PDGF-
stimulated samples; PS, phosphoserine; PY, phosphotyro-
sine.

lated cells. PDGF treatment of cells expressing
either the WT or F751 PDGFR, but not the F857
PDGFR, resulted in a detectable increase of the
phosphotyrosine content of PLC'yl. Curiously,
the WT and the F857 PDGFRs were also able
to reproducibly enhance the phosphoserine
content of PLCy1, whereas the F751 PDGFR
mediated an increase in tyrosine phosphoryla-
tion only. A 190-kDa phosphoprotein was oc-
casionally detected in PLCyl immunoprecipi-
tates, but phosphopeptide mapping of this
protein revealed that it was not the PDGFR.
Given that PLCy1 and PDGFR can associate
(Kumjian et al., 1989; Kaplan et al., 1990; Mor-
rison et al., 1990), it seems likely that this event
is not detected by use of these immunoprecip-
itation conditions.

GAP. Like PLCy1, GAP becomes tyrosine
phosphorylated in PDGF-treated cells (Molloy
et aL, 1989; Kaplan et al., 1990; Kazlauskas et
al., 1990). GAP is also readily phosphorylated
by the PDGFR in vitro (unpublished data), sug-
gesting that the PDGFR may directly phos-
phorylate GAP in an intact cell. We tested
whether mutations in the phosphorylation sites
of the PDGFR affect its ability to tyrosine phos-
phorylate GAP. TRMP cells expressing similar
levels of the various PDGFR constructs (105/
cell) were either stimulated with PDGF or left
quiescent and lysed; the lysates were immu-
noprecipitated with the monoclonal anti-phos-
photyrosine antibody 1 G2. Immunoprecipitated
proteins were resolved on an SDS-PAGE gel and
transferred to Immobilon. The high-molecular-
mass proteins (150-250 kDa) were probed with
an anti-PDGFR antibody, whereas the proteins
in the 150- to 1 00-kDa range were probed with
an anti-GAP antibody. As expected, the WT and
the F751 PDGFRs (which contain the major ty-
rosine phosphorylation site) are readily recov-
ered with the anti-phosphotyrosine antibody in
response to PDGF stimulation (Figure 4). No
PDGFR was immunoprecipitated from cells ex-
pressing an empty vector or from the kinase-
inactive PDGFR, even after PDGF treatment.
The F857 PDGFR, lacking the major autophos-
phorylation site, and, to a lesser extent, the
F751/F857 PDGFRs were also immunoprecipi-
tated from PDGF-treated cells. These PDGFRs
contain other minor sites of tyrosine phosphor-
ylation (Kazlauskas and Cooper, 1989), which
probably explains the ability to immunoprecip-
itate phenylalanine mutant PDGFRs with anti-
phosphotyrosine antibody. About 4% of cellular
GAP was detected in immunoprecipitates from
PDGF-stimulated WT and F751 cells (Figure 4,
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Figure 4. Detection of the PDGFR and GAP in anti-phos-
photyrosine immunoprecipitates of cells expressing the
various PDGFR mutants. Confluent, quiescent 5-cm dishes
of TRMP cells expressing similar levels (1 05/cell) of PDGFR
mutants were stimulated with 40 ng/ml PDGF-BB (+) or left
quiescent (-) and lysed, and the cell lysates were immu-
noprecipitated with monoclonal antiphosphotyrosine anti-
body 1 G2. The proteins immunoprecipitated from the entire
5-cm dish (2 x 106 cells) were resolved on a 7.5% acrylamide,
0.193% bisacrylamide SDS-PAGE gel. After transfer to Im-
mobilon, the top and bottom portions were probed with anti-
GAP and anti-PDGFR antibodies, respectively. The top ar-
rowhead points to the PDGFR (PR); the bottom arrowhead
points to GAP. Lanes 13, 14, and 15 contain 2, 1, and 0.5Yo,
respectively, of total cell lysate of TRMP cells expressing
the Wr PDGFR. The type of PDGFR expressed in the various
cell lines is along the top of the figure and explained in the
legend of Figure 1; R635 denotes the mutant in which lysine
at position 635 is replaced with arginine.

lanes 3-6), 0.5-1.0%/o in anti-phosphotyrosine
immunoprecipitates from PDGF-stimulated
F857 and F751/F857 cells (Figure 4, lanes 9-
12), and background levels (0.2% of cellular
GAP) in immunoprecipitates from cells ex-
pressing the kinase negative PDGFR or no
PDGFR (Figure 4, lanes 1, 2, 7, and 8).
GAP is known to associate with a number of

tyrosine-phosphorylated proteins in trans-
formed or growth factor-stimulated cells (Ellis
et al., 1990; Bouton et al., 1991). We have found
that only 200/o of the GAP that binds to the ac-
tivated WT PDGFR binds to activated F751,
F857, or F751/F857 mutant PDGFRs (Kazlaus-
kas et al., 1990). Thus the equal GAP recovery
from PDGF-treated WT and F751 cells suggests
that GAP itself is tyrosine phosphorylated. Cor-
respondingly, the decreased immunoprecipi-
tation of GAP from F857 cells suggests that
GAP is poorly tyrosine phosphorylated by this
PDGFR. This was confirmed by examining the
phosphoaminoacid content of GAP in the var-
ious cell lines after PDGF stimulation. Cells were
metabolically labeled with 32Pi, stimulated with
PDGF, and lysed. GAP was immunoprecipitated,
resolved by SDS-PAGE, and assayed for phos-
phoaminoacid content. GAP from resting cells

expressing the WT PDGFR had primarily phos-
phoserine, and, after PDGF stimulation, it be-
comes tyrosine phosphorylated (Figure 5, top 2
panels), which is consistent with the observa-
tion of GAP phosphorylation in fibroblasts. Sim-
ilarly, GAP from unstimulated cells expressing
the F751 or F857 PDGFR was primarily phos-
phorylated on serine (not shown). After PDGF
stimulation, GAP in F751 cells became tyrosine
phosphorylated to near WT levels (Figure 5,
bottom left panel). In contrast, PDGF stimulation
of F857 cells resulted in a barely detectable in-
crease in the phosphotyrosine content of GAP
(Figure 5, bottom right panel). Thus it appears
that the PDGFR can mediate, directly or indi-
rectly, the tyrosine phosphorylation of GAP and
that Y857 is necessary whereas Y751 is dis-
pensable for this PDGFR-mediated event.

