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ABSTRACT  Platelet-derived growth factor (PDGF) stimu-
lates the incorporation of *P from [y-3:P]ATP into a M, ~170,000
protein by an endogenous tyrosine-specific protein kinase in mem-
brane preparations of Swiss mouse 3T3 cells. Epidermal growth
factor (EGF), but not fibroblast growth factor (FGF) or insulin,
stimulates limited incorporation of P into a protein of similar
molecular weight. The ligand concentration required for half-
maximal activity (S, 5) for PDGF stimulation of phosphorylation
is 50 ng/ml; saturation is achieved at 300 ng/ml. The S, 5 for ATP
is 15 uM. Mg®* or Mn®* is required for protein kinase activity.
Stimulation by PDGF results in the preferential phosphorylation
of tyrosine residues in this M, ~170,000 membrane protein. The
M, =170,000 protein can be resolved into M, ~180,000 and
160,000 components in 4% NaDodSO, gels. PDGF stimulates 3P
incorporation preferentially into the M, ~180,000 and less exten-
sively into the M, ~160,000 protein. EGF stimulates **P incor-
poration predominantly into a protein of M, ~160,000. The sim-
ilarity of PDGF and EGF in stimulating phosphotyrosine-specific
protein kinase activity and the stimulation of a similar activity by
viral transformation (src) genes suggest that a common mechanism
may exist for the phenotypic expression of increased DNA syn-
thesis and cell growth stimulated by these separate factors.

The mechanisms whereby polypeptide growth factors stimulate
target cells to synthesize DNA and to enter cell division remain
unresolved. Recently, epidermal growth factor (EGF) was
shown to stimulate the phosphorylation of M, =150,000 and M,
=170,000 membrane proteins in A431 epidermal carcinoma
cells (1, 2). Phosphotyrosine has been identified in hydrolysates
of the protein phosphorylated by the membrane protein kinase
activity expressed in target cells after exposure to EGF; this
protein has been isolated and shown to contain protein kinase
activity itself and to be associated with EGF binding activity
(3-6). This EGF stimulation of protein kinase activity is of ad-
ditional interest because of recent findings that the product of
the Rous sarcoma transformation gene (src) is a protein kinase
that also specifically phosphorylates tyrosine residues in target
proteins (7-10).

We recently purified the platelet-derived growth factor
(PDGF) to apparent homogeneity. Two separate, equally active
proteins—PDGF I and PDGF II—were separated and found
to be glycoproteins of different carbohydrate composition but
with essentially identical amino acid compositions (11, 12).
PDGF I and PDGF II bind to Swiss mouse 3T3 cells equally
well with an apparent Ky of =107° M, a figure nearly identical
with the apparent K, measured for the PDGF-dependent stim-
ulation of DNA synthesis (ref. 13; unpublished data).

We also recently observed the stimulation of phosphorylation
of a cytoplasmic M, =33,000 protein within 3 min after the ad-
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dition of PDGF to confluent Swiss mouse 3T3 cells (14). Phos-
phoserine but not phosphotyrosine was observed in hydroly-
sates of this protein. We now report a PDGF-stimulable,
tyrosine-specific protein kinase activity in isolated membranes
from Swiss mouse 3T3 cells.

MATERIALS AND METHODS

Materials. PDGF was purified to apparent homogeneity by
established methods (12). EGF and fibroblast growth factor
(FGF; pituitary) were obtained from Kor Biochemicals (Cam-
bridge, MA). Bovine insulin was purchased from Sigma. [y-
32P]ATP at 5-10 Ci/mmol (1 Ci = 3.7 X 10'° becquerels) was
purchased from New England Nuclear. Phosphoserine and
phosphothreonine were purchased from Sigma. Phosphotyro-
sine was synthesized by the method of Mitchell and Lunan (15).

