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Summary

The phosphorylation of proteins on tyrosine in vivo
and in vitro was examined in 3T3 cells stimulated by
platelet-derived growth factor (PDGF) and transformed
by polyoma middle T antigen (MTAg) by using an anti-
body directed against phosphotyrosine (P-tyr). Two
common events were observed upon PDGF stimula-
tion or MTAg transformation of cells: the appearance
in the immunoprecipitates of an 85 kd phosphopro-
tein, and increased phosphatidylinasitel (PI) kinase
activity. In PDGF-stimulated cells, the 85 kd phospho-
protein and Pl kinase activity appeared rapidly, within
1 min of growth factor addition. The Pl kinase activity
and 85 kd phosphorylation were also increased in anti-
P-tyr immunoprecipitates from cells transformed by
v-fms and v-sis, but not by SV40 T antigen. The pres-
ence of the tyrosine-phosphorylated 85 kd protein cor-
related with Pl kinase activity during several purifi-
cation steps. These results suggest that the B5 kd
phosphoprotein, a putative Pl kinase, is a substrate for
both the PDGF receptor and MTAg/pp60°*™ tyrosine
kinase activities.

Introduction

An important feature of transformed cells is their partial or
complete autonomy from growth factor requirements that
limit the proliferation of their nontransformed counter-
parts. The growth factor independence of transformed
cells has been postulated to be due to a constitulive ex-
pression of one or more of the signaling elements along
the mitogenic pathway (Heldin and Westermark, 1984).
Clues as to how oncogenes may regulate growth stimula-
tory pathways can be obtained by examining common
structural and functional elements between the protein
products of oncogenes and the transducers of growth fac-
tor signals. One of these common elements is protain-
tyrosine Kinase activity. Several growth factor receptors,
including those for platelet-derived growth factor (PDGF),

epidermal growth factor (EGF), insulin, and colony stimul-
ating factor 1 (CSF-1), are tyrosine kinases (Bishop, 1985).
In sach case, binding of ligand is known to stimulate the
tyrosine kinase activity of the receptor. A number of on-
cogenes, including v-src, v-abl, v-fms, v-fasifos, and poly-
oma virus middle T antigen (MTAg), encode proteins that
are associated with plasma membranes and that possess
intrinsic or associated tyrosine kinase activity (Hunter and
Cooper, 1985). Phosphorylation of proteins on tyrosine
residues has been offered as an explanation for the
pleiotropic responses to growth factor and oncogenes
{Hunter and Cooper, 1985; Bishop, 1985). Genetic analy-
sis of the v-src and MTAg oncogenes suggests that tyro-
sine kinase activity is essential to the ability of these on-
cogenes to transform cells (Schaffhausen, 1982: Hunter
and Cooper, 1985). In addition, cell growth stimulation by
PDGF and cell transformation by v-sre are both accompa-
nied by increases in the level of tyrosine-phosphorylated
proteins in cells (Cooper et al., 1982; Frackelton et al.,
1984; Ek and Heldin, 1984; Hunter and Cooper, 1985;
Morla and Wang, 1986). Some of the targets of tyrosine ki-
nases have been identified (Hunter and Cooper, 1985).
However, genetic analysis has shown that changes in the
phosphorylation of the substrates identified to date are
insufficient to account for the physiological changes ac-
companying mitogenesis and transformation (Hunter and
Cooper, 1985).

Onea mechanism whereby growth factor receptors and
oncogenes may exert their effacts is through stimulation
of cellular phosphatidylinosital (Pl) turnover. Increased
turnover of Pl and its phosphorylated derivatives PIP and
FIF; have been implicated in cellular responses to a wide
variety of stimuli, including growth factors such as PDGF
(Habenicht et al., 1981; Berridge et al., 1984, 1985; Whit-
man et al., 1987). Altered phosphorylation and turnover of
Pl has also been demonstrated in cells transformed by
DNA and ANA tumor viruses (Koch and Diringer, 1973;
Sugimoto et al., 1984; Macara et al., 1984; Fry et al., 1985;
Kaplan et al., 1986; Jackowski et al., 1986; Kato et al.,
1987). The hydrolysis of PIP; by phospholipase C
produces two potent second messenger molecules, di-
acylglycerol (DG) and inositol trisphosphate (IPs). IP;
elevates cytosolic calcium by stimulating release from
intracellular calcium stores (Berridge et al., 1984). DG
diractly activates the C-kinase, which is the major cellular
receptor for the tumor-promoting phorbol esters (Nishi-
zuka, 1984). The actions of DG and IP5 have diverse ef-
fects on cell physiclogy, implicating these second mes-
sengers as possible effector molecules in growth factor
stimulation and oncogenesis.