Kinase activity of the PDGFR in vitro
Immunoprecipitated PDGFRs have significant
tyrosine kinase activity whether assayed in the
presence or absence of PDGF. This contrasts
with the large change in tyrosine phosphoryla-
tion of specific proteins caused by PDGF stim-
ulation of intact cells (e.g., Figures 3 and 5),
suggesting that cell lysis or immunoprecipitation
deregulates the receptor. Recently, we have
found that the magnitude of the specific in vitro
kinase activity of PDGFR immunoprecipitates
differs according to the history of the PDGFR.
PDGFR immunoprecipitates prepared from
PDGF-treated cells have two to four times the
specific activity of immunoprecipitates from
control cells. The immunoprecipitation condi-
tions should remove the bound PDGF (Kelly et
al., 1991) and associated Src-family kinases
(Kypta et al., 1990), so this activity difference
probably reflects a structural change in the
PDGFR.
The PDGFR ,B subunit was immunopurified

from nonionic detergent lysates with an anti-
body raised to its carboxyterminal tail (Kazlaus-
kas and Cooper, 1990), washed rigorously in
ionic detergents, and incubated with exogenous
substrates and [-y32P]ATP. The labeled proteins
were resolved by SDS-PAGE and detected by
autoradiography. The kinase insert and the car-
boxyterminal tail of the human PDGFR subunit
expressed as bacterial fusion proteins are good
in vitro substrates of the subunit. In the ab-
sence of receptor these substrates are not
phosphorylated (Figure 6, lane 11, and data not
shown), and PDGFR immunoprecipitates pre-
pared from TRMP cells expressing an empty
PDGFR expression vector or the kinase-inactive
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Figure 5. Phosphoaminoacid
analysis of GAP. Confluent,
quiescent 5-cm dishes of TRMP
cells expressing similar (1 O5
cell) levels of WT, F751, or F857
PDGFRs were labeled with 3
mCi/mI 'Pi for 3 h, incubated
with (+) or without (-) 40 ng/ml
PDGF-BB for 10 min, and lysed;
and the lysates were immuno-
precipitated with an anti-GAP
antibody. Immunoprecipitated
proteins were resolved on a
7.5% acrylamide, 0.193% bis-
acrylamide SDS PAGE gel, and
radiolabeled proteins were de-
tected by autoradiography. The
124-kDa GAP phosphoprotein
was excised, eluted from the
gel, and acid hydrolyzed; and
the resulting phosphoaminoac-
ids were resolved electropho-
retically in two dimensions. PS,
phosphoserine; PY, phospho-
tyrosine.

, subunit phosphorylated the exogenous sub-
strate to a very low level (Figure 6, lanes 1 and
2, and data not shown). The WT PDGFR ,B sub-
unit isolated from PDGF-treated cells phos-
phorylated exogenous substrates to a 2.6 ± 1.0-
fold (n = 4) greater extent than the WT PDGFR
from unstimulated cells (Figure 6, lanes 3 and
4; Table 3). The F751 PDGFR ,B subunit mutant
also had higher in vitro kinase activity toward
exogenous substrates when isolated from
PDGF-stimulated cells (2.3 ± 0.2, n = 4; Figure
6, lanes 5 and 6; Table 3). In contrast, we did
not detect a reproducible PDGF-stimulated in-
crease in the kinase activity of the F857 or the
F751/F857 double mutant PDGFR (1.1 ± 0.2 and
1.0 ± 0.4, respectively, n = 4; Figure 6, lanes
7-10; Table 3). Note that, in contrast to sub-
strate phosphorylation, receptor autophos-
phorylation tends to be diminished somewhat
in PDGF-stimulated cells. Similar amounts of
receptor were detected when these same im-
munoprecipitates were analyzed by PDGFR
Western blot analysis (data not shown). The di-
minished receptor autophosphorylation of
PDGF-stimulated samples may be due to the
incorporation of nonradioactive phosphate be-
fore cell lysis. Thus it appears that tyrosine at
position 857, but not 751, is required to mediate
a PDGF-dependent increase in , subunit in vitro
kinase activity.

Discussion

We have compared the ability of a number of
PDGFR mutants to phosphorylate GAP and
PLCy1 in living dog epithelial cells and model
substrates in vitro. From these studies we con-
clude that tyrosine at position 857 plays a role
in the PDGF-dependent activation of PDGFR
subunit tyrosine kinase activity. In contrast, ty-
rosine at position 751 is not required for kinase
activation, at least not for the substrates we
have studied. Y857 is homologous to the major
autophosphorylation sites in Src, Fps, Lck, and
the insulin receptor. Phosphorylation of these
homologous residues stimulates the activity of
each of these tyrosine kinases (Weinmaster et
al., 1984; Ellis et al., 1986; Kmiecik et al., 1988;
Abraham and Veillette, 1990). Given that Y857
is the major tyrosine phosphorylation site in the
PDGFR in PDGF-stimulated cells (Kazlauskas
and Cooper, 1989), we propose that phosphor-
ylation of Y857 stimulates receptor tyrosine ki-
nase activity.
Y857 is also necessary for a biological re-

sponse to PDGF, namely, the heterologous
down-regulation of the EGF receptor (Wrann et
al., 1980). PDGF stimulation causes a decrease
in the affinity, not the number, of EGF receptors.
This is a rapid effect of PDGF on cells, but the
mechanism is unclear (Bowen-Pope et al.,
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1983). In human diploid fibroblasts, PDGF in-
duces EGF receptor phosphorylation at threo-
nine 654, a known site of protein kinase C phos-
phorylation (Davis and Czech, 1985). This
suggests a mechanism in which PDGF activates
protein kinase C, which then downregulates the
EGF receptor. However, one report indicates
that protein kinase C is not necessary for PDGF-
induced phosphorylation of threonine 654, be-
cause the phosphorylation occurs normally in
cells deficient in protein kinase C (Davis and
Czech, 1987). Significantly, the phosphorylation
may be unrelated to the reduction in EGF bind-
ing, because alanine 654 mutant receptors, ex-
pressed in Chinese hamster ovary (CHO) cells,
are susceptible to downregulation by PDGF
(Countaway et al., 1989). Therefore, PDGF-in-
duced downregulation may involve neither pro-
tein kinase C nor phosphorylation of the EGF
receptor at threonine 654. An alternative expla-
nation is that there exist two or more signal

