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ABSTRACT The platelet-derived growth factor receptor
(PDGF-R), a 180-kDa single-chain polypeptide, was purified
from membranes of the human osteogenic sarcoma cell line
MG-63. Purification was achieved by treatment of membranes
with PDGF and ATP, followed by solubilization with nonionic
detergent and successive chromatography on solid-phase anti-
phosphotyrosine monoclonal antibody and DEAE-cellulose.
The PDGF-R, which was estimated to be 5040% pure by
NaDodSO4/polyacrylamide gel electrophoresis of 32P-labeled
preparations, was free of contaminating epidermal growth
factor receptor and had no detectable phosphatase activity.
It specifically bound 12'I-labeled PDGF, a reaction quantified
by binding of the ligand-PDGF-R complex to the anti-phos-
photyrosine antibody. The purified receptor displayed PDGF-
stimulatable tyrosine kinase activity, assayed by autophospho-
rylation of PDGF-R at tyrosine residues and by phosphoryl-
ation of angiotensin II. The Km for ATP in the autophospho-
rylation reaction was 7.5 ,uM. Addition of PDGF did not
chailge the Km but increased the Vms1 1.7-fold.

Platelet-derived growth factor (PDGF) and its, analogues
initiate cellular replication by binding to a specific high-
affinity membrane receptor (PDGF-R) (1-4). The molecular
mechanism by which this interaction stimulates cellular
growth is not entirely clear. However, PDGF-R appears to be
a tyrosine kinase (5-8), and in this respect is similar to certain
other growth factor receptors (e.g., the epidermal growth
factor receptor, EGF-R) and certain oncogene products
(reviewed in ref. 9). It is tempting to hypothesize that
PDGF-induced tyrosine kinase activity is essential for
mitogenesis. However, it has not been shown that tyrosine
kinase activity is intrinsic to the receptor.

Daniel et al. (10) have recently purified PDGF-R from
mouse 3T3 cells. Purification utilized a solid-phase antibody
directed against phosphotyrosine and was based on the
finding that PDGF stimulates tyrosine-specific phosphoryl-
ation of PDGF-R in intact cells. However, the purified
preparation did not have PDGF-stimulatable tyrosine kinase
activity. We have modified this technique to purify PDGF-R
from membranes of a human osteogenic sarcoma cell line and
now show that the purified soluble receptor has tyrosine
kinase activity.

MATERIALS AND METHODS
Membrane Phosphorylation. Plasma membranes were pre-

pared from confluent MG-63 human osteogenic sarcoma cells
(11) as described (12), using Ca2+- and Mg2+-free buffers
supplemented with 1 mM EDTA and 1 mM phenylmethyl-
sulfonyl fluoride. The isolated membranes (protein concen-
tration 0.3-0.9 mg/ml) were incubated at 4°C in 20 mM

Hepes, pH 7.4/100 AuM sodium vanadate/2 mM MgCl2/0.5
mM MnCl2 with PDGF for 20 min. The reaction was initiated
by addition of <32P-labeled or unlabeled ATP; it was termi-
nated 20-30 min later by addition ofEDTA to 5 mM followed
by centrifugation. In certain cases, suramin, an anionic
heterocyclic compound, was added to dissociate PDGF from
the receptor (4). The pellet was solubilized in Nonidet P-40
(NP-40)-containing buffer A [10 mM Hepes, pH 7.4/50 mM
NaCl/30 mM sodium pyrophosphate/50 mM NaF/5 mM
EDTA/100 A.M sodium vanadate/0.5% NP-40/1 mM
phenylmethylsulfonyl fluoride/leupeptin (10 pug/ml)] for
immunoprecipitation. For large-scale purification, glycerol
was added to 10% (vol/vol) and the solution was clarified by
centrifugation for 20 min at 40C at 40,000 rpm in a 50 Ti rotor
(Beckman).

