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Many oncogene products have been shown to bear strong homology to or to interact with components of
normal cellular signal transduction. We have previously shown that a glycoprotein band of 95 kilodaltons (kDa)
becomes tyrosine phosphorylated in chick cells transformed by Rous sarcoma virus and that tyrosine
phosphorylation of this protein band correlates tightly with phenotypic transformation in cells infected with a

large and diverse panel of src mutants (L. M. Kozma, A. B. Reynolds, and M. J. Weber, Mol. Cell. Biol.
10:837-841, 1990). In this communication, we report that a component of the 95-kDa glycoprotein band is
related or identical to the 95-kDa subunit of the receptor for insulinlike growth factor I (IGF-I). We found
that the subunit of the IGF-I receptor comigrated on polyacrylamide gels with a component of the 95-kDa
glycoprotein region from src-transformed cells under both reducing and nonreducing gel conditions and had a

very similar partial phosphopeptide map. To further test the hypothesis that the subunit of the IGF-I
receptor becomes tyrosine phosphorylated in cells transformed by pp60src, a human cell line that expressed the
IGF-I receptor was transformed by src. Comparison of IGF-I receptors immunoprecipitated from normal and
transformed cells revealed that the subunit of the IGF-I receptor became constitutively tyrosine phosphor-
ylated in src-transformed cells. Moreover, IGF-I receptor phosphorylation induced by src was synergistic with
that induced by the hormone: IGF-I-stimulated autophosphorylation of the receptor was much greater in
src-transformed cells than in untransformed HOS cells even at maximal concentrations of IGF-I. This
increased responsiveness to IGF-I was not due to increases in receptor number, time course of phosphorylation,
or affinity for hormone. Finally, no IGF-I-like activity could be detected in culture supernatants collected from
the src-transformed cells, suggesting that the increased receptor phosphorylation observed in the src-
transformed cells may be mediated by an intracellular mechanism rather than an external autocrine
stimulation. Our data demonstrate that the IGF-I receptor becomes constitutively tyrosine phosphorylated in
src-transformed cells. This finding raises the possibility that pp60vsr(s alters growth regulation at least in part
by phosphorylating and activating this growth factor receptor.

pp60src, the protein encoded by the src oncogene of Rous
sarcoma virus (RSV), was the first tyrosyl protein kinase to
be identified (14) and is among the most intensively studied
members of this kinase family (reviewed in reference 34).
However, despite much effort, the role of tyrosine phosphor-
ylation in malignant transformation by src remains obscure.
This lack of information results in part from the fact that
numerous cellular proteins become tyrosine phosphorylated
in src-transformed cells, making it difficult to determine
which phosphorylations have functional consequences (2, 3,
17, 18, 27, 50).

In an attempt to identify functionally significant substrates
for pp6O c, we recently have made use of a large panel of
diverse src mutants which, while retaining tyrosyl protein
kinase activity, are either completely or partially defective in
the ability to induce malignant transformation (21). Presum-
ably, these mutant pp60src molecules are unable to recognize
or associate with some important cellular substrates, and
thus proteins whose phosphorylation correlates with pheno-
typic transformation in these mutant-infected cells are good
candidates for playing a role in generating the transformed
phenotype.
Of the 30 or more protein tyrosyl phosphorylations ana-

lyzed by using this mutant panel, only 3 showed a good
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correlation with transformation, as measured by morpholog-
ical conversion, anchorage-independent growth, and hexose
transport (21, 50, 51). The remainder of the protein phos-
phorylations appeared to be either unnecessary for transfor-
mation, insufficient for transformation, or both unnecessary
and insufficient. The three protein phosphorylations that
showed a good correlation with transformation were (i) a
120-kilodalton (kDa) protein band of unknown function (24,
37); (ii) a 135-kDa glycoprotein band, which is not the
fibronectin receptor or vinculin (13, 41); and (iii) a 95-kDa
glycoprotein band (30).
Because oncogenes are altered or inappropriately ex-

pressed components of the growth control machinery of
normal cells, or interact with such components, one can
reasonably ask whether any of the candidate physiological
substrates for pp60src might be among the already known
actors in the control of normal cell growth and metabolism.
In this communication, we show that a component of the
95-kDa glycoprotein band whose phosphorylation correlates
with phenotypic transformation is closely related if not
identical to the receptor for insulinlike growth factor I
(IGF-I).
The IGF-I receptor, like the insulin receptor, is a tet-

rameric glycoprotein with an a2-P2 structure, in which the a
subunits (130 kDa) contain the ligand-binding domain and
the c subunits (95 kDa) possess an intrinsic tyrosyl protein
kinase activity (6, 7, 23, 32, 33, 44-46, 49). These receptors
are structurally distinct from the IGF-II receptor, which
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does not possess intrinsic tyrosyl protein kinase activity (5)
and has a mass of 258 kDa. The IGF-I receptor is able to bind
its homologous ligand, IGF-I (also known as somatomedin
C) (11), with a Kd of approximately 1 nM and binds insulin
with a Kd approximately 100-fold higher. Conversely, the
insulin receptor binds its own ligand with an affinity 100-fold
better than it binds IGF-I. With both receptors, ligand
binding is followed by a rapid autophosphorylation on ty-
rosine, which is associated with a constitutive activation of
the kinase activity of the receptor (8, 39, 44 46, 49).
The increased basal tyrosine phosphorylation of the IGF-I

receptor in src-transformed cells which we report here did
not appear to be due to an autocrine mechanism and did not
result in greatly altered ligand-binding properties or in vitro
receptor kinase activity. However, the receptor phosphory-
lation induced by IGF-I in vivo was greatly enhanced in the
src-transformed cells. These results raise the possibility that
transformation by src results in alterations in receptor phos-
phorylation and activity, which could be important in the
aberrant control of growth and metabolism which character-
izes transformed cells.