Figure 6. In vitro kinase activity of
PDGFR mutants. Confluent, quies-

g_ *. * ~ cent 5-cm dishes of TRMP cells ex-
pressing similar levels (1 05/cell) of
introduced human PDGFR # subunit
were stimulated with 40 ng/ml
PDGF-BB (+) for 5 min at 37°C or
left quiescent (-) and lysed; the
PDGFR was immunoprecipitated
with antibody 2678. Receptor im-
munoprecipitates representing 10°h
of a 5-cm dish (-2 x 1010 receptors)
were incubated with [y32P]ATP and
1 usg TAIL (the purified glutathione-
S-transferase-PDGFR , subunit fu-
sion protein) for 10 min at 300C, the

68 proteins were resolved on a 12.5%
acrylamide, 0.10% bisacrylamide
SDS-PAGE gel, and radiolabeled
proteinrs were detected by autora-
diography. Lane 11 contained all re-
action ingredients with the exception
of receptor immunoprecipitate. The
upper arrowhead marks the position

I 1 of the PDGFR; the lower arrowhead
denotes the position of the fusion
protein substrate, which is a doublet.
The positions of molecular weight
standards are indicated on the right.

45 The designations above the lanes
refer to the type of PDGFR ex-
pressed and are described in the

9 10 11 legend of Figure 1.

pathways with the potential to transmodulate
the EGF receptor. The requirement for Y857 in
the PDGFR may indicate that stimulation of
PDGFR tyrosine kinase activity is required for
both pathways. The particular substrates in-
volved are not known, but the reduced phos-
phorylation of PLC-yl by F857 mutant PDGFRs
may lead to a reduced activation of protein ki-
nase C. PDGF-induced tyrosine phosphorylation
of the EGF receptor has not been reported.
Possibly an uncharacterized substrate for the
PDGF receptor is involved in EGF receptor
downregulation.

Expression of the human PDGFR ,B subunit in
dog kidney epithelial cells (which express no
detectable PDGFRs) enabled these cells to syn-
thesize DNA in response to PDGF. Thus, exist-
ing second-messenger pathways must be able
to interface with the mitogenic signals initiated
by the PDGFR. Others have observed mitogenic
signaling by PDGFRs introduced into CHO cells

CELL REGULATION420

AbONAL4".lq.. apqo *. :4, so



Functions of PDGFR tyrosine 857

Table 3. Quantitation of in vitro substrate
phosphorylation

Relative phosphorylation
(+PDGF/-PDGF)

Experiment 1 Experiment 2

Mutant KI TAIL KI TAIL

WT 1.5 2.0 2.8 4.1
F751 2.4 2.2 2.1 2.5
F857 1.3 0.9 1.2 1.1
F751/F857 0.9 0.8 0.8 1.6

Two different substrates were used to measure the in vitro
kinase activity of PDGFR mutants, as described in Figure
6. KI, fusion protein with the entire kinase insert domain of
the # PDGFR (residues 699-798) M, 45; TAIL, fusion protein
with the carboxy terminus of the ,B PDGFR (residues 939-
1 108) Mr 53. Extent of phosphorylation was determined by
excising the fusion proteins and counting in a scintillation
counter. Fold increase was calculated as the ratio of sub-
strate phosphorylation (radioactivity incorporated) by
PDGFRs from PDGF stimulated vs. unstimulated cells.

(Escobedo et al., 1988b) or myeloid-progenitor
32D cells (Matsui et al., 1989), and there are
many other examples of receptor tyrosine ki-
nases that can function in heterologous cells.
Either the PDGFR can engage many different
sorts of signal relay cascades, or different
membrane receptors use a common intracel-
lular pathway to transmit extracellular signals
to the nucleus, as suggested by the finding of
common substrates. We found that expression
of 1 05 receptors/cell, which is similar to the re-
ceptor levels on fibroblasts and smooth muscle
cells that naturally express the PDGFR, was suf-
ficient to mediate DNA synthesis in TRMP cells,
but at 104 receptors/cell only a very weak mi-
togenic response was detected (data not
shown). Perhaps a certain threshold of stimu-
lation is required to overcome negative growth
signals or to activate the necessary subsequent
signaling events.
A full mitogenic response requires tyrosine at

both of the identified receptor autophosphory-
lation sites. A double mutant receptor was mi-
togenically inactive, but single mutants each
gave a partial response, suggesting that both
tyrosine residues function independently in mi-
togenesis. Previously we have shown that Y751
is needed for PDGF-induced binding of P13 ki-
nase, GAP, and several unidentified polypep-
tides (Kazlauskas and Cooper, 1989; Kazlauskas
et al., 1990). In vitro studies demonstrated that
phosphorylation of Y751 creates a binding site
for these proteins (Kazlauskas and Cooper,

1990). Y857 is also needed for binding of GAP,
but not for binding P13 kinase. Our present re-
sults suggest that Y857 is needed for full kinase
activation and for phosphorylation of GAP and
PLC'yl. Thus there may be two pathways lead-
ing from the activated PDGF receptor: one in-
volving binding of P13 kinase and other proteins
to a site created by phosphorylation of Y751,
and another involving substrate tyrosine phos-
phorylation (requiring Y857). Blocking both
these pathways by the double mutant blocks
mitogenesis, but blocking either pathway alone
allows a partial mitogenic response. Of course,
the actual situation is undoubtedly more com-
plicated, with additional pathways and cross talk
between pathways. Even so, some of the phe-
notypes of the PDGFR mutants are surprisingly
distinct. For example, F751 mutant PDGFRs fail
to bind GAP, yet cause GAP tyrosine phos-
phorylation at almost WT levels. This suggests
that binding of GAP may be functionally distinct
from phosphorylation of GAP. F857 receptors
bind P13 kinase but not GAP, suggesting differ-
ent binding sites. Furthermore, F751 receptors
phosphorylate (Figures 3 and 4) and bind (S.
Courtneidge, personal communication) PLCy1.
This suggests three classes of binding proteins:
those requiring Y751 (P13 kinase), those inde-
pendent of Y751 (PLCy1), and those requiring
Y751 and Y857 (GAP).