We have been investigating common elements in PDGF-
mediated mitogenesis and transformation by polyoma
middle T antigen. A number of parallels exist between the
response of cells to PDGF and to MTAg. PDGF and MTAg
stimulate the tyrosine kinase activity of pp80©==, tha cal-
lular homolog of the oncoprotein encoded by the v-sro
oncogena (Bolan et al., 1984; Ralston and Bishop, 1985).
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While the mechanism and functional significance of PDGF
activation of pp60=*~ are not known, genetic and bio-
chemical analysis suggests that the activation of pp&0=*~
kinase activity by complex formation with MTAg accounts
for both the associated tyrosine kinase activity and a sig-
nificant portion of the mechanism of action of MTAg
(Courtneidge and Smith, 1984; Bolen et al., 1984). A sec-
ond similarity is that PDGF and MTAg induce the tyrosine
phosphorylation of a number of cellular proteins, includ-
ing pp&0-=~ (Cooper et al., 1982; Ek and Heldin, 1984;
Courtneidge and Smith, 1984; Ralston and Bishop, 1985;
Cartwright et al., 1986; Yonemoto et al., 1987). Both PDGF
and MTAg induce cellular Pl turnover and IP; production
in mouse 3T3 cells (Berridge &t al., 1985; Kaplan et al.,
1986). MTAg stimulation of IP; generation may be due in
part to the regulation by MTAg of a cellular Pl kinase. The
appearance of this Pl kinase in anti-MTAg immunoprecipi-
tates prepared from MTAg-expressing cells correlates with
the ability of MTAg to transform (Whitman et al., 1985;
Kaplan et al., 1986). In addition, MTAg and PDGF stimu-
late the transcription of c-myc and c-fos (Kelly et al., 1983;
Kruijer et al., 1984; Zullo et al., 1987). Finally, MTAg-trans-
formed 3T3 cells will grow in platelet-poor plasma (Cher-
ington et al., 1986), implying that MTAg alleviates the
requirement of PDGF for fibroblast growth.

In this study, we investigated the phosphorylation of pro-
teins on tyrosine in PDGFtreated and MTAg-transformed
373 cells by using anti-phosphotyrosine (anti-P-tyr) antise-
rum (White et al., 1985). Both MTAg and PDGF stimulated
the appearance of a similar or identical 85 kd phos-
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Figure 1. 85 kd Phosphorylation and Pl Kinase
Activities Assayed in Antl-P-tyr Immunoprecipi-
tates from PDGF-Stimulated and MTAg-Ex-
pressing Cells

Anti-P-tyr immunoprecipitates were prepared
from growth factor-treated or MTAg-axpréssing
cells and assayed for tyrosine and Pl kinase
activities in vitro. (A) 85 kd phosphoprotein and
Pl kinase activities from quiescent BALB/IT3
calls treated for 15 min with 10 Wmi PDGF or
10 LWml (4 ng/ml) FGF, infected with wild-type
polyoma virus (wi-Py) or the transiormation-
defective polyoma virus PY 1387, or from NIH
3T3 cells transformed by MTAg (WT-MT). (B)
Time course of the appearance of 85 kd phos-
phoprotein and Pl kinase activity in PDGF-
stimulated quiescent BALB/IT3 cells as as-
sayed in the anti-P-yr immunoprecipitates in
vitro. Cells ware treated for 0, 1, 5, or 15 min
with 10 Limil PDGF or for 15 min with 10 LWmi
EGF at 37C. Cells axprassing wild-type MTAg
(WT-MT) or the di 23 mutant MTAg (MT-dl 23)
ward also assayed. Proleins were analyzed by
10% SD5-PAGE, and Pl kinase reactions
by TLC. PIF, phosphatidylinositol phosphate.
ORI, origin.
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phoprotein in the anti-P-tyr immunoprecipitates. The pres-
ence of the B5 kd phosphoprotein coincided with in-
creased Pl kinase activity in the immunoprecipitates.
These results suggest that one of the consequences of
MTAg activation of pp60=*~ or PDGF activation of its
receplor's kinase activity may be the phosphorylation of
an BS kd protein, a putative Pl kinase.

Results

An 85 kd Protein and Phosphatidylinositol Are
Phosphorylated in Anti-P-tyr Immunoprecipitates
from PDGFTreated and MTAg-Expressing Cells

We examined the tyrosine and Pl kinase activities in anti-
P-tyr immunoprecipitates generated from cells expressing
MTAg or treated with PDGF. Anti-P-tyr immunoprecipitates
were prapared from quiescent BALB/3T3 cells (clone A31)
treated for 15 min with PDGF (10 Uiml) or fibroblast growth
factor (FGF) (10 Wiml), the 3T3 cells infected with trans-
formation-competent (wt-Py) or transformation-defective
(PY 1387T) polyoma virus, and from MTAg-transformed
MNIH 3T3 cells (WT-MT). These immunoprecipitates wera
incubated with MnCl; and [y-32P]ATP, and the 32P-labeled
proteins were resolved on SDS-PAGE (Figure 1A, top
panel). An B5 kd phosphoprotein was immunoprecipitated
from PDGF-stimulated cells and from cells expressing
transformation-competent MTAg (WT-MT and wt-Py), but
not from FGF-treated cells or cells expressing transforma-
tion-defective MTAg (PY 1387T). The appearance of the
phosphorylated B5 kd protein correlated with an increase
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Figure 2, 85 kd Phosphoprotein in Anti-P-tyr Immunaprecipitates from
PDGF-Stimulated Cells Labaled In Vivo