MATERIALS AND METHODS

Cell culture. Chicken embryo fibroblasts (CEFs) prepared
from 10-day-old embryos were grown at 41°C in Dulbecco
modified Eagle medium (DMEM) containing 4% heat-inacti-
vated fetal calf serum and 0.25% heat-inactivated chicken
serum. Cells were infected with the Schmidt-Ruppin A strain
ofRSV upon the first passage and were used in experiments
after two additional passages, at which time the transformed
morphology was readily apparent.
HOS cells (29) obtained from the American Type Culture

Collection were infected with an amphotropic murine leuke-
mia virus containing src (1). Transformants were selected in
soft agar (50) after a 10-day period was allowed for colony
formation. For all experiments, normal and transformed
HOS clones were grown at 37°C in DMEM containing 5%
heat-inactivated fetal calf serum and 5% heat-inactivated calf
serum.
For isolation of total cellular proteins, cells were rinsed

once with 5 ml of phosphate-buffered saline (PBS) solution
and lysed in 1 ml of RIPA buffer (1% Nonidet P-40, 1%
deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 50 mM
Tris [pH 7.6], 0.15 M NaCl). RIPA also routinely had the
following inhibitors: 0.2 mM phenylmethylsulfonyl fluoride,
5 mM benzamidine, 0.1 mg of leupeptin per ml, 10 FM
pepstatin, 1 mM phenanthroline, 1 mM EDTA, 1% aproti-
nin, 1 mM pyrophosphate, and 10 mM sodium vanadate.
Lysates were centrifuged for 30 min at 100,000 x g at 4°C,
and supernatants were used in the experiments. Protein was
determined by the method of Markwell et al. (26).
To test for a possible autocrine stimulation mechanism,

culture supernatant was collected from confluent trans-
formed HOS cells after a 3-h incubation in the medium.
Culture supernatants were centrifuged for 5 min in a tabletop
centrifuge at 1,500 rpm to remove any particulate material.
This clarified culture supernatant was added to subconfluent
normal HOS cells for 10 min or for 24 h, as indicated.
2-Deoxyglucose uptake experiments were performed as de-
scribed previously (51). Isolation of glycoproteins and immu-
noblotting with phosphotyrosine antibodies were performed
as described below.

Labeling of cells. Cells were metabolically labeled by
incubation in DMEM containing 15% of the normal amount
of methionine, 10o spent medium (harvested from conflu-

ent, normal cells), and 100 ,uCi of [35S]methionine (Dupont,
NEN Research Products) per ml for 16 h at 37°C. The spent
medium provided a source of serum factors without provid-
ing additional metabolic or growth stimulation. After the
labeling period, cells were stimulated or not with IGF-I,
lysed, and processed as described below.
For labeling with 32pi, cells were incubated in phosphate-

free DMEM containing 10% spent medium and 3 mCi of 32Pi
(Dupont, NEN) for 12 to 14 h at 41°C. Cells were stimulated
or not for 10 min before lysis and wheat germ agglutinin
(WGA) chromatography.
WGA chromatography. Glycoproteins were isolated from

RIPA lysates by using WGA after a fivefold dilution with
0.1% Nonidet P-40. The glycoproteins were eluted with 0.3
M N-acetylglucosamine in 0.1% P-octylglucoside and con-
centrated in Centricon 30 concentration units (Amicon
Corp.). The concentrated material was then dissolved in
Laemmli electrophoresis sample buffer.

Immunoblotting. Tyrosine-phosphorylated proteins and
pp65src were detected essentially as described previously
(17-19).

Immunoprecipitation of IGF-I receptors. To reduce non-
specific binding, clarified total cellular lysates (see above) or
WGA eluates were incubated for 30 min on ice with Pan-
sorbin (50 RI of a 10% [wt/vol] solution; Calbiochem-Be-
hring) to which ovalbumin (1 mg/ml; Sigma Chemical Co.)
had been added. Pansorbin was removed by centrifugation
for 1 min at high speed in an Eppendorf microfuge. Super-
natants were incubated for 30 min on ice with a 1:500 dilution
of monoclonal antibody a-IR-3 (21) and then for an addi-
tional 30 min with Pansorbin to which rabbit anti-mouse
immunoglobulin G (0.5 ,ug/pI; Jackson ImmunoResearch)
had been bound. Immune complexes were washed once with
high-salt RIPA from which SDS had been omitted (HO
buffer), twice with HO buffer, and once with PBS. Immune
complexes were dissociated by boiling for 2 min in Laemmli
electrophoresis sample buffer containing 5% 3-mercaptoeth-
anol, and proteins were electrophoretically separated by
SDS-polyacrylamide gel electrophoresis (PAGE) (7.5% gel).
[35S]methionine-labeled samples were fixed in the gel by
incubation for 30 min at room temperature in 10% methanol-
10% acetic acid and then treated with Amplify (Amersham
Corp.) for 30 min before drying and autoradiography. Unla-
beled samples were transferred to nitrocellulose filters and
immunoblotted with phosphotyrosine antibodies.
V8 protease digestion. 32P-labeled cells were subjected to