Given that F857 receptors have reduced ki-
nase activity, reduced phosphorylation of Y751
and reduced binding of P13 kinase might be ex-
pected, but this was not observed. Phospho-
peptide mapping shows that Y751 phosphory-
lation in the F857 mutant appears to occur to
WT levels in vivo (data not shown). Thus, unlike
GAP, PLCy1, and certain in vitro substrates,
phosphorylation of Y751 in vivo may not require
phosphorylation of Y857. Together with the ob-
servation that the stoichiometry of Y751 to Y857
phosphorylation in vivo is 1:5, whereas in vitro
Y751 is the favored site (Kazlauskas and
Cooper, 1989), it appears that there are addi-
tional components regulating receptor phos-
phorylation.
Our results with the F857 receptor may be

compared with those from the laboratory of
Williams (1989), where a corresponding muta-
tion has been made in the murine PDGFR # sub-
unit and expressed in CHO cells. Researchers
found that the phenylalanine mutant was es-
sentially inactive in signaling cell proliferation
(Fantl et al., 1989), whereas our mutant had
considerable residual ability to stimulate DNA
synthesis (Figure 2). This may not be a serious
difference, because different cell types may
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have different requirements for activation of
specific signaling pathways. Alternatively, cell
proliferation in CHO cells may require more
PDGFR functions than are needed for DNA syn-
thesis. Like us, they found that mutation of the
Y857 homologue did not affect binding of P13
kinase (Coughlin et al., 1989). In addition, they
detected tyrosine phosphorylation of PLCy1,
although the phosphorylation level appears to
be <50% of WT (Morrison et al., 1990). Binding
of PLCy1 to the mutant receptor was also re-
duced. In vitro, they found that adding PDGF to
cell lysates, in the presence of Mg2" and ATP,
resulted in increased kinase activity of the WVT
PDGFR and not the phenylalanine mutant, as-
sayed after subsequent immunoprecipitation
(Fantl et al., 1989). This result resembles ours,
obtained by pretreating cells with PDGF before
lysis and immunoprecipitation. Presumably, in
both assays, PDGF induces PDGFR phosphor-
ylation at Y857, which survives immunoprecip-
itation and stimulates in vitro phosphorylation.
The emerging picture is that PDGF binding

induces receptor tyrosine phosphorylation,
which activates the receptor kinase toward ex-
ogenous substrates and creates binding sites
for cellular signaling enzymes (Ullrich and
Schlessinger 1990; Cantley et al., 1991). The
precise mechanisms that induce receptor
phosphorylation and kinase activation require
further study, but the evidence for ligand-in-
duced receptor dimerization suggests a model
(Bishayee et al., 1989; Hammacher et aL, 1989;
Seifert et al., 1989). Phosphorylation of Y857 in
the PDGFR ,B subunit, and of the homologous
residue in Src, can occur in trans, with one ki-
nase phosphorylating another (Cooper and
MacAuley, 1988; Kelly et al., 1991). Therefore
PDGFR dimerization may promote "autophos-
phorylation" in trans by bringing two kinase do-
mains together. Because both subunits of a di-
mer probably are bound to PDGF (which is itself
dimeric), both subunits could become tyrosine
phosphorylated by this mechanism. Phosphor-
ylation may induce a conformation change (or
stabilize an otherwise unstable conformation),
causing enzymatic activation. A PDGF-induced
conformation change in the PDGFR has been
detected with an antipeptide antibody (Bishayee
et al., 1988; Keating et al., 1988). Whether the
molecules detected by this antibody represent
enzymatically activated PDGFRs or functional
dimers is not known. Once phosphorylated at
Y857, the receptor may remain active even
when PDGF dissociates, as shown for the insulin
receptor (Rosen et al., 1983). This result is in-
dicated by our in vitro experiments, although

we do not know what fraction of the ligand-
stimulated activity survives after ligand is re-
moved and receptors isolated. If PDGFR sub-
units remain active after PDGF dissociates, then
it is possible that dimers may separate into ac-
tive monomers, possibly with associated pro-
teins remaining complexed. Activated mono-
meric or dimeric PDGFRs then phosphorylate
cellular substrate proteins, leading ultimately to
other downstream effects.

Materials and methods

Cell culture
The expression of WT and mutant forms of the human
PDGFR # subunit in TRMP cells (Turker et al., 1988) has
been previously described (Kazlauskas and Cooper, 1989;
Kazlauskas et al., 1990). For most experiments TRMP cells
expressing -10 PDGFRs/cell were used, whereas the
PLC'yl studies were performed on cells expressing -104
PDGFRs/cell. Infected TRMP cells were maintained in Dul-
becco's modified Eagle's medium (DMEM) supplemented
with 10% FBS and 0.25 mg/ml G418.

Antibodies
A polyclonal antibody to the PDGFR was raised in rabbits
against the carboxy terminus (amino acids 939-1108) of
the human # PDGFR subunit fused to glutathione S trans-
ferase (see below). Two rabbits were immunized, resulting
in antiserum 2678, which was used to immunoprecipitate
the PR, and antiserum 2897, which was used to detect the
PDGFR in a Western blot analysis. The antisera appear spe-
cific, inasmuch as they fail to detect any PDGFR in TRMP
cells that express an empty expression vector. The mouse
monoclonal antibody to PLCy1 was a mixture of PLCyl-
specific reagents raised against purified bovine PLC-y1 and
has been previously described (Suh et al., 1988; Meisen-
helder et al., 1989). The monoclonal anti-phosphotyrosine
1G2 antibody, monoclonal anti-human a PDGFR PR7212
antibody, and a rabbit polyclonal antiserum to GAP have
been previously described (Hart et al., 1987; Huhn et al.,
1987; Ellis et a/., 1990).