Immunopurification. The 2G8 anti-phosphotyrosine mono-
clonal antibody (13, 14) was purified from ascitic fluid by
protein A-Sepharose affinity chromatography or ammonium
sulfate precipitation and affinity chromatography using a
phosphotyraimine-derivatized Sepharose column. The anti-
body was coupled to CNBr-activated Sepharose (15 mg of
antibody per ml of Sepharose) in 10 mM sodium phosphate,
pH 7.4/0.15 M NaCl (14). The solubilized membranes in
buffer A were stirred with solid-phase antibody for 2 hr at
40C; the gel was extensively washed with buffer A, followed
by buffer B (10 mM Hepes, pH 7.0/30 mM NaCl/1 mM
phenylmethylsulfonyl fluoride/0.2% NP-40), and bound ma-
terial was eluted with buffer B containing 40 mM phenyl
phosphate.
DEAE-Cellulose and Wheat Germ Agglutinin (WGA)-

Agarose Chromatography. For DEAE-cellulose purification
the anti-phosphotyrosine eluate was incubated for 1 hr at 40C
with DE-52 (Whatman) equilibrated with buffer B; PDGF-R
was eluted with 10 mM Hepes, pH 7.0/0.2% NP-40/0.25 M
NaCl. For purification with WGA, the anti-phosphotyrosine
eluate was incubated for 1 hr at 4°C with 50 ,ul of WGA-
agarose (7 mg of protein per ml; Vector Laboratories,
Burlingame, CA) equilibrated with buffer C (10 mM Hepes,
pH 7.4/50 mM NaCl/0.2% NP-40/10% glycerol/1 mM
phenylmethylsulfonyl fluoride). The PDGF-R was eluted
with 3 mM chitotriose in buffer C without phenymethylsul-
fonyl fluoride.
EGF-R Detection. To quahtify contamination with EGF-R,

purified preparations were incubated (as above) with a
solid-phase anti-EGF-R monoclonal antibody (no. 425) di-
rected against the external domain of EGF-R (a gift from M.
Das, University of Pennsylvania, Philadelphia and M.
Herlyn, Wistar Institute, Philadelphia) and washed. The
EGF-R was eluted by heating to 100°C with Laemmli (15)
sample buffer containing 1% NaDodSO4 and 5% 2-mercap-
toethanol.

Abbreviations: PDGF, platelet-derived growth factor; PDGF-R,
PDGF receptor; EGF, epidermal growth factor; EGF-R, EGF
receptor; NP-40, Nonidet P-40; WGA, wheat germ agglutinin.
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Tyrosine Kinase Activity. To measure autophosphoryla-
tion, PDGF-R in 20 Aul of 10 mM Hepes, pH 7.4/2 mM
MgCl2/0.5 mM MnCl2/0.1% NP-40/5% glycerol was incu-
bated in the presence or absence ofPDGF at 20TC for 10 min;
[y32P]ATP was added and the mixture was incubated for
another 10 min. The reaction was terminated by addition of
20 A.l of double-strength Laemmli sample buffer and heating
at 100TC for 3 min.
To measure phosphorylation of angiotensin II (Asp-Arg-

Val-Tyr-Ile-His-Pro-Phe), PDGF-R was preincubated at 20'C
for 10 min with or without PDGF as above; angiotensin II
(Sigma) was added to 2 mM, and [y-32P]ATP, to 100 ,M. The
reaction was terminated 20 min later by addition of 2 A1l of
bovine serum albumin (1 mg/ml) and 40 pl of 5% (wt/vol)
trichloroacetic acid. After 20 min at 4°C, the samples were
centrifuged and 20-,l aliquots of supernatants were spotted
onto phosphocellulose squares that were then washed for 15
min in 30% acetic acid, followed by 10% acetic acid and
acetone (16, 17). The amount of 32p incorporated into the
peptide was determined by scintillation counting; back-
ground counts obtained in the absence of the peptide were
subtracted.
Phospho Amino Acid Analysis. Membrane-associated 32p_

labeled PDGF-R was obtained by treating membranes with
PDGF in the presence of [y32P]ATP. The 32P-labeled PDGF-
R was purified by successive chromatography on solid-phase
anti-phosphotyrosine antibody and DEAE-cellulose. The
sample was further purified by NaDodSO4/polyacrylamide
gel electrophoresis, eluted in water, and lyophilized. The
purified unlabeled receptor, prepared as described above,
was labeled by treatment with PDGF in the presence of
[y-32P]ATP. The reaction was terminated by addition of
bovine serum albumin to 125 ,g/ml and perchloric acid to 5%
(wt/vol). The precipitate was isolated by centrifugation and
washed with acetone.
The labeled PDGF-R samples were hydrolyzed with 6 M