WGA chromatography, concentrated, and separated on a
7.5% SDS-polyacrylamide gel. The gel was dried without
prior fixation and autoradiographed to visualize the 95-kDa
glycoprotein. The 95-kDa region was excised, and the pro-
tein was eluted in 0.05 M ammonium bicarbonate buffer (pH
7.75) and dried in a Speed Vac (Savant Instruments, Inc.).
The proteins were suspended in 100 pl of 50 mM Tris
hydrochloride (pH 7.6) containing 150 mM NaCl and incu-
bated for 1 h at 37°C with 4 jig of V8 protease.

'2I-IGF-I binding. Nearly confluent HOS and HOS-src
cells grown in 35-mm tissue culture dishes were washed
twice with 2 ml of PBS containing 1% bovine serum albumin
and then incubated for 1 h at room temperature in PBS-1%
bovine serum albumin containing a constant amount of
1251-IGF-I and different amounts of unlabeled IGF-I. Dupli-
cate dishes were then rinsed four times with ice-cold PBS,
solubilized in 500 ,ul of 0.1 M NaOH-1% SDS for 1 h or
longer, and rinsed again with 500 RIl of PBS. The solubiliza-
tion buffer and the final PBS wash were pooled and counted
in a Beckman Gamma 4000 gamma counter.
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FIG. 1. Tyrosine-phosphorylated glycoproteins from mitogen-
stimulated chick cells. Confluent normal chick cells were unstimu-
lated or stimulated with one of a variety of mitogenic agents for 10
min before lysis and WGA chromatography. Proteins were electro-
phoretically separated on a 7.5% SDS-polyacrylamide gel under
reducing conditions. Proteins were transferred to nitrocellulose,
immunoblotted with phosphotyrosine antibodies followed by 125I-
protein A, and visualized by autoradiography using Kodak X-RP
film and a Cronex Lightning-Plus intensifying screen. Shown are
results for 25-,ug samples of WGA eluates from unstimulated chick
cells (lane 1), cells stimulated with 100 ng of tetradecanoyl phorbol
acetate per ml (lane 2), 500 ng of EGF per ml (lane 3), 10-7 M insulin
(lane 4), or 10-8 M IGF-I (lane 5), and RSV-transformed cells (lane
6).

RESULTS

Structural similarity of a 95-kDa src substrate and the IGF-I
receptor. We previously reported that tyrosine phosphory-
lation of a 95-kDa band found in the glycoprotein fraction
correlated closely with phenotypic transformation in CEFs
transformed with a diverse panel of src mutants (21). How-
ever, we were unable to determine directly whether this
protein was related to the , subunit of the insulin or IGF-I
receptor, since none of the immunological reagents available
cross-reacted with the avian receptors (12, 22, 42, 43; our
unpublished data). Therefore, we began our analysis by
determining the structural similarities between the IGF-I
receptor and this 95-kDa protein band.

Figure 1 shows a phosphotyrosine antibody immunoblot
of the glycoprotein fraction from src-transformed CEFs and
from normal CEFs stimulated with a variety of mitogens.
The glycoprotein fraction was isolated by WGA affinity
chromatography as described in Materials and Methods. A
95-kDa protein became tyrosine phosphorylated in CEFs
stimulated with 10-7 M insulin (Fig. 1, lane 4) or 10-8 M
IGF-1 (lane 5), and this protein comigrated with part of the
95-kDa tyrosine-phosphorylated band detected in the WGA
eluates from transformed cells (lane 6). By contrast, neither
epidermal growth factor (EGF) (lane 3) nor the tumor
promoter tetradecanoyl phorbol acetate (lane 2) stimulated
this phosphorylation. These data indicate that the 95-kDa
glycoprotein band in the src-transformed cells electrophore-
ses on SDS-gels with a mobility similar to that of the
subunit of the avian insulin or IGF-I receptor.

Since 10-7 M insulin (used for the experiment shown

68

FIG. 2. Electrophoretic migration of the 95-kDa glycoprotein
under reduced and nonreduced gel conditions. (a) RSV-transformed
CEFs were labeled with 32Pi as described in Materials and Methods;
25-1Lg samples ofWGA eluates from cell lysates were electrophoret-
ically separated on a 7.5% SDS-polyacrylamide gel in the presence
(+) or absence (-) of reducing agent and treated with KOH to
enhance for phosphotyrosine (4). Differences between the profiles
shown in this panel and those shown in panel b and in Fig. 1 were
reproducible and were due to the use of 32P labeling for this work
and antiphosphotyrosine immunoblotting in panel b and in Fig. 1.
The phosphotyrosine antibodies preferentially react with higher-
molecular-weight proteins in immunoblots (L. M. Kozma and M. J.
Weber, unpublished data) and thus underrepresent the amount of
95-kDa phosphoprotein. (b) WGA eluates (25 ,ug) from RSV-trans-
formed cells (lane 1), normal chick cells stimulated with 10-8 M
insulin (lane 2) or 10-8 M IGF-I (lane 3), and unstimulated cells (lane
4) were electrophoretically separated on a 5% polyacrylamide gel
under nonreducing conditions and processed as for Fig. 1.