Fusion proteins
The kinase insert (amino acids 699-798) and carboxy ter-
minus (amino acids 939-1108) of the human PDGFR fi sub-
unit were amplified by polymerase chain reaction. In doing
so, EcoRI and BamHI restriction sites were introduced, per-
mitting the inframe subcloning of these fragments into the
pGEX-3X (Smith and Johnson, 1988) expression vector. Fu-
sion proteins were purified to near homogeneity from bac-
terial cell lysates on a glutathione agarose affinity column
and were specifically eluted with glutathione.

DNA synthesis assay
TRMP cells were grown to confluence in DMEM containing
10% FBS, trypsinized, diluted into DMEM with no serum,
and seeded in triplicate at 4 x 104 cells/well in a 24-well
dish in DMEM with no serum. After 2 d, horse serum was
added to a final concentration of 2% together with various
concentrations of PDGF or EGF. Alternatively, cells were
stimulated with 10% FBS. [3H]thymidine (0.4 ACi/ml) was
added after 18 h, and 2 h later the cells were washed, the
trichloroacetic acid (TCA)-precipitable material was har-
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vested and quantitated as previously described (Kazlauskas
et al., 1988). Replicate samples routinely lay within a 10%
range.

EGF receptor transmodulation
TRMP cells were plated in triplicate in 24-well dishes at 1
x 106 cells per dish in DMEM containing 10% FBS and grown
to confluency. Cells were then incubated ovemight in DMEM
containing 0.19% FBS. This medium was aspirated and re-
placed with 0.25 ml of DMEM containing 2 mg/ml bovine
serum albumin (BSA) and 20 mM N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid (HEPES), pH 7.2 (BM), to which
was added PDGF-BB (40 ng/ml final concentration) or phor-
bol myristate acetate (final concentration 10 nM). Cells were
incubated for 30 min at 370C and placed on ice; the medium
was replaced with 0.25 ml of ice-cold BM. Excess unlabeled
EGF (final concentration 100 nM) was then added to certain
wells for the determination of nonspecific binding of 129-
EGF. To all wells 120 pM 1251-EGF (specific activity 107 MCi/
Mg; Collaborative Research, Bedford, MA) was added, and
the plate was incubated at 4°C with continuous agitation
for 2 h. The cells were then washed three times on ice with
1.0 ml of 1 mg/ml BSA in phosphate-buffered saline (RB),
followed by the addition of 0.5 ml of a solubilization solution
containing 1% Triton X-1 00 and 1 mg/ml BSA. Plates were
agitated vigorously at room temperature for 15 min, after
which time samples were removed and counted in a gamma
counter. Specific binding of 12S1-EGF was calculated by sub-
tracting the nonspecific binding (determined for each cell
line by measuring the 1251-EGF binding in the presence of
840-fold excess of unlabeled EGF) from the total binding.
The nonspecific binding was similar for all the cell lines and
ranged between 5 and 10% of the total EGF bound (data
not shown).

Immunoprecipitation
TRMP cells were grown to confluence in DMEM containing
10% FBS, and switched to 0.1% calf serum in DMEM over-
night. For phosphate labeling, DMEM containing 50 ;tM
phosphate was used, and 'Pi was added as indicated in
the figure legends. For IS labeling, methionine-free DMEM
was used and Tran-3S-label (ICN Irvine, CA) was added at
50 MCi/mI overnight. Cells were then stimulated with PDGF-
BB for 5 or 10 min (as indicated in specific experiments) at
370C and rinsed twice with ice-cold H/S, lysed in EB (Ka-
zlauskas and Cooper 1988); the lysate was cleared by cen-
trifugation at 15 000 x g for 30 min at 40C. Subsequent
steps for immunoprecipitation with GAP and 1 G2 antibodies
have been described in detail elsewhere (Kazlauskas and
Cooper, 1988; Kazlauskas et al., 1990).
To precipitate PDGFRs for kinase assays, we added a 2-

Ml aliquot of 2678 antibody to clarified cell lysates; after 1.5
h at 0°C, 30 ;l of a 10% solution of Formalin-fixed Staph-
ylococcus aureus was added and incubated for an additional
30 min at 00C. Immune complexes were spun through a
cushion of 10% sucrose in EB, then washed twice with RIPA
(Kazlauskas and Cooper, 1988), twice with EB, and twice
with a solution of 20 mM piperazine-N,N'-bis(2-ethanesul-
fonic acid) (PIPES) pH 7.0, 100 mM NaCI, and 20 ug/ml
aprotinin (PAN). The final pellet was resuspended in 50 Ml
PAN and stored at -70°C.

Immunoprecipitation of 32P-labeled cell lysates with PLCOY1
antibody and of [3S]methionine-labeled cell lysates with
PR721 2 antibody was performed by incubating clarified RIPA
lysates with 1-1.5 Mg of antibody for 2 h, followed by 15
min with 6MLg of rabbit anti-mouse antibody, followed by 30
min with 25 ul of a 10% solution of Formalin-fixed S. aureus.

Immune complexes were spun through a 10% sucrose so-
lution in RIPA and washed twice with RIPA, twice with 0.5%
Nonident P40 in PAN, and twice with PAN. The washed
pellets were resuspended in sample buffer (Kazlauskas and
Cooper, 1988), heated at 980C for 5 min, and resolved on
a 7.5% acrylamide, 0.193% bisacrylamide SDS-PAGE gel.

Phospholipase C assay
Antiphosphotyrosine immunoprecipitates were recovered
from the sepharose-immobilized 1 G2 antibody by incubating
in 40 Ml of a solution containing 10 mM tris(hydroxy-
methyl)aminomethane (Tris)-HCI pH 7.5, 5 mM EDTA, 50
mM NaF, 10 mM NaCI, 0.1 mg/ml ovalbumin, 0.019%Triton
X-1 00, 20 jig/mI aprotinin, and 1 mM phenylphosphate. The
PLCy1 activity of the liberated material was assayed as pre-
viously described (Wahl et al., 1988). Briefly, a 4-jtl aliquot
was incubated in a final volume of 40 M' containing the fol-
lowing ingredients: 70 mM KCI, 50 mM 2-(N-morphol-
ino)ethanesulfonic acid (MES) pH 6.0, 4 jl of 5 mM CaCI2,
50 ;MM [3H]phosphatidylinositol4,5-bisphosphate (5 mCi/
mmole). The samples were incubated for 15 min at 370C,
and 100 Ml of a 10 mg/ml solution of BSA was added, fol-
lowed by 200 Ml of ice-cold 20% TCA. Samples were incu-
bated at 0°C for 5 min and spun at 8000 x g for 5 min, and
the TCA soluble fraction was combined with scintillation
fluid and counted. For preparation of the substrate, -2 x 106
cpm of phosphatidylinositol[2-3H]-4,5-bisphosphate and 100
pmol unlabeled phosphatidylinositol4,5-bisphosphate were
evaporated to dryness, resuspended in 80 ;l of 2.5% oc-
tylglucoside in water, and sonicated in a bath sonicator for
15 min at 40C. The octylglucoside was diluted to 1% by
adding 120 Ml of H20 and then the solution was resonicated
for an additional 15 min at 40C. A 1/10th volume of this
solution was added to the reaction so that the final detergent
concentration was 0.1% octylglucoside (from the substrate)
and -0.001% Triton X-1 00 (from the immunoprecipitate).