Cell Culture and Membrane Preparation. A plasma mem-
brane-enriched fraction from Swiss mouse 3T3 cells was pre-
pared by a modification of the procedure of Whittenberger and
Glaser (16). Cells were grown to confluency in Dulbecco’s mod-
ified Eagle’s medium (GIBCO) containing 10% fetal calf serum,
washed with Ca®*- and Mg?*-free Hanks” salt solution buffered
with 20 mM Hepes at pH 7.4, incubated for 10 min at 37°C with
Ca®*- and Mg®*-free Hanks” solution containing 1 mM EDTA,
scraped in cold Ca®*- and Mg?*-free Hanks” solution contain-
ing bovine serum albumin at 5 mg/ml, and collected by cen-
trifugation at 150 X g for 5 min at 4°C. The cells were suspended
in 0.25 M sucrose/10 mM Tris*HCl, pH 7.4/0.2 mM MgCl,/
bovine serum albumin at 5 mg/ml (sucrose, Tris:HCI buffer),
and disrupted by nitrogen bomb cavitation (800 pounds per
square inch; 1 pound per square inch = 6,895 pascals). The
disrupted cells were centrifuged at 31,000 X g for 20 min, re-
suspended in sucrose, Tris'HCI buffer, and layered on 25%
Ficoll (wt/vol). After centrifugation at 100,000 X g for 8 hr, the
membrane fraction at the interface was collected, suspended
in 10 mM Hepes at pH 7.4, and pelleted by centrifugation at
39,000 X g for 20 min. Protein was determined as described
by Lowry et al. (17). Membranes were stored at —70°C until
use.

Membrane Phosphorylation Reaction and NaDodSO, Gel
Electrophoresis. The reaction mixture contained the following
materials, unless otherwise indicated: membranes (40 ug of
protein), 20 mM Hepes buffer (pH 7.4), 20 mM MgCl,, PDGF
(15 ng), and bovine serum albumin (10 ug) in a final volume of
50 ul. The reaction mixtures were preincubated for 30 min at
4°C with PDGF; labeled [y-**P]ATP (15-30 uM; 5-10 Ci/
mmol) was then added (4°C), followed by 10% trichloroacetic

Abbreviations: PDGF, platelet-derived growth factor; EGF, epidermal
growth factor; FGF, fibroblast growth factor; S, 5, ligand concentration
required for half-maximal activity.
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acid at an appropriate time. The trichloroacetic acid precipitates
were washed twice, solubilized in 2% NaDodSO,/2% 2-mer-
captoethanol/10% glycerol/0.004% bromophenol blue/60 mM
Tris'HCI, pH 6.8, and heated at 100°C for 2 min. Electropho-
resis was performed in 7.5% polyacrylamide gels with 0.1%
NaDodSO, (18). NaOH treatment of gels was performed by the
method of Cheng and Chen (19) after fixation and Coomassie
blue staining. Destained gels were dried and subjected to au-
toradiography for 1-3 days by using Kodak X-Omat AR film.
In other experiments, gels were cut, solubilized in 30% H,0,
at 80°C for 5 hr, and assayed directly for radioactivity.

Analysis of Phosphorylated Amino Acids. The M, =170,000
protein was extracted from gels in 0.05 M NH,HCO; containing
0.1% NaDodSO,, as described by Beemon and Hunter (20).
Fifty micrograms of carrier bovine serum albumin was added,
and the protein was precipitated by 20% trichloroacetic acid at
4°C, washed with ethanol, and successively washed with
ethanol/ether (1:1) and suspended in 6 M HCl for partial acid
hydrolysis at 100°C for 2 hr in tubes sealed under vacuum. The
HCI was removed by evaporation and the hydrolysates were
dissolved in a marker mixture containing phosphoserine, phos-
phothreonine, and phosphotyrosine (1 mg/ml each) and ana-
lyzed on cellulose MN 300 (Brinkmann, Westbury, NY) (0.1
mm) thin-layer plates by electrophoresis at pH 1.9 (acetic acid/
formic acid/H,0, 78:25:897) for 60 min at 1.5 kV, followed by
electrophoresis at pH 3.5 (acetic acid/pyridine/H,0, 1:20:379)
for 40 min at 1 kV. The markers were detected by staining with
ninhydrin.