Quiescent BALBAATI calls were treated for 15 sac, 1 min, or 5 min with
10 Liimi POGF or for 15 min with 15 ng/mi EGF at 37°C. To analyze the
prateins phosphorylated in vivo, cells were labaled with [**Portho-
phosphate lor 3 he prior to growth faclor treatment. Anti-P-tyr im-
munopracipitales were prepared from cell lysates and analyzed
directly on 10% SDS-PAGE or assayed for Pl kinase activities in vitro.
Pl kinase reactions were analyzed by TLC. PIP phesphatidylinositol
phesphate. ORI, origin. {B) Phosphoaming acid analysis of the 85 kd
prateins phosphorylated in vivo or in vitro in anti-P-tyr immunoprecipi-
tates from PDGF-stimulated cells. Phosphoaming acid analysis was
performad as in Exparimental Procedures. PSer, phosphosarine. PThr,
phosphathreonine, FTyr, phosphotyrosing.

in anti-P-tyr-associated Pl kinase activity (Figure 1A, bot-
tom panel). The anti-P-tyr immunoprecipitates from PDGF-
stimulated or MTAg-transformed cells showed 10- to
20-fold increases in Pl kinase activity as compared to
mock-treated cells or cells expressing the PY 1387T mu-
tant MTAg. In addition, anti-P-tyr immunoprecipitates from
cells expressing the transformation-defective di23 MTAg
mutant had reduced amounts of 85 kd protein phosphory-
lation and PI kinase activity compared to immunoprecipi-
tates from wild-type MTAg-transformed cells (Figure 1B).

Since PDGF is known to induce Pl turnover and tyro-
sine-gpecific phosphorylations within minutes (Berridge
et al., 1985, Cooper et al., 1982), we determined the time
course of the appearance of 85 kd protein phosphoryla-
tion and Pl kinase activity in anti-P-tyr immunoprecipitates
from PDGF-stimulated cells. Quiescent BALB/3T3 cells
were treated with PDGF for various amounts of time, call
lysates ware prapared, and the Pyr-containing proteins
weare immunoprecipitated from the lysates with anti-P-tyr

antiserum. The immunoprecipitates were labeled in vitro
with [y-*2P]ATP or, alternately, were assayed for Pl kinase
activity. Both phosphorylated 85 kd protein and enhanced
Pl kinase activity appeared rapidly, within 1 min of PDGF
addition {Figure 1B). The increases in phosphorylation
and Pl kinase activity (50-fold) reached a maximal lavel 5
min after PDGF treatment and was not evident after 12 hr
{Figure 1B and data not shown). The dose of PDGF pro-
ducing half-maximal increases in both 85 kd phosphoryla-
tion and Pl kinase activity in the immunoprecipitates was
batween 3 and 10 Wmi (6-20 ng of protein/ml). This is
comparable to the dose required for half-maximal stimula-
tion of DNA synthesis (data not shown). Treatment of
quiescent BALB/3T3 cells for 15 min with EGF (15 ng/mi),
insulin (250 pg/ml), tumor-derived growth factor (B-TGF)
(10 ngfml), ar poly(l):poly(C) (50 pg/mi) did not result in in-
creases in 85 kd protein phospharylation or Pl kinase ac-
tivity as assayed in vitro (Figure 1B and data not shown).

An 85 kd Phosphoprotein Is Observed in Anti-P-tyr
Immunoprecipitates from Cells Labeled In Vive

and Treated with PDGF

To determine whether similar changes in the appearance
of the 85 kd protein occur in vivo, quiescent BALB/AT3
calls were labeled in vivo with [*2Pjorthophosphate prior
to PDGF treatment and anti-P-tyr immunoprecipitation.
Several phosphoproteing of 75-90 kd appearad in these
immunoprecipitates in parallel with the appearance of Pl
kinase activity within 1 min of PDGF treatment (Figure
2A). One of these species comigrated with the 85 kd pro-
tein labeled in vitro (arrow in Figure 2A, top panel). The
time course of the appearance of phosphate in the 85 kd
protein in vivo (Figure 2A, top pane!) was the sama as that
of the 85 kd protein labeled in vitro (Figure 1B, top panel).
The 180 kd phosphoprotein observed in the anti-P-tyr im-
munoprecipitates from PDGF-stimulated cells (Figure 24,
top panel) is probably the PDGF receptor, based on the
reported molecular weight of the receptor (Daniel et al.,
1985) and the rapid phosphorylation of the protein follow-
ing PDGF treatment of cells.

Phosphoamino acid analysis was performed on the 85
kd proteins phosphorylated in vivo or in vitro in the anti-P-
tyr immunoprecipitates from PDGF-stimulated cells. The
85 kd protein was phosphorylated in vive on serine and
tyrosine residues at a ratio of approximately four to one
(Figure 2B). The protein labeled in vitro was phosphory-
lated on tyrosine and serine residues at approximately
aquivalent amounts (Figure 2B). In the same experimants,
the PDGF receptor was labeled in vitro almost exclusively
on tyrosine residues,

The identity of the 85 kd proteins labeled in vitro with
2P in the anti-Ptyr immunoprecipitates from PDGF-
stimulated cells and MTAg-transformed cells was deter-
mined by peptide mapping with S. aureus VB protease. As
shown in Figure 3 {lanes 1 and 2), the same series of six
peptides ranging from 20 kd to 7.5 kd in size was derived
from the 85 kd phosphoprotein in each case. Comparable
results were obtained using chymotrypsin or cyanogen
bromide (data not shown).