Phosphoaminoacid analysis
Phosphoproteins were detected by autoradiography; the
protein of interest was excised from the SDS-PAGE gel,
eluted, and hydrolyzed in 5.7 M HCI for 1 h at 1100C; and
the resulting phosphoaminoacids were resolved electro-
phoretically in two dimensions, exactly as described previ-
ously (Cooper et al., 1983).

Western blot analysis
After the resolution of samples on a 7.5% acrylamide,
0.193% bisacrylamide SDS-PAGE gel, they were transferred
(5 mA-h/cm2) to Immobilon, incubated in Blotto (1% dry
nonfat milk in phosphate-buffered saline plus 0.05% Tween
20 and 0.005% NaN3) for 1 h at room temperature, and then
incubated overnight with either 2897 diluted 1/1000 or anti-
GAP B diluted 1/200. Immobilon was washed four times, 5
min each wash, in Rinse buffer (10 mM Tris-HCI pH 7.5, 150
mM NaCI), then incubated for 4 h at room temperature with
an alkaline phosphatase-conjugated goat anti-rabbit anti-
body (Southem Biotechnology Associates, Birmingham, AL).
The Immobilon was washed twice with Rinse buffer and
twice with alkaline phosphatase buffer (100 mM Tris-HCI
pH 9.5, 100 mM NaCI, 50 mM MgCI2) and then developed
by incubating with 0.33 mg/ml p-nitro blue tetrazolium chlo-
ride and 0.165 mg/ml 5-bromo 4-chloro 3-indolylphosphate
toluidine salt in alkaline phosphatase buffer for 5-20 min at
room temperature.

In vitro kinase assay
An aliquot of 2678 PDGFR immunoprecipitate, representing
10% of a 5-cm dish of cells (2 x 1010 receptors), was com-
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bined with 1 gg of substrate (bacterially expressed fusion
proteins consisting of glutathione S-transferase fused with
either the kinase insert [amino acids 699-798] or the carboxy
terminus [residues 939-1108] of the human PDGFR ,B sub-
unit), 20 mM PIPES pH 7.0, 10 mM MnCI2, 5 gCi [y32P]ATP
(3000 Ci/mmole), and 20 Ag/mI aprotinin in a final volume
of 10 ,ul. After 10 min at 300C, the reactions were terminated
by adding 10 l of twofold concentrated sample buffer (Kaz-
lauskas et al., 1988) and heated at 980C for 5 min. Phos-
phoproteins were resolved in a 7.5Yo acrylamide, 0.193%
bisacrylamide SDS-PAGE gel and visualized by autoradi-
ography. Under these conditions, excess ATP remains at
the end of kinase assay (not shown).

Acknowledgments
We are grateful for the gift of pure yeast recombinant PDGF-
BB from Dan Bowen-Pope at the University of Washington
and thank him for his continuing interest in this project and
advice on transmodulation experiments. We thank Jill Mei-
senhelder (Salk Institute) for the gift of monoclonal anti-
bodies to PLC-y1. We also thank Suzanne Stanton and Adam
Kashishian for their excellent technical assistance in making
and expressing bacterial fusion proteins of the PDGFR and
generating antisera to the PDGFR. We thank our colleagues
for interesting discussions and criticisms of the manuscript
and Sara Courtneidge for communicating unpublished data.
Supported by National Institutes of Health Grant CA-28151,
a grant from the American Heart Association (A.K.), and a
National Research Service Award from the National Insti-
tutes of Health (D.L.D.).

Received: February 27, 1991.
Revised and accepted: April 16, 1991.

References
Abraham, N., and Veilette, A. (1990). Activation of p56Ik
through mutation of a regulatory carboxy-terminal tyrosine
residue requires intact sites of autophosphorylation and
myristylation. Mol. Cell. Biol. 10, 5197-5206.

Bishayee, S., Majumdar, S., Khire, J., and Das, M. (1989).
Ligand-induced dimerization of the platelet-derived growth
factor receptor. Monomer-dimer interconversion occurs in-
dependent of receptor phosphorylation. J. Biol. Chem. 264,
11 699-11 705.

Bishayee, S., Majumdar, S., Scher, C.D., and Khan, S. (1988).
Characterization of a novel anti-peptide antibody that rec-
ognizes a specific conformation of the platelet-derived
growth factor receptor. Mol. Cell. Biol. 8, 3696-3702.

Bouton, A.H., Kanner, S.B., Vines, R.R., Wang, H-C.R., Gibbs,
J.B., and Parsons, J.T. (1991). Transformation by pp60src or
stimulation of cells with epidermal growth factor induces
the stable association of tyrosine-phosphorylated cellular
proteins with GTPase-activating protein. Mol. Cell. Biol. 11,
945-953.

Bowen-Pope, D.F., DiCorleto, P.E., and Ross, R. (1983). Inter-
actions between the receptors for platelet-derived growth factor
and epidermal growth factor. J. Cell Biol. 96, 679-683.

Cantley, L.C., Auger, K.R., Carpenter, C., Duckworth, B.,
Graziani, A., Kapeller, R., and Soltoff, S. (1991). Oncogenes
and signal transduction. Cell 64, 281-302.

Cooper, J.A., Hunter, T., and Sefton, B.M. (1983). Detection
and quantification of phosphotyrosine in proteins. Methods
Enzymol. 99, 387-402.