RESULTS

To establish preliminarily whether PDGF activated a mem-
brane protein kinase, 3T3 cell membranes were preincubated
with or without PDGF (300 ng/ml) for 30 min at 4°C and were
incubated at 4°C for 10 min with [y-32P]ATP (25 uM). Fig. 1
shows an autoradiograph (Left) with a marked increase in 32P-
labeled protein(s) from PDGF-stimulated membranes migrat-
ing at M, =170,000. Phosphotyrosine and phosphothreonine
are substantially more stable to hydrolysis by strong base than
is phosphoserine. Therefore, the gels were incubated with 1 M
NaOH for 1 hr at 37°C and analyzed by autoradiography (Right).
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Fic. 1. PDGF-stimulable phosphorylation of Swiss mouse 3T3 cell
membrane protein. The phosphorylation assays were performed in the
absence (—) and presence (+) of PDGF at 300 ng/ml as described. The
phosphorylated samples were subjected to 7.5% NaDodSO, gel elec-
trophoresis and submitted to autoradiography (Left). Other gels were
treated by 1 M NaOH for 60 min at 37°C and submitted to autoradi-
ography (Right). Molecular weight standards used for calibration of
the gels are shown for comparison. The arrows indicate the M,
=170,000 protein.
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The radiolabeled protein(s) at M, =170,000 are more prominent
in comparison with other phosphorylated protein bands after
alkaline treatment, suggesting that the M, =~170,000 protein
may contain [*P]phosphotyrosine or [**P]phosphothreonine.
Experiments at temperatures higher than 4°C consistently re-
sulted in diminished apparent 3P incorporation into protein—a
result ascribed to hydrolysis of >P-labeled proteins by endog-
enous phosphatases.

Fig. 2 shows the time course of the PDGF-stimulable 2P
incorporation into the M, =170,000 protein. Membranes prein-
cubated for 30 min at 4°C in the presence or absence of PDGF
at 300 ng/ml were incubated with [y->*P]ATP for the times in-
dicated. Autoradiographs of membrane proteins after Na-
DodSO, gel electrophoresis were prepared and the band mi-
grating at M, =170,000 was extracted and radioactivity was
measured. An approximately 2.7-fold increase in 32P incorpo-
ration at 30 min was found in membranes exposed to PDGF in
comparison to that in non-PDGF-exposed membranes. In-
creased activity over baseline was seen as early as 2 min. At 10
min, a 2.5-fold increase was demonstrated. The relatively re-
duced 32P incorporation into the M, =~170,000 protein(s) at 60
min is likely due to release of incorporated 32P by endogenous
membrane phosphatases. The baseline stimulatory activity may
derive from carry-over stimulation by serum PDGF in the
growth medium or may arise from non-PDGF-stimulable pro-
tein kinase activity.

Membranes were exposed to PDGF for different times and
incorporation of *P into the M, =~170,000 protein was mea-
sured. As shown in Fig. 3, PDGF-stimulable phosphorylation
became maximal 20 min after exposure to PDGF and persisted
at this level over the next 40 min of incubation.

Fig. 4 shows the dose response of >*P incorporation into the
M, =170,000 protein with increasing concentrations of PDGF.
Maximal stimulation of 3P incorporation occurs at =10~ M
PDGF. The ligand concentration required for half-maximal ac-
tivity (Sos) for PDGF-stimulated P incorporation into the M,
170,000 protein is =50 ng/ml. These results contrast with
other PDGF-dependent responses previously observed. The
maximal mitogenic response of intact Swiss mouse 3T3 cells to
PDGF is observed at =1.3 X 107° M; the apparent K, is =0.7
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Fic. 2. Time course of 32P incorporation into the M, =170,000 pro-
tein. Membranes were incubated in the absence (@) or presence (0) of
PDGF at 300 ng/ml. Reactions were terminated at the indicated times
after addition of [y-?PJATP. The phosphorylated samples were sub-

jected to NaDodSO, gel electrophoresis and the M, ~170,000 protein
was cut from gels and radioactivities were measured as described.
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FiG. 3. Effectof preincubation with PDGF on M, =170,000 protein
phosphorylation. Membranes were incubated in the absence (®) or

presence (0) of PDGF at 4°C for indicated times. Phosphorylation with
{y-32PJATP was allowed to proceed for 5 min at 4°C.