The relationship between the 85 kd proteins labeled in
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Figure 3 Peptide Mapping of the BS kd Protein Phosphorylated In
Vivo and In Vitro from PDGFTreated and MTAgTransformad Cells

Peptide mapping of the 85 kd proteins phosphorylated in vivo and in
vitra in anti-Pyr immunoprecipitates from PDGFreated cells and
MTAg-ranstormed cells. 85 kd proteins were digested with 5. aureus
V& protease (lanes 1-5) or with chymotrypsin (lanes & and 7), and the
peptides ware resolved by SOS-PAGE. Lane 1, 85 kd protein labeled
in vitre from MTAg-transformed cells. Lane 2, B5 kd profein labeded in
vitro from PDGF-stimulated cells. Lane 3, B5 kd phosphoprotein phos-
pharylated in vitro from POGF-reated cells. Lane 4, 85 kd protein phos-
phorylated in vivo from PDGFtreated cells. Lane 5 B5 kd phos-
phoprotein phosphorylated in vivo in anti-MTAg immunoprecipilales
from MTAg-transformed cedls. Lane 6, 85 kd protein phasphorylated in
vitro in anti-P-tyr immunoprecipitates from PDGF-treated cells. Lane 7.
B5 kd protein phosphorylated in vivo from PDGF-treated cells. [Pjor-
thophosphate labeling, immunoprecipitation, and labeling in vitro wane
parformed as described in Experimental Procedures. 5. aursus VB
proteasa digestions ware carried out al 40 ugiml and the peplides were
resolved by 12.5% SDS-PAGE. Chymolrypsin digestions were at 73
ugiml and the peptides were resolved by 15% SD5-PAGE. The ex-
posure times for the in vivo samples were 7 days with an intensifier
screen. Exposure times for the in vitro samples were 2 days without

an inlensifier Screan,

vitro with [y-22PJATP and in vivo with [2PJorthophosphate
was similarly addressed. Figure 3 (lanes 3 and 4) shows
that the 85 kd protein labeled in vivo from PDGF-stimu-
lated cells gave rise to the same major peptides as those
seen after labeling in vitro; chymotryptic digestion also
produced similar patterns for the in vivo- and in vitro—la-
beled 85 kd proteins (Figure 3, lanes 7 and 6). The pro-
teins of 75 kd and 90 kd observed in anti-P-tyr immunopre-
cipitates from PDGF-treated cells labeled in vivo (Figure
2, top panel) shared no common peptides with the 85 kd
phosphoprotein (data not shown). We next examined the
85 kd phosphoproteins from MTAg-transformed cells. An
85 kd phosphoprotein was detected in anti-P-tyr and anti-
MTAg immunoprecipitates prepared from MTAg-trans-
formed cells labeled in vivo with [*Plorthophosphate.
The 85 kd protein phosphorylated in vivo from MTAg-
transformed cells shared a similar set of peptides with the
85 kd species labeled in vivo in anti-P-tyr immunoprecipi-
tates from PDGF-treated cells (Figure 3. lanes 4 and 5).
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Figure 4. B5 kd Phosphorylation and Pl Kinase Activities Assayed In
Vitra in Anti-P-tyr iImmunoprecipitates from Cells Transformed by v-fms,
v-gis, and S\W40 T Anfigen

Anti-P-tyr immunoprecipitales were prepared from 3T3 ceils trens-
formed by the v-fms, v-gig, and SV40 T antigen oncogenes and assayed
for tyrosine and Pl kinase activities in vitro, The kinase activities in (ha
transformed cell immunoprecipitates ware compared in each case to
thie kinase activities in antl-Ptyr immunoprecipitates from PDGF-
stimulated (+) or unstimulated (=) cells, Proleins were analyzed by
T5% SDS-PAGE; Pl kinase reactions, by TLC. The exposure limeas
wera tha same for all samples. PIP, phosphatidylinositol phosphate.

85 kd Phosphoprotein and Pl Kinase Activity

in Other Transformed Cells

The structural and functional similarities between the v-sis
oncogene and the PDGF B-chain (Doolittle et al., 1983;
Waterfield et al., 1983) suggest that the phosphorylation
of the 85 kd protein and Pl kinase activity may be constitu-
tively elevated in v-sis-transformed cells. We also exam-
ined v<ms+ransformed cells since c4ms, the cellular
homolog of the v-fms oncogene, has striking structural ho-
mology to the PDGF receptor (Yarden et al., 1988). En-
hanced Pl turnover has also been observed in v-fms-
transformed cells (Jackowski et al.,, 1986). Cell lysates
from the transformed cells were prepared, normalized for
protein content, and immunoprecipitated with anti-P-tyr
antiserumn. The immunoprecipitates were analyzed for
protein and Pl kinase activities in vitro. As shown in Figure
4, immunoprecipitates from v-sis- and v-fms-transformed
373 cells contained increased levels of Pl kinase activity
and of phosphorylated 85 kd protein as compared to
quiescent nontransformed 3T3 cells (-). Immunoprecipi-
tates prepared from an SV40-transformed 3T3 cell line had
little Pl kinase activity or 85 kd phosphoprotein. Peptide
mapping analysis indicated that the 85 kd proteins phos-
phorylated in the immunoprecipitates from v-sis- and
v-fms-transformed cells were qualitatively identical to the
85 kd protein induced by PDGF treatment of quiescent
3T3 cells (data not shown).
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Figura 5. Cosredation of the 85 kd Phosphoprotein with Pl Kinase Ac-
tivity through Several Purification Steps