in Fig. 1) would have stimulated tyrosine phosphorylation
of both the insulin and IGF-I receptors, the experiment
was repeated with use of insulin and IGF-I concentrations
that would activate only the cognate receptor (10-8 M).
We found that 10-8 M insulin was incapable of causing
a 95-kDa tyrosine phosphorylation in normal CEFs (data not
shown), whereas 10-8 M IGF-I stimulated this phosphory-
lation, indicating that the protein phosphorylated in the
stimulated CEFs is the IGF-I receptor, not the insulin
receptor. This concentration of insulin was capable of stim-
ulating tyrosine phosphorylation of the human insulin recep-
tor (our unpublished data), demonstrating that the insulin
preparation used would have been sufficiently potent had the
CEFs been expressing sufficient levels of insulin receptors to
be detected by phosphotyrosine antibody immunoblots.

Since the IGF-I receptor is a disulfide-linked heterotet-
rameric protein (28), its mobility is greatly retarded under
nonreducing SDS-PAGE conditions (6). To determine
whether the mobility of the 95-kDa glycoprotein from src-

transformed cells would be altered in a similar fashion,
32P-labeled glycoproteins from src-transformed cells were
separated by SDS-PAGE on a 7.5% gel in the absence or
presence of reducing agent (Fig. 2a). A 95-kDa protein was
observed in the reduced sample, and the intensity of this
band was decreased by about 80% in the nonreduced sam-

ple. An increased amount of 32P-labeled material appeared at

1 2 3 4 5 6 a

200

97

68

MOL. CELL. BIOL.



PHOSPHORYLATION OF IGF-I RECEPTOR 3629

18

12

FIG. 3. V8 protease analysis of the 95-kDa glycoprotein. RSV-
transformed cells (lane 4) or normal cells unstimulated (lane 1) or
stimulated with l0-7 M insulin (lane 3) or 10-8 M IGF-I (lane 2) were
labeled in vivo with 32Pi. Twenty-five micrograms of WGA eluate of
each sample was separated by SDS-PAGE on a 7.5% gel, and the
95-kDa region was excised. Proteins were eluted from gel slices and
incubated for 1 h at 37°C with 4 ,ug of V8 protease, and the products
were separated by SDS-PAGE on a 12.5% gel. The peptides were
transferred to Immobilon, treated with KOH, and autoradio-
graphed.

the top of the nonreducing gel, which is consistent with the
95-kDa transformation-specific glycoprotein existing as a
disulfide-linked oligomer. By running 5% gels followed by
immunoblotting with phosphotyrosine antibodies, we were
able to determine that the slowly migrating form of the
95-kDa protein observed in transformed cells had a mobility
indistinguishable from that of the nonreduced IGF-I receptor
(Fig. 2b). Electrophoresis of the 32P-labeled glycoprotein
fraction from src-transformed cells on a two-dimensional gel
system in which the first dimension was nonreducing and the
second dimension was reducing revealed a 32P-labeled spot
of 95 kDa that was generated from a higher-molecular-weight
disulfide-linked precursor (since the 95-kDa material di-
verged from the diagonal of monomeric proteins). Moreover,
this protein comigrated with the single spot generated by
stimulation of normal cells with IGF-I (data not shown).
These results, taken together, indicate that at least a portion
of the 95-kDa transformation-specific glycoprotein exists in
cells as a disulfide-linked oligomer that comigrates with the
IGF-I receptor under both reducing and nonreducing condi-
tions.
To further test the structural relatedness of the 95-kDa

transformation-specific glycoprotein and the Pi subunit of the
IGF-I receptor, we compared the V8 phosphopeptide pat-
terns of the two. Figure 3 reveals a striking similarity in the
alkali-stable phosphopeptides (4) between the 95-kDa glyco-
proteins from src-transformed cells and from normal cells.
Particularly noteworthy are the peptides that increase in
phosphorylation upon IGF-I treatment of the normal cells
but are phosphorylated constitutively in the transformed
cells.

Construction of src-transformed human cells. To test di-
rectly the hypothesis that the IGF-I receptor ,B subunit
becomes tyrosine phosphorylated in src-transformed cells,
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FIG. 4. Tyrosine-phosphorylated glycoproteins from IGF-I-
stimulated or unstimulated HOS cells and HOS-src clones. Normal
cells (a) and two transformed clones (b and c) were either untreated
(-) or stimulated with 10-8 M IGF-I (+) for 10 min before lysis.
WGA eluates (25 ,ug) were separated by SDS-PAGE on a 7.5% gel,
transferred to nitrocellulose, and immunoblotted with phosphoty-
rosine antibodies followed by 251I-protein A.