X 107° M (13). Very similar results have been found with direct
binding experiments (unpublished data) and with the PDGF-
dependent phosphorylation of a cytoplasmic protein found in
3T3 cells (14). Receptor affinity for PDGF may be modified
during preparation of 3T3 cell membranes; this has not been
directly tested.

Other growth stimulatory proteins were compared with
PDGF. Fig. 5 compares the incorporation of *P into the M,
=170,000 protein stimulated by PDGF, EGF, FGF, and in-
sulin—all at 100 nM. Neither FGF nor insulin was effective.
EGF stimulated **P incorporation at =50% of the level stim-
ulated by PDGF. Slight differences were consistently noted in
the gel patterns of the phosphorylated proteins between PDGF-
and EGF-stimulated 3T3 cell membranes.

Fig. 6 shows the dose-response of ATP on 32P incorporation
into the M, ~170,000 protein by using membranes previously
incubated with PDGF. The S, 5 of ATP for stimulation of 32P
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Fi6. 4. Effectof PDGF concentration on M, ~170,000 protein phos-

phorylation. Membrane phosphorylation was performed at the PDGF
concentrations indicated as described.
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Fic. 5. Effect of other growth factors on M, =~170,000 protein phos-

. phorylation. Assays were performed as described for PDGF and growth

factors were added in a final concentration of 0.1 uM as indicated.

incorporation is =15 uM for PDGF-stimulated and unstimu-
lated membranes.

The effects of divalent cations on the protein kinase activity
were then studied. Membranes g;eincubated with PDGF were
subsequently incubated with [y-**P]JATP and EDTA or divalent
cations as shown in Table 1. Essentially.no incorporation of 32P
was demonstrated when EDTA (1 mM) or Ca®** (2 mM) was
present during incubation. Mg2* was strongly stimulatory; max-
imal stimulation occurred at 20 mM. Mn®* also supported 32P
incorporation but to a lesser extent than found with Mg®*.
Cyclic AMP and cyclic GMP (0.1 mM) do not influence 2P in-
corporation into the M, =170,000 protein.

The results of partial base hydrolysis in gels suggested that
the PDGF-stimulated incorporation -of *P into the M,
~170,000 protein was tyrosine- or threonine-specific. There-
fore, direct analysis of 32P-phosphorylated amino acids was
attempted in hydrolysates of the labeled protein. Fig. 7 presents
results of autoradiographs of the phosphorylated amino acid
content separated from these hydrolysates. Both phosphoserine
and phosphotyrosine were identified by comparison with stan-
dard phosphorylated amino acids. PDGF appears to stimulate
incorporation of 3P into both serine and tyrosine residues. Be-
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Fic. 6. Effect of [-**PJATP concentration on M, ~170,000 protein
phosphorylation. The assays were performed in the absence (@) or pres-
ence (0) of PDGF as described, except [y->2PJATP concentrations were

-modified as illustrated.
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Table 1. Divalent cation requirement for the PDGF-stimulable
phosphorylation of the M, ~170,000 3T3 cell membrane protein

Addition 32P incorporation, cpm

Cmpd. Conc., mM Without PDGF With PDGF
EDTA 1 31 7
MgCl, 4 347 676
20 649 1,247
MnCl, 1 203 723
5 346 689
CaCl, 2 55 56