HCl for 2 hr at 100°C. The hydrolysate was dried in vacuo and
redissolved in a marker mixture containing phosphoserine,
phosphothreonine, and phosphotyrosine. The phospho ami-
no acids were analyzed on cellulose thin-layer plates by
electrophoresis at pH 3.5 in acetic acid/pyridine/H20
(1:20:379) at 1 kV for 40-60 min (14, 18). For two-dimensional
electrophoresis, the plates were dried, rotated 900, and run at
pH 1.9 in acetic acid/88% formic acid/H20 (78:25:897) at 1
kV for 60 min. The markers were detected by ninhydrin
staining, and 32P-labeled amino acids were visualized by
autoradiography.

Purification and Iodination of PDGF. PDGF was purified
from human platelets (American Red Cross) as described
(19). Most experiments were performed with Blue Sepharose
(Pharmacia)-purified PDGF (specific activity 100,000
units/mg). Occasional experiments were done with PDGF
further purified on Bio-Gel P-60 (in 5 mM glycine, pH 10/0.1
mM EDTA), which had a specific activity of 300,000
units/mg and was 25-50% pure. The concentration ofPDGF
is presented in terms of nanomoles of active growth factor for
all experiments (20). Bio-Gel-purified PDGF was iodinated
by the chloramine-T method. An electrophoretically homog-
enous iodinated preparation was obtained by adsorption to
and elution from MG-63 cells (to be described elsewhere).
The 1251I-labeled PDGF had a specific radioactivity of
50,000-80,000 cpm/ng.

Binding of 125I-Labeled PDGF to the Purified Receptor.
Tyrosine-phosphorylated soluble PDGF-R was incubated
with 1251I-labeled PDGF in 50 ,ul of 20mM Hepes, pH 7.4/0.15
M NaCl/100 ,M sodium vanadate/bovine serum albumin
(2.5 mg/ml)/0.1% NP-40 for 1 hr at 22°C. Then 50 ,ul of 1:1
(vol/vol) slurry of anti-phosphotyrosine antibody-Sepharose
was added and incubation continued for 1 hr. The gel was
removed by centrifugation and washed twice, and bound

material was eluted with 500 ,1 of buffer containing 40 mM
sodium phenyl phosphate.

RESULTS

PDGF-R Purification. We have found, in agreement with
Graves et al. (11), that MG-63 cells have 23,000 PDGF
binding sites per cell, which have a dissociation constant of
5 x 10-11 M (data not shown). Treatment of MG-63 mem-
branes with PDGF in the presence of [y-32P]ATP stimulated
phosphorylation of a 180-kDa phosphoprotein (the PDGF-R)
and other proteins (data not shown). Bound PDGF was
removed by treatment with suramin (4), and the PDGF-R was
purified by use of a solid-phase anti-phosphotyrosine mono-
clonal antibody (13, 14). NaDodSO4/polyacrylamide gel
electrophoresis and autoradiography of the affinity-purified
preparation revealed prominent phosphorylated proteins of
180, 116, 90, and 29 kDa; phosphorylation of the 180-kDa
species, but not the other proteins, increased (approximately
10-fold) when the membranes were treated with PDGF prior
to solubilization and affinity chromatography (Fig. 1). Thus
the 180-kDa protein has the characteristics previously as-
cribed to PDGF-R.
The 32P-labeled PDGF-R was further purified by chroma-

tography on either WGA-Sepharose (10) or DEAE-cellulose.
Both procedures initially appeared to give a similar degree of
purification, with the 180-kDa PDGF-R comprising 70-80%
of the labeled protein (Fig. 2). An unlabeled PDGF-R prep-
aration purified by anti-phosphotyrosine and WGA chroma-
tography was iodinated and shown to be 70-80% homoge-
neous (Fig. 2, lane 4).