(&) Elution of [*5])meihionine-labeled 85 kd protein and Pl kinase ac-
tivity from MTAg immunoprecipitates. Cell lysates from NIH 3T3 cells
{land 1) ar MIH 3T3 cells expressing di 23 mutant MTAG (lane 2) or wilkd-
type MTAg (lane 3) were immunoprecipitated with anti-MTAg antise-
rum. The phosphoproteins were eluted as described in Experimantal
Proceduras, Hall of the sample was analyzed by 1090 SD5-PAGE, and
half was assayed for Pl kinase activity. Pl kinase reactions were ex-
tracied and analyzed by TLC. (B) Elution and anti-P4yr reimmunopia-
cipitation of 85 kd phasphopratein and Pl kinase activity. Eluates ware
prapared from anti-MTAg immunoprecipitates as in (A). Prior 1o alution
the immunoprecipitates were incubated with 20 uM [y-2P]ATP for 5
min. The aluates were reimmunoprecipilated with anti-P-tyr antiserem
and analyzed by SDS-PAGE or for Pl kinase activity. Lane 4, NIH 3T3
cells. Lane 5, NIH 3T3 cells expressing dl 23 mutant MTAg, Lane &
wild-typa MTAg. (C) 85 kd phosphoprotein and Pl kinase activity ob-
tained from PDGF-treated [+ ] and unirealed (=) 3T3 cells using wheat
germ lectin-agarose and anti-P-tyr chromatography. Cell lysales were
incubated with wheal germ lectin-agarose and the precipitated pro-
teins were phosphorylated in vitro with [v-2PJATE The protains were
eluted with N-acetylglucosaming and the eluale was immunoprecipi-
tated with anti-P-tyr antiserum. The immunopracipiales wara divided
and analyzed by SDS-PAGE or assayed for Pl kinase activity. PIF,
phosphatidylinosiiod phosphate. ORI, origin.

The Presence of the 85 kd Protein Correlates

with Pl Kinase Activity through Several

Purification Steps

We further examined the observed correlation of the Pl ki-
nase activity and B5 kd phosphoprotein using affinity
chromatography. We have previously shown that anti-
MTAg immunoprecipitates prepared from cells expressing
MTAg contain an activity that phosphorylates Pl (Whitman
et al., 1985; Kaplan et al., 1986). Furthermore, we have
been able to purify partially the Pl kinase activity away
from most of the MTAg/ppB0=** complex and other cellu-
lar proteins in the immunoprecipitates by extraction with
a mixture of cholate, salt, and phospholipid (data not
shown). MTAg-transformed cells labeled with [**S]methi-
oning were lysed and immunoprecipitations were per-
formed with an anti-polyoma T antigen antiserum. As a
control, parallel experiments were performed using the
transformation-defective, Pl kinase-defective mutant MTAg
(dl 23), which is fully competent in activating ppE0©* as
measured by enolase phosphorylation in vitro (Kaplan et

al., 1986). The Pl kinase activity was eluted from the im-
munoprecipitates, and the eluates were assayed for Pl ki-
nase activity and for labeled protein. Of the many species
eluted in this procedure, only one band, at BS kd, was ob-
served 1o coelute with the Pl kinase activity present in elu-
ates from WT-MTAg (Figure 5A, lane 3), but not 3T3 (lane
1) or di 23 cells (lane 2). To avoid the high background of
[**S]methionine-labeled bands, which could potentially
obscure the Pl kinase, we turned to a different labeling
protocol. The immunoprecipitates ware incubated with [y-
3P)ATP to catalyze the phosphorylation of proteins by
the MTAg/ppE0=™ complex. The Pl kinase activity was
then eluted from the immunoprecipitates and the eluate
was reimmunoprecipitated with anti-P-tyr antiserum. The
anli-P-tyr immunoprecipitates were analyzed for Pl kinase
activity and labeled protein. Approximately half of the Pl
kinase activity in the eluate was precipitated by the anti-P-
tyr antiserum, and the presence of the Pl kinase activity
correlated with a single labeled protein of 85 kd (which
was also precipitated in a 50% yield) (Figure 5B, lane 6).
Bath the Pl kinase activity and the 85 kd protein were ab-
sent in the anti-P-tyr immunoprecipitates from control cells
{Figure 5B, lane 4) and from dl 23 MTAg-expressing cells
{lane 5).

We also determined whether the Pl kinase activity and
the B5 kd phosphoprotein copurified during affinity chro-
matography of lysates prepared from PDGFtreated cells.
We have praviously shown that a Pl kinase activity specifi-
cally associates with wheat germ lectin-agarose after ad-
dition of PDGF 1o guiescent 3T3 cells (Whitman et al.,
1987). Lysates from PDGF-treated or untreated 3T3 cells
were incubated with wheat germ lectin—agarose. The pro-
teins bound to the lectin-agarose were phosphorylated
with [y-3PJATP and were then eluted from the reagent
with N-acetyl glucosamine and octylglucoside. The eluate
was immunoprecipitated with anti-P-tyr antiserum and the
immunoprecipitates were assayed for Pl kinase activity
(Figure 5C, bottom panel) or analyzed directly by SDS-
PAGE (Figure 5C, top panel). An 85 kd phosphoprotein
and Pl kinase activity are present in the anti-P-tyr im-
munoprecipitates from PDGFreated (+), but not un-
treated (—), 3T3 cells. The Pl kinase activity and the 85 kd
phosphoprotein were nearly quantitatively immunoprecip-
itated with the anti-P-tyr antiserum. We estimate that
1%%-2% of the cellular protein present in the wheat germ
lectin precipitates was immunoprecipitated by the anti-P-
tyr antiserum. Thus we achieved a 20- to 100-fold enrich-
ment in Pl kinase activity and in 85 kd phosphoprotein.