cause of the low absolute radioactivity incorporated and because
of losses in preparation, quantitation of **P incorporation into
serine and tyrosine residues.yielded variable results. Autora-
diographs and quantitative tracings of single dimensional gels
of hydrolysates yielded consistent results (Fig. 8). Free phos-
phate and phosphoserine were readily detected in hydrolysates
from the M, =170,000 protein from membranes with or without
PDGF exposure. Non-PDGF-treated membranes showed es-
sentially no phosphotyrosine, whereas phosphotyrosine was
present in substantial quantities in hydrolysates of the M,
=170,000 protein from PDGF-treated membranes incubated
with [ y-32P]ATP. The absolute increase in tyrosine phosphoryl-
ation was greater than that of serine; PDGF preferentially stim-
ulates tyrosine phosphorylation in the M, =~170,000 membrane
protein. PDGF stimulated phosphorylation of tyrosine 10-fold,
whereas PDGF stimulation of phosphorylation of serine was
1.5-fold. This relative increase in phosphotyrosine most likely
is considerably greater than 10-fold; phosphotyrosine is sub-
stantially more acid labile than is phosphoserine (21), and thus
preferentially hydrolyzed -in the hydrolysis of the isolated
protein:

Because the M, =~170,000 phosphoprotein. band was broad
in autoradiographs of all gels (7.5%) analyzed, further analysis
was attempted with PDGF- and EGF-stimulated membranes
in 4% gels. The 4% gels separated *2P-containing proteins of M,
~180,000 and of M, ~160,000 (Fig. 9). PDGF stimulated 2P
incorporation preferentially into the M, ~180,000 protein and

-PDGF +PDGF

pH35
aH35

@ = © @ ©

pH 19 pH19

Fi6. 7. Analysis of phosphorylated amino acids in the M,
=~170,000 protein from' control. and PDGF-stimulated membranes.
Four hundred micrograms of membrane protein was phosphorylated
with or without PDGF as described and was subjected to 7.5% Na-
DodSO, gel electrophoresis. The M, ~170,000 protein was extracted
and subjected to acid hydrolysis. Two-dimensional electrophoresis was
then performed as described and autoradiographs were prepared. Phos-
phorylated amino acids were identified by comparison with standards
stained with ninhydrin. P-Ser, phosphoserine; P-Thr, phosphothreo-
nine; P-Tyr, phosphotyrosine.
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Fic. 8. Electrophoretic separation and densitometric scanning of
phosphorylated amino acids. The M, ~170,000 protein was extracted
and subjected to acid hydrolysis. Electrophoresis was performed at pH
3.5 for 40'min at 1 kV toward anode and.the autoradiograph was
scanned with an LKB soft laser scanning densitometer.

less extensively into the M, =160,000 protein. EGF prefer-
entially and consistently stimulated a protein  of M, =160,000.
The relationship of the M, =160,000 proteins stimulated to in-
corporate P by PDGF and EGF is unknown. Initial one-di-
mensional peptide mapping by limited proteolytic cleavage of
these M, =160,000 proteins supports the finding that EGF and
PDGF may stimulate different phosphoproteins. Preliminary
one-dimensional peptide mapping of the PDGF-stimulated M,
~180,000 and M, =~160,000 proteins shows 32P-labeled pep-
tides migrating with an identical Ry, suggesting that the M,
=160,000 protein may be the proteolytic product of the M,
=~=180,000 protein.

DISCUSSION

Membranes isolated from Swiss mouse 3T3 cells are shown to
contain a PDGF-stimulated protein. kinase activity that incor-
porates P from [y-*P]ATP into a M, =170,000 protein. Max-
imal protein phosphorylation is obtained.at PDGF at =300 ng/’
ml; the Sq 5 for PDGF is =50 ng/ml. The reaction is dependent

200,000 - - 200,000
- ;! -

- 116,000

116,000 - - 93000

93,000 -

ASEBEC D A BREESHD

Fic. 9. M, =170,000 protein separation by 4% NaDodSO, electro-
phoresis. Forty micrograms of membrane protein.was phosphorylated
as described and was subjected to 4% NaDodSO, gel electrophoresis.
A, Control; B, PDGF at 300 ng/ml; C, co-electrophoresis of B and D;
D, EGF at 600 ng/ml. (Left) Untreated gels; (Right) gels treated with
1 M NaOH for 1 hr at 37°C. The arrows indicate the M, ~180,000 and
M, =160,000 proteins.
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upon divalent cations; Mg?* is more effective than Mn2*. The
PDGF-stimulated 32P incorporation is preferentially into ty-
rosine residues and to a lesser extent into.serine residues. The
broad band phosphorylated at M, =170,000 has been separated
into a M, =180,000 and a M, =~160,000 protein, although the
M, =160,000 protein may be the proteolytic cleavage product
of the M, =180,000 protein.