we wished to exploit the immunological reagents that are
available for studying the insulin receptor family but are
specific for the human receptors (12, 31, 43). Therefore, we
sought to identify a human cell line that expressed IGF-I
receptors and could be transformed by src. HOS cells are a
variant cell line derived from a human osteosarcoma. These
cells are nonrefractile, display growth arrest and differen-
tiate into osteoblastlike cells at high cell density in culture,
do not acidify the culture medium, and do not grow in soft
agar (29; our unpublished results). IGF-I receptors but not
insulin receptors were detected in the HOS cells by immu-
noprecipitation with a variety of specific monoclonal and
polyclonal sera, 1251-insulin binding, or 1251-insulin cross-
linking (data not shown). HOS cells were infected with an
amphotropic src-containing virus (1), and resultant HOS-src
clones were selected by soft agar colony formation. These
clones did not exhibit density-dependent growth arrest, did
not differentiate in culture, readily acidified the culture
medium, and had a refractile morphology, and thus they
exhibited phenotypic transformation. Fourteen HOS-src
clones were screened for elevated phosphotyrosine content
by immunoblotting total cellular lysates with phosphoty-
rosine antibodies, and all exhibited elevated but varied levels
of phosphotyrosine on cellular proteins as compared with
the uninfected parent line. Several clones were chosen for
further analysis and were additionally screened by Western
blotting (immunoblotting) with the EC10 anti-pp60src mono-
clonal antibody (35, 36) to be certain that they expressed
pp6(v-src (data not shown).

Tyrosine-phosphorylated HOS cell glycoproteins. Profiles
of phosphotyrosine-containing glycoproteins from HOS cells
and HOS-src clones were compared either with or without
stimulation with IGF-I before cell lysis. A representative
phosphotyrosine immunoblot is shown in Fig. 4. The phos-
photyrosine-containing glycoprotein profile of the trans-
formed HOS cells was reminiscent of that seen in trans-
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FIG. 5. IGF-I receptors immunoprecipitated from HOS and
HOS-src cells. Normal HOS cells (lanes a and b) and HOS-src.8
cells (lanes c and d) were either untreated (lanes a and c) or
stimulated with 10-8 M IGF-I (lanes b and d) for 10 min before lysis.
WGA eluates (25 ,ug) from [35S]methionine-labeled (A) or unlabeled
(B) cells were immunoprecipitated with a-IR-3 and separated by
SDS-PAGE on a 7.5% gel. [35S]methionine-labeled lanes were
soaked in Amplify for 30 min after fixation, air dried, and autora-
diographed. Unlabeled lanes were transferred to nitrocellulose and
immunoblotted with phosphotyrosine antibodies followed by 1251_
protein A. [35S]methionine-labeled immunoprecipitates revealed
three major specific bands (since these were not recognized by an
irrelevant antibody): 95 kDa (presumably the f3 subunit of the IGF-I
receptor); 125 kDa (presumably the a subunit of the IGF-I receptor);
and about 190 kDa (possibly the proreceptor protein).

formed chick cells (Fig. 1), although the pattern was slightly
more complex. No tyrosine-phosphorylated glycoproteins
were detectable in quiescent HOS cells, but a single protein
of 95 kDa became tyrosine phosphorylated in IGF-I-stimu-
lated HOS cells; this was presumably the ,B subunit of the
IGF-I receptor (Fig. 4, lane a +). A protein of similar
apparent molecular weight was constitutively tyrosine phos-
phorylated to a modest extent in the HOS-src clones (lanes
b - and c -). The phosphotyrosine signal at this Mr was
further increased after stimulation with IGF-I (lanes b + and
c +), and the level of phosphorylation achieved was sub-
stantially greater than that obtained with the untransformed
HOS cells after IGF-I stimulation. Analysis of a total of four
transformed HOS clones demonstrated a tyrosine-phosphor-
ylated 95-kDa protein in all clones tested (data not shown).

Expression and phosphorylation of the IGF-I receptor. To
determine directly whether the a subunit of the IGF-I
receptor becomes tyrosine phosphorylated in HOS-src cells,
IGF-I receptors were immunoprecipitated from total glyco-
proteins prepared from untransformed HOS cells and from
one of the src-transformed clones, HOS-src.8 cells. The cell
cultures either were stimulated with 10-8 M IGF-I before
cell lysis or were left unstimulated. The antibody used was
a-IR-3, a monoclonal antibody that is specific for the human
IGF-I receptor and does not recognize the insulin receptor
(22). A single tyrosine-phosphorylated protein band was
detected at 95 kDa in IGF-I-stimulated HOS cells (Fig. 5B,
lane b) and in HOS-src.8 cells either unstimulated (lane c) or
stimulated with IGF-I (lane d) but not in unstimulated HOS
cells (lane a). These data indicate that the ,B subunit of the

IGF-I receptor becomes constitutively tyrosine phosphory-
lated in src-transformed cells.
To determine whether this increased phosphotyrosine

signal intensity could be attributed to an increase in the
number of receptors in the transformed cells, sister cultures
of HOS and HOS-src.8 cells were prepared and labeled with
[35S]methionine before immunoprecipitation with a-IR-3
(Fig. 5A). The results indicate that the levels of IGF-I
receptor expression in the normal and transformed cells
were nearly identical. If anything, the transformed cells
displayed lower receptor numbers. To determine the effi-
ciency of immunoprecipitation of the IGF-I receptor with
use of a-IR-3, the supernatants of immunoprecipitations
from HOS and HOS-src.8 cells were compared with immu-
noprecipitated bands and with unimmunoprecipitated bands
(data not shown). The results demonstrated that nearly all of
the detectable IGF-I receptor 3 subunit was immunoprecip-
itated by the antibody.