Cooper, J.A., and MacAuley, A. (1988). Potential positive and
negative autoregulation of p60(1 by intermolecular autophos-
phorylation. Proc. Natl. Acad. Sci. USA 85, 4232-4236.

Coughlin, S.R., Escobedo, J.A., and Williams, L.T. (1989).
Role of phosphatidylinositol kinase in PDGF receptor signal
transduction. Science 243, 1191-1194.

Countaway, J.L., Girones, N., and Davis, R.J. (1989). Recon-
stitution of epidermal growth factor receptor transmodu-
lation by platelet-derived growth factor in Chinese hamster
ovary cells. J. Biol. Chem. 264, 13 642-13 647.

Davis, R.J., and Czech, M.P. (1985). Tumor-promoting phor-
bol diesters cause the phosphorylation of epidermal growth
factor receptors in normal human fibroblasts at threonine-
654. Proc. Natl. Acad. Sci. USA 82, 1974-1978.

Davis, R.J., and Czech, M.P. (1987). Stimulation of epidermal
growth factor receptor threonine 654 phosphorylation by
platelet-derived growth factor in protein kinase C-deficient
human fibroblasts. J. Biol. Chem. 262, 6832-6841.

Ellis, L., Clauser, E., Morgan, D.O., Edery, M., Roth, R.A.,
and Rutter, W.J. (1986). Replacement of insulin receptor ty-
rosine residues 1 162 and 1 163 compromises insulin-stim-
ulated kinase activity and uptake of 2-deoxyglucose. Cell
45, 721-732.

Ellis, C., Moran, M., McCormick, F., and Pawson, T. (1990).
Phosphorylation of GAP and GAP-associated proteins by
transforming and mitogenic tyrosine kinases. Nature 343,
377-381.

Escobedo, J.A., Barr, P.J., and Williams, L.T. (1 988a). Role
of tyrosine kinase and membrane-spanning domains in signal
transduction by the platelet-derived growth factor receptor.
Mol. Cell. Biol. 8, 5126-5131.

Escobedo, J.A., Keating, M.T., Ives, H.E., and Williams, L.T.
(1 988b). Platelet-derived growth factor receptors expressed
in cDNA transfection couple to a diverse group of cellular
responses associated with cell proliferation. J. Biol. Chem.
263, 1482-1487.

Fantl, W.J., Escobedo, J.A., and Williams, L.T. (1989). Mu-
tations of the platelet-derived growth factor receptor that
cause a loss of ligand-induced conformational change, subtle
changes in kinase activity, and impaired ability to stimulate
DNA synthesis. Mol. Cell. Biol. 9, 4473-4478.

Frackelton, A.R., Tremble, P.M., and Williams, L.T. (1984).
Evidence for the platelet-derived growth factor stimulated
tyrosine phosphorylation of the platelet-derived growth fac-
tor receptor in vivo. J. Biol. Chem. 259, 7909-7915.

Gibbs, J.B., Marshall, M.S., Scolnick, E.M., Dixon, R.A.F.,
and Vogel, U.S. (1990). Modulation of guanine nucleotides
bound to Ras in NIH 3T3 cells by oncogenes, growth factors,
and the GTPase activity protein (GAP). J. Biol. Chem. 265,
20 437-20 442.

Gould, K.L., and Nurse, P. (1989). Tyrosine phosphorylation
of the fission yeast cdc2+ protein kinase regulates entry
into mitosis. Nature 342, 39-45.

Hammacher, A., Mellstrom, K., Heldin, C-H., and Westermark,
B. (1989). Isoform-specific induction of actin reorganization by
platelet-derived growth factor suggests that the functionally
active receptor is a dimer. EMBO J. 8, 2489-2495.

Hart, C.E., Seifert, R.A., and Bowen-Pope, D.F. (1987). Syn-
thesis, phosphorylation, and degradation of multiple forms
of the platelet-derived growth factor receptor studied using
a monoclonal antibody. J. Biol. Chem. 262, 10 780-10 785.

CELL REGULATION424



Functions of PDGFR tyrosine 857

Heldin, C-H., and Westermark, B. (1990). Platelet-derived
growth factor: mechanism of action and possible in vivo
function.
Huhn, R.D., Posner, M.R., Rayter, S.l., Foulkes, J.G., and
Frackelton, A.R., Jr. (1987). Cell lines and peripheral blood
leukocytes derived from individuals with chronic myeloge-
nous leukemia display virtually identical proteins phosphor-
ylated on tyrosine residues. Proc. NatI. Acad. Sci. USA 84,
4408-4412.

Kaplan, D.R., Morrison, D.K., Wong, G., McCormick, F., and
Williams, L.T. (1990). PDGF a-receptor stimulates tyrosine
phosphorylation of GAP and association of GAP with a sig-
naling complex. Cell 61, 125-133.

Kazlauskas, A., Bowen-Pope, D., Seifert, R., Hart, C.E., and
Cooper, J.A. (1988). Different effects of homo- and hetero-
dimers of platelet-derived growth factor A and B chains on
human and mouse fibroblasts. EMBO J. 7, 3727-3735.

Kazlauskas, A., and Cooper, J.A. (1988). Protein kinase C
mediates platelet-derived growth factor-induced tyrosine
phosphorylation of p42. J. Cell Biol. 106, 1395-1402.

Kazlauskas, A., and Cooper, J.A. (1989). Autophosphoryla-
tion of the PDGF receptor in the kinase insert region reg-
ulates interactions with cell proteins. Cell 58, 1121-1133.

Kazlauskas, A., and Cooper, J.A. (1990). Phosphorylation of
the PDGF receptor , subunit creates a tight binding site for
phosphatidylinositol 3 kinase. EMBO J. 9, 3279-3286.

Kazlauskas, A., Ellis, C., Pawson, T., and Cooper, J.A. (1990).
Binding of GAP to activated PDGF receptors. Science 247,
1578-1 581.

Keating, M.T., Escobedo, J.A., and Williams, L.T. (1988). Li-
gand activation causes a phosphorylation-dependent
change in platelet-derived growth factor receptor confor-
mation. J. Biol. Chem. 263, 12 805-12 808.