EGF and PDGF stimulate tyrosine-specific protein kinases
in target cells which subsequently undergo DNA synthesis and
cell division (1-4, 6, 22). Tyrosine-specific protein kinases also
are found in cells transformed by the viral transformation gene
(src), suggesting that a common mechanism may be shared for
phenotypic expression of the cell growth characteristic of trans-
formed and growth factor-stimulated cells (7, 23-30).

We have previously reported that PDGF stimulates phos-
phorylation of a M, =33,000 protein in Swiss mouse 3T3 cells
(14). This protein phosphorylation was demonstrated in intact
cells at 37°C. The PDGF concentration required for protein
phosphorylation in intact cells (Sq 5 = 3 ng/ml) is much lower
than is the concentration of PDGF required to stimulate phos-
phorylation in 3T3 cell membranes (S, 5 = 50 ng/ml). The rea-
son for the difference in sensitivity of response to PDGF is not
known but reduced receptor affinity for PDGF in membrane
preparations seems likely.

M, =170,000 and =~150,000 proteins are phosphorylated
when A-431 human epidermal carcinoma cells are exposed to
‘EGF. These proteins were not observed in two-dimensional
gels of proteins obtained from whole cells but were observed
when the EGF receptor was precipitated with specific antisera
(6). **P phosphotyrosine was found in hydrolysates of that pro-
tein. The EGF-stimulated protein kinase activity is similar to
the activity we have observed in 3T3 cell membranes exposed
to PDGF. Both phosphorylation reactions require divalent cat-
ions, neither reaction requires cyclic nucleotides, both have a
similar time course at 0°C, both have a similar apparent K, for
ATP, and both reactions are phosphotyrosine-specific (1, 4, 6).
Important differences are found, however. PDGF receptors
have no apparent affinity for EGF (unpublished data) and thus,
PDGF and EGF appear to operate through different receptors.
PDGF binding to A-431 cells is insignificant and membranes
prepared from A-431 cells do not incorporate 2P in response
to PDGF. Cohen et al. (31) recently demonstrated that EGF
stimulates phosphorylation of an affinity-purified EGF recep-
tor. M, =170,000 and M, =~150,000.components were identi-
fied. Our results with 3T3 cell membranes show a very similar
pattern of protein phospherylation stimulated by PDGF, sug-
gesting that the protein phosphorylated by PDGF may be the
PDGF receptor also. Preliminary results of crosslinking '2I-la-
beled PDGF bound to 3T3 cells support the possibility that the
M, =170,000 protein phosphorylated in our experiments is the
PDGF receptor. However, EGF-stimulated protein phospho-
rylation is different from that stimulated by PDGF (Fig. 9),
consistent with direct binding data showing that EGF does not
compete with PDGF for binding to 3T3 cells.

The data presented indicate that PDGF stimulates the ty-

‘rosine-specific phosphorylation of a M, =170,000 membrane
protein in Swiss':mouse 3T3 cells. The function of this protein
kinase/phosphoprotein activity is not known but may be related
to the initiation of DNA synthesis and cell division characteristic
of PDGF-stimulated cells or to receptor function per se. A phos-
photyrosine-specific protein kinase is the specific product of the
Rous sarcoma src (transformation) gene. A common important
role for tyrosine phosphorylation in cell growth and in DNA
synthesis may be shared in growth factor-stimulated and virus-
transformed cells.

Proc. Natl. Acad. Sci. USA 79 (1982) 4307

Note Added in Proof. Ek et al. (32) have reported the phosphorylation
of tyrosine residues of membrane proteins with apparent M, of 175,000
and 130,000.
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