Scatchard analysis demonstrated that intact MG-63 cells
have 200,000 EGF-R per cell (data not shown). To learn
whether the purified PDGF-R preparations were contaminat-
ed with EGF-R, a 170-kDa glycosylated tyrosine kinase
(21-23), both purified preparations were chromatographed on
a solid-phase mouse monoclonal antibody directed against
the external domain of human EGF-R (antibody to be
described elsewhere). Gel electrophoresis revealed that
about 25% of the WGA-purified 180-kDa protein bound to the
anti-EGF-R antibody (Fig. 2, lanes 1-3). In contrast, after
DEAE-cellulose chromatography the EGF-R was undetect-
able (lanes 5 and 6). Thus, PDGF-R used in subsequent
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FIG. 1. PDGF stimulates the
phosphorylation of the 180-kDa
plasma membrane PDGF-R in
vitro. MG-63 cell membranes (30
Ag of protein) were incubated for
15 min at 40C with or without 10
nM PDGF. [y-32P]ATP (80
Ci/mmol; 1 Ci = 37 GBq) was then
added to a final concentration of
12.5 gM; the reaction was termi-
nated 15 min later, and the
tyrosine-phosphorylated proteins
were isolated using a solid-phase
anti-phosphotyrosine antibody
and were analyzed by autoradi-
ography after NaDodSO4/poly-
acrylamide gel electrophoresis.
Markers at left indicate molecular
mass (kDa) of standard proteins
run in parallel.
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FIG. 2. Purity of PDGF-R. After purification of PDGF-R from
PDGF-treated membranes by chromatography on anti-phosphotyro-
sine-Sepharose, the PDGF-R was further purified by chromatogra-
phy on WGA-agarose or DEAE-cellulose. (Left) WGA-purified
32P-labeled PDGF-R was chromatographed on anti-EGF-R-Se-
pharose and analyzed by gel electrophoresis. Lane 1: 32P-labeled
PDGF-R preparation (10,000 cpm) was incubated with the Sepha-
rose-conjugated antibody, and the gel-bound radioactivity, after
dissociation with Laemmli sample buffer, was analyzed. Lane 2:
unadsorbed proteins (5000 cpm). Lane 3: input (2500 cpm). Lane 4:
125I-labeled PDGF-R preparation. (Right) In a separate experiment,
DEAE-cellulose-purified 32P-labeled PDGF-R was chromatographed
on the anti-EGF-R-Sepharose. Lane 5: input (2500 cpm). Lane 6:
proteins eluted from the immobilized antibody with Laemmli sample
buffer. Proteins were visualized by autoradiography.

experiments was highly purified and free of EGF-R. Its
isoelectric point of 4.6-4.9 (data not shown) is similar to that
found for the mouse PDGF-R (7, 8).
A dose-response analysis revealed that treatment of

MG-63 membranes with 6 nM PDGF for 30 min in the
presence of 25 AM [-32P]ATP stimulated maximal receptor
phosphorylation (data not shown). To prepare soluble recep-
tor, membranes were treated with PDGF and unlabeled ATP
in a similar fashion to assure maximal PDGF-R phosphoryl-
ation, and phosphorylated receptor was purified by anti-
phosphotyrosine and DEAE-cellulose chromatography.
PDGF Binding. Because PDGF is "sticky"-being both

highly charged and hydrophobic-and because PDGF is
relatively large (32 kDa), binding of PDGF to the soluble
receptor cannot be quantified readily (10). However, a

PDGF-binding assay was developed that takes advantage of
the binding ofautophosphorylated highly purified PDGF-R to
the anti-phosphotyrosine antibody; in the presence ofPDGF-
R, 125I-labeled PDGF bound to the antibody (by virtue of its
tight association with tyrosine-phosphorylated PDGF-R) in a
concentration-dependent manner (Table 1). Because no ATP
was present, PDGF itself could not have become phosphoryl-
ated. Association of 125I-labeled PDGF with the antibody-re-
ceptor complex was inhibited by addition of excess unlabeled
PDGF, allowing determination of both specific and nonspe-
ciflic binding. Nonspecific binding was unaffected by the
presence of PDGF-R.