Discussion

The substrates of oncogene and growth factor receptor
tyrosine kinases are of interest because they are likely to
be involved in the control of proliferation of normal and
transformed cells. Using anti-P-tyr antiserum, we have ex-
amined the tyrosine phosphorylation of proteins in two
systems where tyrosine kinases are activated, PDGF-
stimulated 3T3 cells and cells transformed by polyoma
MTAg. We have observed an 85 kd protein in anti-P-tyr im-
munoprecipitates that is phosphorylated in vive and in
vitro from cells treated for 1 min with PDGF. The rapid ap-
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pearance of the 85 kd phosphoprotein in the immunopre-
cipitates following PDGF treatment suggests that this pro-
tein is a substrate of the PDGF receptor. The presence of
the 85 kd phosphoprotein is increased in anti-P-tyr or anti-
MTAg immunoprecipitates from cells containing trans-
formation-competent MTAg, but is reduced or absent in
immunoprecipitates from cells containing transformation-
defective mutants of MTAg. Immunoprecipitates from cells
transformed with an oncogene with structural similarities
to the PDGF receptor, v-fms (Yarden et al., 1986), and with
an oncogene that may transform cells by activating PDGF
growth-stimulatory pathways, v-sis (Heldin and Wester-
mark, 1984), also contained increased amounts of 85 kd
phosphoprotein as assayed in vitro. Since the 85 kd pro-
tein and the Pl kinase activity coimmunoprecipitate with
the MTAg/pp60®-** and PDGF receptor tyrosine kinase
activities, we do not know if the anti-P-tyr antiserum recog-
nizes the 85 kd protein or the Pl kinase activity directly. If
the 85 kd protein were precipitated indirectly, this would
explain the apparent paradox that arises when a protein
immunoprecipitated by anti-P-tyr antiserum is phosphor-
ylated on tyrosine residues in immune complex kinase
assays. Alternatively, the 85 kd protein, like ppB0=s=,
may have multiple sites of tyrosine phosphorylation, with
different sites phosphorylated in vivo and in vitro. We do
know that like pp80°=T, the 85 kd protein is phosphor-
ylated on tyrosine residues in vivo,

Proteins in the molecular weight range of the 85 kd pro-
tein have been previously observed in immunoprecipi-
tates from polyoma virus-transformed cells and in growth
factor-stimulated cells. A number of investigators have
reported a protein of approximately 74 kd phosphorylated
on tyrosine in response to PDGF addition to cells. Fracksl-
ton &t al. (1984) have determined that this protein is cyto-
solic, with a pl of 4.2. The 85 kd protein reported here has
a pl of approximately 7 (our unpublished data) and re-
quires detergent for solubilization. An 81 kd protein (Ezrin)
is phosphorylated on tyrosine in A431 cells stimulated by
EGF (Gould et al., 1986); however, the B1 kd protein, when
immunoprecipitated from cells using anti-Ezrin antibodies
(obtained from A. Bretscher), migrates differently from the
85 kd protein observed here. Thesa antibodies also fail to
immunoprecipitate Pl kinase activity. Other investigators
have observed that a protein of 81 kd is phosphorylated
in vitro on tyrosine residuas in anti-MTAg immunoprecipi-
tates from polyoma virus—transformed cells (Dilworth,
1982; 5. Courtneidge, personal communication).

While a number of phosphotyrosine-containing proteins
have been identified in polyoma virus-transformed and
PDGF-stimulated cells, connecting the alterations in phos-
phorylation with known events of biological importance
has been problematic. The coprecipitation of the 85 kd
protein and the Pl kinase activity from two different sources
(PDGF-treated and MTAg-transformed cells) suggests
such a connection. Both PDGF and MTAg stimulate strik-
ing increases in Pl kinase activity in anti-P-tyr immu-
noprecipitates. In the case of MTAg, the increases in
Pl kinase activity and 85 kd protein phosphorylation are
anly observed in anti-P-tyr immunoprecipitates from cells
expressing transformation-competent MTAg. In the case

of PDGF, increased Pl kinase activity and 85 kd phos-
phoprotein appear with the same time course and dose re-
sponse. These data are consistent with the idea that the
85 kd protein is the Pl kinase or one of its subunits. As-
suming this is correct, we can estimate a specific activity
of our most purified preparation of 85 kd protein at 300
nmol/min per mg (see Experimental Procedures). This
value is five to ten times higher than the specific activity
reported for the 45 kd Pl kinase purified from bovine brain
myelin (Saltiel et al., 1987). Although the 85 kd protein is
the only band we observe to correlate with Pl kinase activ-
ity in both MTAg/ppB0=*~ and PDGF receptor prepara-
tions, we cannot rule out the possibility that another pro-
tein corresponds 1o the Pl Kinase but is not detectable by
our labeling protocols. Indeed, there are a number of less
simple but perfectly plausible explanations for the identity
and function of the 85 kd protein. For instance, our data
are consistent with the possibility that the 85 kd protein is
itself a tyrosine kinase, rather than a Pl kinase. The 85 kd
protein could in turn activate the Pl kinase. To evaluate fur-
ther the significance of the observed copurification of the
85 kd protein with the Pl kinase activity, we are attempting
to raise monoclonal antibodies to gel-purified 85 kd protein.