Similarly, 125I-IGF-I binding studies were performed to
determine the approximate number of IGF-I-binding sites
expressed on the surface of HOS and HOS-src.8 cells. The
results from these studies were analyzed both by Scatchard
analysis (40) and by a nonlinear least-squares fitting algo-
rithm (16) (data not shown). The two methods yielded
comparable results and indicated a similar number of IGF-
I-binding sites on HOS and HOS-src.8 cells (about 70,000 ±
14,000). For these determinations, data obtained from two
separate experiments were used. These analytical methods
also indicated that the affinity of the IGF-I receptor for its
ligand was similar in the two cell lines: 0.73 + 0.23 nM in
HOS-src.8 cells and 1.7 ± 0.9 nM for HOS cells. The
nonlinear least-squares analysis also mathematically esti-
mated the slope of the line for nonspecific binding and
indicated that this slope may be slightly more shallow for
HOS-src.8 cells (5 ± 1.4) than for HOS cells (9 ± 2).

Phosphorylation by a nonautocrine mechanism. To deter-
mine whether the tyrosine phosphorylation of the ,B subunit
of the IGF-I receptor in the HOS-src cells could be due to
autocrine stimulation of receptor autophosphorylation, 3-h
culture supernatants from confluent HOS-src.8 cells were
examined for the presence of an IGF-I-like factor. The 3-h
culture supernatant had no morphological effect on normal
HOS cells even after prolonged treatment (24 h) (data not
shown). Also, the rate of 2-deoxyglucose uptake in HOS
cells was not increased after a 10-min exposure to HOS-src
culture supernatant, whereas IGF-I stimulated the rate of
2-DG uptake twofold (data not shown). Finally, no phospho-
tyrosine was detectable on the ,B subunit of the HOS cell
IFG-I receptor after 10 min of exposure to the HOS-src
culture supernatant (Fig. 6, lane 2), whereas the I subunit of
the IGF-I receptor in HOS cells was detectably tyrosine
phosphorylated after a 10-min exposure to IGF-I (lane 3) but
not by mock stimulation (lane 1). By contrast, there was a
tyrosine-phosphorylated protein band of apparent molecular
size around 170 kDa whose level of tyrosine phosphorylation
was observed to increase in the cells treated with culture
supernatant from the transformed cells as compared with the
IGF-I-stimulated and mock-stimulated samples. This result
may be due to the autocrine production of tumor growth
factor alpha, although we have not pursued this possibility
further. In any event, these results provide an internal
positive control and suggest that if an IGF-I-like factor had
been produced in the transformed cells and secreted into the
culture medium, this method should have been able to detect
it. These results indicate that HOS-src cells do not secrete
easily detectable IGF-I-like autocrine factors into the culture
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FIG. 6. Test for autocrine stimulation of IGF-I receptors. WGA

eluates from (25 ,ug) HOS cells that had been treated for 10 min
before lysis with either spent culture medium from normal HOS
cells (lane 1), 3-h culture supernatant from HOS-src.8 cells (lane 2),
or 10-8 M IGF-I (lane 3) were separated by SDS-PAGE on a 7.5%
gel, transferred to nitrocellulose, and immunoblotted with phospho-
tyrosine antibodies followed by 1251I-protein A.

medium and that the tyrosine phosphorylation seen in the
HOS-src cells apparently occurs via an intracellular mecha-
nism.
Consequences of IGF-I receptor phosphorylation. To deter-

mine whether the difference observed in the level of receptor
phosphorylation in HOS and HOS-src.8 cells upon IGF-I
stimulation could be explained by altered receptor phosphor-
ylation kinetics in the transformed cells, the time course of
receptor phosphorylation in response to IGF-I was mea-
sured in both cell lines. HOS and HOS-src.8 cells were
stimulated with 10-8 M IGF-I for 2, 5, 10, or 20 min, and the
level of tyrosine phosphorylation on immunoprecipitated
receptors was determined by immunoblotting with phospho-
tyrosine antibodies (Fig. 7, inset). The level of receptor
phosphorylation was higher in HOS-src.8 cells than in HOS
cells at all times tested. Quantitation was achieved by
gamma counting of excised protein bands, and these data
were normalized and graphically displayed (Fig. 7). The
slight differences observed in the time dependence curves of
the two cell lines are of questionable significance and in any
event are too small to account for the difference in the
magnitude of phosphorylation between normal and trans-
formed receptors after 10 min of stimulation, which was the
stimulation time used in other experiments.
To determine whether the increased basal phosphoryla-

tion on the 1B subunit of the IFG-I receptor observed in
HOS-src.8 cells could render these receptors responsive to
lower concentrations of ligand as compared with normal
HOS cell receptors, the dose responsiveness of receptor
phosphorylation was determined for the two cell lines. The
level of tyrosine phosphorylation on receptors immunopre-
cipitated from HOS and HOS-src.8 cells that had been
stimulated with various concentrations of IGF-I for 10 min
before lysis was determined by immunoblotting with phos-
photyrosine antibodies (Fig. 8, inset). The level of phosphor-
ylation on the receptor P subunit was higher in HOS-src.8
cells than in HOS cells at all concentrations of ligand tested
(Fig. 8, inset). Quantitative analysis similar to that used in