Autophosphorylation. The highly purified soluble unla-
beled PDGF-R was treated with various concentrations of
PDGF in the presence of [y-32P]ATP and the labeled proteins
were analyzed by gel electrophoresis; 70-95% of the label
was found at 180 kDa, corresponding to the PDGF-R (data
not shown). PDGF stimulated phosphorylation ofthis species

Table 1. PDGF binds to the highly purified PDGF-R

Membrane 12-I-labeled Binding, cpm
treatment PDGF, nM Total Nonspecific Specific

PDGF 0.2 619 125 494
0.5 1414 300 1114

NoPDGF 0.2 142 110 32
0.5 400 350 50

MG-63 membranes were treated with 100 ,uM ATP in the presence
or absence of PDGF (10 nM), and the phosphorylated PDGF-R was
purified by chromatography on solid-phase anti-phosphotyrosine
antibody and DEAE-cellulose. Each receptor preparation (from 100
,ug of membrane protein) was incubated with 'l25-labeled PDGF
(53,000 cpm/ng); PDGF binding to PDGF-R was determined by the
ability of the complex to bind to the anti-phosphotyrosine antibody.
Nonspecific binding was determined by addition of 35 nM unlabeled
PDGF.

in a dose-dependent fashion that plateaued at 2.5 nM (Fig.
3A). There was a >2-fold increase in PDGF-R autophos-
phorylation over baseline. This value is a minimal estimate of
tyrosine phosphorylation, because purification of PDGF-R
with the anti-phosphotyrosine antibody was dependent upon
phosphorylation of the receptor (see Fig. 1) and, hence, some
sites were already phosphorylated. Furthermore, such low
ligand-induced phosphorylation has also been noted for the
purified EGF-R (17). Phosphorylation of the tyrosine-
phosphorylated purified receptor was not a coupled dephos-
phorylation-phosphorylation reaction, since no phosphatase

2.5 A PDGF 0 0.11 033 10 2.5 5.0 nM

2.0

1.5
C
0

E

0a1.11 10
PDGF, nM

FIG. 3. Autophosphorylation of PDGF-R and phosphorylation of
angiotensin II are dependent on PDGF concentration. Soluble
PDGF-R was incubated with various concentrations of PDGF and
[y-32P]ATP in absence (A) or presence (B) of 2mM angiotensin II. (A)
Autophosphorylation of PDGF-R was quantified by scanning
autoradiograms of the electrophoresed samples (see Inset) with a
densitometer. (B) Phosphorylation of angiotensin II. In the absence
of PDGF, 900 fmol of phosphate were incorporated into the peptide.
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W V FIG. 4. Lack of phosphatase
activity of the purified PDGF-R.
Soluble PDGF-R (from 100 ,ug of
membrane protein) was treated
with PDGF and [y-32P]ATP (25
A&M; 80 Ci/mmol) for 10 min to
phosphorylate the receptor.
Unlabeled ATP was added to 1
mM, and the reaction continued
for 0 (lane 1) or 60 (lane 2) min.
The reaction mixture was diluted
into an equal volume of 2 x
Laemmli sample buffer (15) and
heated at 100TC for 3 min, and the
products were analyzed by gel
electrophoresis.

activity was detectable in these soluble PDGF-R preparations
(Fig. 4).

Phosphorylation of Angiotensin II. Incubation of various
concentrations of PDGF with the soluble PDGF-R and
angiotensin II, which contains tyrosine but not serine or
threonine, stimulated phosphorylation of the peptide in a
dose-dependent fashion (Fig. 3B). This increase plateaued at
a level 2-fold greater than baseline, a value similar to that
found for EGF-R-stimulated phosphorylation of synthetic
peptides (16). PDGF alone had no effect (data not shown).
Thus PDGF-treated PDGF-R can phosphorylate other pep-
tides; since angiotensin II contains tyrosine but not serine or
threonine, this finding confirms that purified soluble PDGF-R
is a tyrosine kinase.