How may the changes in B85 kd phosphorylation and Pl
kinase activity that we observe in vitro be related to the
changes in Pl metabolism known to occur in PDGF-
treated and MTAg-transformed celis? The initial step in P
turnover activation is thought to be the breakdown of
PIP; by phospholipase C (Berridge et al., 1984). The ob-
servation that PIP, PIP;, and IP, levels are elevated con-
comitantly in PDGF-stimulated (Berridge et al., 1984) and
MTAg-expressing (Kaplan et al., 1986) cells suggests that
Pl and PIP kinases are activated in addition to phospholi-
pase C. The changes in Pl kinase activity that we observe
in immunoprecipitates from PDGF-stimulated cells ap-
pear within 1 min of PDGF treatment. In contrast, Mac-
Donald et al. (1987) reported that total cellular Pl kinase
activity increases in response to PDGF, but only after sev-
eral hours of treatment. These investigators, however, did
not distinguish between the different classes of Pl kinase
activity present in cells (Harwood and Hawthorne, 1969;
Whitman et al., 1987). We have found that normal and
transformed 3T3 cells have multiple Pl kinase activities,
one of which is capable of associating with MTAg/pp60=+=
and other tyrosine kinases (Type | Pl kinase) (Whitman et
al., 1987). This activity is differentiated from other cellular
Pl kinases by its resistance to inhibition by adenosine and
its sansitivity to inhibition by nonionic detergents. Since
many investigators measure Pl kinase activities in the
presence of nonionic detergents, the Pl kinase activity's
association with tyrosine kinases may be obscured. While
cells transformed by MTAg share some of the morphologi-
cal and biochemical characteristics of cells treated with
PDGF, PDGF-stimulated cells do not display the tumori-
genic properties of MTAg-expressing cells (Westermark at
al., 1983; Stiles, 1983; Ralston and Bishop, 1985; Kaplan
et al., 1986). Thus the activation of Pl turnover would be
only one of a number of cellular processes that must occur
for complete induction of malignancy.

At present, any detailed model concerning control of Pl
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kinase activity is speculative. Purification experiments
(Figure 5) demonstrate that the B85 kd phosphoprotein
copurifies with activated tyrosine kinases. In polyoma-
transformed cells, the Pl kinase associates with the MTAg/
ppB0=-** tyrosing kinase complex. In cells stimulated by
PDGF, the Pl kinase activity coimmunoprecipitates with
the PDGF receptor and not with pp60°-#<, suggesting as-
sociation with the receptor. While we detect increases in
Pl kinase activity in anti-ppB0=sT immunoprecipitates
from MTAg-transformed cells as compared 10 nontrans-
formed cells, we do not obsaerve increases in Pl kinase
activity in anti-pp80=*t immunoprecipitates from PDGF-
stimulated cells {our unpublished data). This result sug-
gests that the increases in Pl kinase activity observed in
the anti-P-tyr immunoprecipitates following PDGF treat-
ment of cells occur in a manner independent of pp60=5=,
A model proposing regulation of Pl kinase through direct
phosphorylation by tyrosine kinases is consistent with
these data. However, a number of other models could also
be considered. For instance, since the BS kd protein is
phosphorylated on serine residues in vivo and in vitro, an
indirect action of tyrosine kinases on serine kinases could
occur. The relationship between the Pl kinase activities
observed in vitro and in vivo, and the nature of the links
between tyrosine kinases and Pl kinases, await the purifi-
cation and characterization of the various Pl kinases and
the determination of their roles in cell growth and physi-

ology.
Experimental Procedures

Cell Culture
BALB/ATI clone A31 (from C. O. Scher, Children's Hospital, Philadal-
phia, PA), MTAg-transformed NIH 3T3 cells (Cheringlon et al., 1986),
MNIH 3T3 cells exprassing dl 23 MTAg (from B. Morgan, Dana-Farber
Cancer Institute), v-fms-transformad NIH 3T3 cells (from D, Morrison,
Dana-Farber Cancer Institute), v-sis-transformed BALB/IT3I cells (from
M. Armalin, H. Armalin, and C. D. Stiles, Dana-Farber Cancer Insti-
tute), SW40 T antigen-transformed NIH 3T3 cells (from M. Brown and
0. Livingston, Dana-Farber Cancer Institute), and v-grc-transformed
NIH 3T3 cells (Piwnica-Worms et al., 1987) were maintained in Dul-
becco’s modified Eagle’s medium supplemented with 10% (wh) new-
born bovine serum. Experiments with BALB/AT3 cells were initiated on
density-arrested monolayers as described previously (Cochran et al.,
1983). Growth factors were added directly to the medium, and incuba-
tion continued at 3™ C as stated in the figure legends. Transformed cell
lines were not fed with fresh medium for at least 48 hr prios 1o use,
Infections with the wild-type polyoma vires NGSSRA (Feuntaun ot
al., 1876) and the polyoma virus mutant PY1387T (Carmichael et al.,
1982) ware performed as described by Whitman et al. (1985).