5 10 15 20

Time (min)
FIG. 7. Time course of IGF-I receptor phosphorylation in re-

sponse to IGF-I. HOS (N) or HOS-src.8 (T) cells were stimulated
with 108 M IGF-I for the times indicated before lysis. WGA eluates
(25 p.g) were immunoprecipitated with a-IR-3. IGF-I receptors were
separated by SDS-PAGE on a 7.5% gel, transferred to nitrocellu-
lose, and immunoblotted with phosphotyrosine antibodies followed
by 1251I-protein A. IGF-I receptor 1 subunit bands were excised and
counted in a gamma counter. The inset represents data from a single
experiment; the graph displays data from two experiments. The
maximal response represents 529 and 662 cpm for the two experi-
ments for HOS cell samples; the maximal response represents 1,237
and 1,628 cpm for the two experiments for the HOS-src.8 cells.
Symbols: 0, samples from normal cells; 0, samples from trans-
formed cells.

the experiment shown in Fig. 7 was performed, and the
normalized data are graphically represented in Fig. 8. This
graphical analysis suggests that there may have been a slight
increase in ligand sensitivity in the HOS-src.8 cells as
compared with the HOS cells, since the HOS-src.8 cells
appeared to demonstrate a modest increase in phosphoryla-
tion on the 1B subunit after stimulation with 10-10 M IGF-I,
whereas no such effect was observed in HOS cells. Further
experimentation will be required to determine whether this
observation is biologically significant.

DISCUSSION

The findings reported here demonstrating that the IGF-I
receptor P subunit becomes constitutively phosphorylated in
src-transformed cells represent one of the first cases in
which a candidate substrate for the tyrosyl protein kinase
activity of pp6v-src has been shown to be a cellular protein
with a well-defined function in normal growth regulation.
This finding is particularly significant, since we had previ-
ously performed an extensive correlational study using
CEFs infected with a diverse panel of src mutants and found
a very strong correlation between phenotypic transformation
and tyrosine phosphorylation of a 95-kDa band present in the
isolated glycoprotein fraction (21). The IGF-I receptor ap-
pears to be a constituent of this 95-kDa band. However, it is
important to point out that the 95-kDa glycoprotein from
src-transformed CEFs consists of more than just the IGF-I
receptor: glycosidase treatment of this material was able to
resolve it into three tyrosine-phosphorylated bands, only
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FIG. 8. Dose response of IGF-I-stimulated receptor phosphory-

lation. HOS (N) or HOS-src.8 (T) cells were stimulated for 10 min
with the indicated concentrations of IGF-I before lysis. WGA
eluates (25 ,ug) were immunoprecipitated with a-IR-3, separated by
SDS-PAGE on a 7.5% gel, transferred to nitrocellulose, and immu-
noblotted with phosphotyrosine antibodies. IGF-I receptor sub-
unit bands were excised and counted in a gamma counter. The inset
shows data from a single experiment; the graph includes data from
two separate experiments. For HOS cell samples, the maximal
values were 100 and 691 cpm; for HOS-src.8 cell samples, the
maximal values were 934 and 1,084 cpm. Symbols: 0, samples from
normal cells; 0, samples from transformed cells.

one of which coelectrophoresed with the P subunit of the
IGF-I receptor (data not shown). Thus, in addition to the
IGF-I receptor and the proteins of 135 and 120 kDa whose
phosphorylations correlate with transformation (21), there
are at least two other uncharacterized proteins that also are

good candidates for being functional pp6src substrates.
However, this is a far smaller number than the 30 or more
proteins whose phosphorylations did not correlate with the
appearance of the transformed phenotype and provides a
reasonable basis for further examination of the biochemical
mechanisms by which tyrosyl phosphorylation alters cellular
homeostasis.

Increased basal tyrosine phosphorylation of the IGF-I
receptor was found in all four src-transformed HOS clones
tested. The increased phosphorylation was not due to in-
creased levels of IGF-I receptors, since neither ligand bind-
ing nor immunoprecipitation from [35S]methionine-labeled
cells revealed significant changes in receptor expression
between the normal and transformed cells.
The available evidence also argues against the src-induced

phosphorylation being due to an autocrine mechanism.
However, it is possible that even though we were unable to
detect the secretion of autocrine IGF-I-related factors, such
factors could have been produced at low levels or could have
rapidly bound to carrier proteins present in the growth
medium (33). Another possibility is that the factors could
have been retained inside the cells and stimulated the
receptors intracellularly. Nonetheless, we feel that the sim-
plest and most attractive explanation for our results is that
pp60 vsrc directly phosphorylates the c subunit of the IGF-I
receptor. This suggestion is supported by reports that
pp60v-src can directly phosphorylate and perhaps activate the
closely related subunit of the insulin receptor in vitro (53,

55). Moreover, we also find that the src-induced phosphor-
ylation and the IGF-I-stimulated phosphorylation are syner-
gistic even at maximal concentrations of ligand, a result that
is difficult to reconcile with an autocrine mechanism. Further
work on the sites of src-induced phosphorylation of the
IGF-I receptor and the use of kinase-negative receptor
mutants should help determine unambiguously whether au-
tocrine-stimulated phosphorylation plays a role in the results
reported here.