Effect of ATP Concentration. Incubation of the purified
PDGF-R with, or without, PDGF and various concentrations
of [y-32P]ATP resulted in the ATP-dependent phosphoryl-
ation of the receptor. A double-reciprocal plot of the rate of
phosphorylation vs. the ATP concentration was linear, yield-
ing aKm forATP of 7.5 ,M whether or not PDGF was present
(Fig. 5). PDGF activated the kinase by increasing the V,
approximately 1.7-fold without affecting the affinity for ATP.
Phospho Amino Acid Analysis of PDGF-R. Cell-membrane-

associated PDGF-R was purified after treatment with PDGF
and [y-32P]ATP. Phospho amino acid analysis showed that
40% of the 32p was found in phosphotyrosine, the rest being
in phosphoserine and phosphothreonine (data not shown). In
contrast, two-dimensional electrophoresis ofa hydrolysate of
highly purified PDGF-R that had been labeled in solution by
treatment with [y-32P]ATP and PDGF revealed that virtually
all of the 32p was in phosphotyrosine (Fig. 6); less than 5% of
the 32p was in phosphoserine.
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FIG. 5. ATP dependence of autophosphorylation. Purified
PDGF-R (from 50 jug of membrane protein) was incubated in the
presence (M) or absence (o) of 1.3 nM PDGF for 10 min. Then
['-32P]ATP (27 j.Ci/mmol) was added to the final concentration
shown and the reaction continued for 5 min. The phosphorylated
proteins were analyzed by autoradiography after gel electrophoresis
(Insets); the extent of receptor phosphorylation was determined by
measuring the radioactivity of the 180-kDa protein band in a

scintillation counter.

solubilization exposes a cryptic phosphate acceptor site(s)
within the PDGF-R.
The soluble PDGF-R has been shown to bind PDGF, a

function of its external domain. Such binding has hitherto
been difficult to quantify for the soluble receptor. Daniel et
al. (10) incorporated the soluble PDGF-R within liposomes to
show that the purified receptor could bind the ligand. The
present study exploited the phosphotyrosines within the
soluble PDGF-R to quantify 1 I-labeled PDGF binding. The
ligand-receptor complex was immobilized by a solid-phase
anti-phosphotyrosine monoclonal antibody, thereby allowing
quantification of PDGF binding.

Soluble PDGF-R has also been shown to have tyrosine
kinase activity, which appears to be a function of its cyto-
plasmic domain. This activity phosphorylates both exoge-
nous substrates and the receptor itself in an ATP-dependent
fashion. The Km for ATP (7.5 ,M) in the autophosphorylation
reaction is similar to that of the purified EGF-R (24).
However, in contrast to EGF-stimulated EGF-R autophos-

4S

DISCUSSION
The highly purified, soluble PDGF-R has been shown to have
PDGF-stimulatable tyrosine kinase activity. PDGF-R phos-
phorylates itself, angiotensin II (Fig. 3B), and a src-related
peptide (data not shown) in a dose-dependent manner. This
tyrosine kinase activity is not due to EGF-R, since the latter
can be resolved from PDGF-R by ion-exchange chromatog-
raphy. An important question is how PDGF-R, a polypeptide
isolated from cell membranes by virtue of PDGF-stimulated
tyrosine autophosphorylation (a reaction that has been run to
near completion), can undergo additional PDGF-stimulated
tyrosine autophosphorylation. One possibility is that

4 T

*4Y

FIG. 6. Highly purified
PDGF-R is phosphorylated on

tyrosine. After soluble PDGF-R
was treated with PDGF and [y-
32P]ATP, it was hydrolyzed and
the labeled phospho amino acids
were identified after two-dimen-
sional electrophoresis. The posi-
tions of marker phosphoserine
(S), phosphothreonine (T), and
phosphotyrosine (Y) are shown.

Control
ATP I.536 12253750

I8O-' A*4
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phorylation, addition ofPDGF to PDGF-R does not affect the
Km for ATP.
The mechanism of autophosphorylation is not clear. It is

not known whether autophosphorylation is an intra- or
intermolecular event. The soluble EGF-R has recently been
shown to have intrapeptide autophosphorylating activity
(17). The development of the soluble PDGF-R kinase assay
should allow resolution of this problem.
PDGF treatment of membrane PDGF-R stimulates phos-

phorylation of serine, threonine, and tyrosine, whereas
treatment of the highly purified receptor causes tyrosine-
specific phosphorylation. Similar findings have been report-
ed for two other growth factor receptors with tyrosine kinase
activity, the insulin receptor (25) and the EGF-R (26). Thus,
it appears that the phosphorylation on serine and threonine
residues of PDGF-R in membranes is due to membrane-
associated serine- and threonine-specific protein kinases.
However, purified growth factor receptors, including PDGF-
R, have intrinsic tyrosine kinase activity.
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