Kelly, J.D., Haldeman, B.A., Grant, FJ., Murray, MJ., Seifert,
R.A., Bowen-Pope, D.F., Cooper, J.A., and Kazlauskas, A.
(1991). PDGF stimulates PDGF receptor subunit dimerization
and intersubunit trans-phosphorylation. J. Biol. Chem. On press).
Kmiecik, T.E., Johnson, P.J., and Shalloway, D. (1988). Reg-
ulation by the autophosphorylation site in overexpressed
pp60cw. Mol. Cell. Biol. 8, 4541-4546.
Kumjian, D.A., Wahl, M.l., Rhee, S.G., and Daniel, T.O. (1989).
Platelet-derived growth factor (PDGF) binding promotes
physical association of PDGF receptor with phospholipase
C. Proc. NatI. Acad. Sci. USA 86, 8232-8236.

Kypta, R.M., Goldberg, Y., Ulug, E.T., and Courtneidge, S.A.
(1990). Association between the PDGF receptor and mem-
bers of the src family of tyrosine kinases. Cell 62, 481-492.

Margolis, B., Rhee, S.G., Felder, S., Mervic, M., Lyall, R.,
Levitski, A., Ullrich, A., Zilbertstein, A., and Schlessinger, J.
(1989). EGF induced tyrosine phosphorylation of phospho-
lipase C-l1: a potential mechanism for EGF receptor signal-
ing. Cell 57, 1101-1107.

Matsui, T., Pierce, J.H., Fleming, T.P., Greenberger, J.S.,
LaRochelle, WJ., Ruggiero, M., and Aaronson, S.A. (1989). In-
dependent expression of human a or # platelet-derived growth
factor receptor cDNAs in a naive hematopoietic cell leads to
functional coupling with mitogenic and chemotactic signaling
pathways. Proc. Natl. Acad. Sci. USA 86, 8314-8318.

Meisenhelder, J., Suh, P-G., Rhee, S.G., and Hunter, T.
(1989). Phospholipase C-y is a substrate for the PDGF and

EGF receptor protein-tyrosine kinases in vivo and in vitro.
Cell 57, 1109-1122.
Molloy, C.J., Bottaro, D.P., Fleming, T.P., Marshall, M.S.,
Gibbs, J.B., and Aaronson, S.A. (1989). PDGF induction of
tyrosine phosphorylation of GTPase activating protein. Na-
ture 342, 711-714.
Morrison, D.K., Kaplan, D.R., Rhee, S.G., and Williams, L.T.
(1990). Platelet-derived growth factor (PDGF)-dependent
association of phospholipase C-'y with the PDGF receptor
signaling complex. Mol. Cell. Biol. 10, 2359-2366.
Nishibe, S., Wahl, M.l., Hernandez-Sotomayor, S.M.T.,
Tonks, N.K., Rhee, S.G., and Carpenter, G. (1990). Increase
of the catalytic activity of phospholipase C-yl by tyrosine
phosphorylation. Science 250, 1253-1256.
Rosen, O.M., Herrera, R., Olowe, Y., Petruzzelli, L.M., and
Cobb, M.H. (1983). Phosphorylation activates the insulin
receptor tyrosine protein kinase. Proc. NatI. Acad. Sci. USA
80, 3237-3240.
Satoh, T., Endo, M., Nakafuku, M., Akiyama, T., Yamamoto,
T., and Kaziro, Y. (1990). Accumulation of p21w-GTP in
response to stimulation with epidermal growth factor and
oncogene products with tyrosine kinase activity. Proc. NatI.
Acad. Sci. USA 87, 7926-7929.
Scher, C.D., Shepard, R.C., Antoniades, H.N., and Stiles,
C.D. (1979). Platelet-derived growth factor and the regulation
of the mammalian fibroblast cell cycle. Biochim. Biophys.
Acta 560, 217-241.
Seifert, R.A., Hart, C.E., Phillips, P.E., Forstrom, J.W., Ross, R.,
Muarry, MJ., and Bowen-Pope, D.F. (1989). Two different sub-
units associate to create isoform-specific platelet-derived
growth factor receptors. J. Biol. Chem. 264, 8771-8778.
Smith, D.B., and Johnson, K.S. (1988). Single-step purifi-
cation of polypeptides expressed in Escherichia coli as fu-
sions with glutathione-S-transferase. Gene 67, 31-40.

Suh, P-G., Ryu, S.H., Choi, W.C., Lee, K-Y., and Rhee, S.G.
(1988). Monoclonal antibodies to three phospholipase C
isozymes from bovine brain. J. Biol. Chem. 263, 14 497-
14 504.
Turker, M.S., Monnat, R.J., Fukuchi, K.l., Johnson, P.A., Og-
burn, C.E., Weller, R.E., Park, J.F., and Martin, G.M. (1988).
A novel class of unstable 6-thioguanine resistant cells from
dog and human kidney. Cell Biol. Toxicol. 4, 211-223.

Ullrich, A., and Schlessinger, J. (1990). Signal transduction
by receptors with tyrosine kinase activity. Cell 61, 203-212.

Wahl, M.l., Daniel, T.O., and Carpenter, G. (1988). Anti-
phosphotyrosine recovery of phospholipase C activity after
EGF treatment of A431 cells. Science 241, 968-969.
Weinmaster, G., Zoller, M.J., Smith, M., Hinze, E., and Paw-
son, T. (1984). Mutagenesis of Fujinami sarcoma virus: ev-
idence that tyrosine phosphorylation of p130 modulates
its biological activity. Cell 37, 559-568.
Westermark, B., Siegbahn, A., Heldin, C-H., and Claesson-
Welsh, L. (1990). B-type receptor for platelet-derived growth
factor mediates a chemotactic response by means of ligand-
induced activation of the receptor protein-tyrosine kinase.
Proc. NatI. Acad. Sci. USA 87, 128-132.
Williams, L.T. (1989). Signal transduction by the platelet-
derived growth factor receptor. Science 243, 1564-1570.
Wrann, M., Fox, C.F., and Ross, R. (1980). Modulation of
epidermal growth factor receptors on 3T3 cells by platelet-
derived growth factor. Science 210, 1363-1365.

Vol. 2, June 1991 425