Mitogens

PDGF and EGF (receplor grade) wers from Collaborative Research
Inc. (Waltham, MA). Partially purified PDGF was provided by C. D.
Stiles (Dana-Farber Cancer Institute). Acidic FGF (0.4 ng of protein per
unit) was from P. A. D’Amore (Children’s Hospital Medical Center, Bos-
ton, MA). PDGF and FGF were used at a concentralion of 10 hall-
maximal units per ml except whera noted {1 unit of PDGF or of FGF
induces half-maximal stimulation of [*Hjthymidine uptake by 3T3
celis). Bovine pancreatic insulin and poly(l):poly(C) were from Sigma
Chemical Co. (S1. Louis, MO). BTGF was from Biomedical Technolo-
gies, Inc. (Stoughton, MA). Platelet-poor plasma was from C. D. Stiles.

Phosphatidylinositol and Protein Kinase Assays In Vitro
Immune complex Pl and protein kinase assays wera conducted as pre-
viously described (Whitman et al., 1985; Kaplan at al., 1986). P1 and
protein kinase assays were linear over the time of the assay.

Radiclabeling of Cells and Immunoprecipitation

For 2P labeling, cells were washed three times with 2 ml of phos-
phate-free medium and then incubated at 37°C for 3 hr in 3 ml of
phosphate-free medium supplemented with 2 mCiimi of [“Pjartho-
phosphata, 2 mM glutamine, and 2% (wv) platelel-poor plasma. For
[**S]methionine labeling, cells wera labaled for 4 hr with 0.5 mCifmi of
[*S)methioning in 1% platedet-poor plasma. For growth factor experi-
ments, mitogens were added directly to the labsaling medium. Call ky-
sales were prepared as described by Whitman et al. (1985) except for
the addition of 400 yM ammonium ortho-vanadate and 10 mM EDTA,
and the lysates ware normalized for protein content. Immunoprecipita-
thons ware carried oul as described by Whitman et al, (19858) with anti-
phasphotyrosine antiserum (White et al,, 1985) or with rabbit anti-
polyoma T antiserum (Pallas et al., 1986), Protein-A Sepharose beads
(Sigma) were added and the incubation continuad for 1 hr at 4°C. Im-
munoprecipitales were than washed and analyzed by SD5-PAGE. PI
kinase reactions were axtracted and analyzed by TLC (Whitman et al.,
1985).

Peplide Mapping Analysis

Peptide mapping by limited proteclysis in SDS-PAGE gels was con-
ducted as previously described (Schafthausen and Benpamin, 1881).
Proteins were resolved on cylindrical SD5-PAGE. The cylinder were
placed on a polyacrylamide slab gel, and digestion was carried out by
overlaying the gel with 2 ml of enzyme solution.

Phosphoamino Acid Analysis

Phosphorylated proteins were isolated and digested with 6 N HCI as
described previously (Schafthausan et al., 1987). Electrophoresis was
carried out on celiulose plates (Merck & Co, Inc.) in pyridine acetate
{pH 3.1} at 1000 V. Phosphoamino acid standards (Sigma) were stained
with 0.25% ninhydrin in n-butanol.

Partial Purification of the 85 kd Protein and Pl Kinase Activity

To elute the B5 kd protein and Pl kinase activity from the anti-MTAg im-
munopracipitates, immune complexes bound to Protein-A Sepharose
baads were phosphorylated in vitro in the presence of 1 mM ammo-
nium vanadate, 5§ mM MgClz, and 20 M [y-2PJATP; the beads wera
wiished as described by Whitman et al. (1985) and were incubated with
0.5% cholate, 0.2 mg/ml Pliphosphatidylsering (1:1), 0.1 M Tris (pH 7.5),
0.7 M NaCl, 1 mM ammanium vanadate, for 30 min at 4°C. The beads
wera then sedimented, and the supernatant was incubated with anti-
P-tyr antiserum and the immunoprecipitales analyzed by SDS-PAGE.

For protocols involving wheat germ lectin chromatography, cell ly-
sates (from 5 x 10° cells) were incubated with 100 pl of wheat garm
lectin-agarcss (Pharmacia) for 1 hr at 4°C. The precipitates were phos-
phorylated in vitro by incubation with 50 mM Tris (pH 7.4), 10 uM ATR,
1 mM ammonium vanadate, and 50 uCi [y-2PJATP for 5 min at 25°C,
witrg washed, and wera eluted with 0.2 M N-acetylglucosamine, 0.5%
Poctylglucoside, 0.1 M Tris (pH 7.5), for 45 min at 4°C. The sluate was
diluted 10-fold in 0.2% f-octylglucoside, 20 mM Tris (pH 75), 1 mM am-
manium vanadate, and was immunoprecipitated with anti-P-tyr antise-
rum and analyzed as described above.

To determine the specific activity of the 85 kd protein, the purification
proceduras described above were performed with [*5S]methionine-
labeled cells. The activity of the P| kinass (mol phosphate incorporated
jper min) in the anti-P-tyr immunoprecipitates was determined by scintil-
lation counting of the PIP reaction product from the Pl kinase assays.
The specific activity of the total [**S)methicnine-labeled cellular pro-
tein was detarmingd by counting an aliquot of call lysate and determin-
ing the dpmiug. The eluted gel band containing the BS kd protein was
counted by scintillation counting.
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