In parallel work carried out in this laboratory, we have
found that the EGF receptor also becomes phosphorylated
in src-transformed cells and that the sites of phosphorylation
differ from the sites of receptor autophosphorylation, thus
ruling out the possibility of autocrine stimulation (W.
Wasilenko, D. M. Payne, D. L. Fitzgerald and M. J. Weber,
unpublished data). Unfortunately, the numbers of IGF-I
receptors in the HOS cells are too low to facilitate analysis of
the phosphopeptides in the unstimulated src-transformed
cells, and we now are attempting to construct cell lines
overexpressing the IGF-I receptor in order to perform these
analyses.

Addition of IGF-I to the src-transformed cells further
increased the tyrosine phosphorylation of the receptor, to a
level even higher than that obtained in normal HOS cells
with maximum times and amounts of IGF-I treatment. This
result raises the possibility that the IGF-I receptor is more
active as an autokinase in the src-transformed cells than in
normal cells. Alternatively, addition of IGF-I might render
the receptor a better substrate for some other associated
tyrosyl protein kinase, such as pp60v-src itself. In either case,
these findings indicate substantial src-induced functional
alterations in the IGF-I receptor, either as a kinase or as a
substrate. These results also imply that src induces phos-
phorylation of the IGF-I receptor on sites different from
those which become phosphorylated in response to IGF-I, a
result similar to what we have obtained in our studies on the
EGF receptor. However, it is uncertain at this time whether
these alterations in receptor phosphorylation and function
affect the signaling properties of the receptor.
Attempts to determine whether the in vitro kinase activity

of the IGF-I receptor in immunoprecipitates was altered by
src transformation gave inconsistent results (data not
shown). Similarly, we were unable consistently to demon-
strate changes in in vitro kinase activity in response to
IGF-I. We suspect that these negative results were a conse-
quence, at least in part, of artifacts created by the assay
system. In particular, the a-IR-3 antibody is known to
interact with the ligand-binding domain of the IGF-I receptor
(10, 38). Better reagents that are under development in this
laboratory should permit a less ambiguous determination of
the intrinsic kinase activity of the IGF-I receptor from
src-transformed cells.

Transformation by src may have resulted in a modest
increase in the affinity of the IGF-I receptor for its ligand, as
analyzed by nonlinear least-squares analysis of ligand bind-
ing data. The small apparent differences in ligand binding
between the receptors from normal and transformed HOS
cells might not necessarily be intrinsic to the receptors but
could be a consequence of the reduced amount of extracel-
lular matrix protein expressed on the surface of the trans-
formed cells, as has been demonstrated for other trans-
formed cells (15). This hypothesis, although speculative, is
consistent with the reduced amount of nonspecific binding
observed in HOS-src.8 cells as compared with HOS cells
and also with the possibility that HOS-src.8 cells may be
responsive to slightly lower ligand concentrations (Fig. 8).
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On the other hand, if reduced expression of extracellular
matrix proteins were the sole basis for these data, one would
expect the entire dose-response curve to be shifted, not just
the lower concentration points as observed. This finding may
indicate the existence of two populations of IGF-I receptors
expressed on the surface of the transformed cells (32), only
one of which is more ligand sensitive. It is possible that
phosphorylation differences underlie these two putative re-

ceptor populations. If, as we suspect, only 10 to 20%o of the
IGF-I receptors are constitutively phosphorylated in the
transformed cells (see below), it would be very unlikely that
these measurements of ligand binding (or of kinase activity,
for that matter) would be able to resolve fully the properties
of the minority population unless they were dramatically
different from that of the unphosphorylated receptors.

It is not possible to determine with confidence the stoichi-
ometry of the src-induced phosphorylation of the IGF-I
receptor without knowing the sites of phosphorylation.
Since maximum stimulation of receptor phosphorylation by
the addition of IGF-I to the src-transformed cells results in a
5- to 10-fold increase in tyrosine phosphorylation, it seems
reasonable to suppose that 10 to 20% of the receptors are
phosphorylated in the unstimulated src-transformed cells.
However, if the src-induced phosphorylation occurred on
only a single site, whereas the IGF-I-induced phosphoryla-
tion occurred on two or three sites (as occurs with the insulin
receptor [8, 52]), these could be underestimates, and as
much as 50% of the receptors could be constitutively phos-
phorylated in the transformed cells. In any event, even if
only 10o of the receptors are modified in the transformed
cells, this level of modification may well be sufficient to be
physiologically significant, since many growth factors can be
mitogenic while occupying only 10% of their receptors.

If the increased basal level of tyrosine phosphorylation on
the P subunit of the IGF-I receptor observed in the HOS-src
cells increases the ability of the receptor to transmit a growth
signal, then HOS-src cells may be constitutively subject to a
mitogenic signal. IGF-I can function as a mitogen and is also
known to synergize with other mitogens (20, 23, 47, 48).
Thus, the possibility that a signal is being constantly trans-
mitted by the IGF-I receptor may have profound implica-
tions for growth control, depending on the state of the other
receptors present in these cells or their state of ligand
occupancy. Phosphorylation of receptors by cytoplasmic
tyrosine kinase oncogenes may underlie the decreased
growth factor requirements of cells transformed by these
oncogenes (9, 56) and may be related to the potentiation
of growth factor action seen in cells overexpressing the
pp6(c-src proto-oncogene (25, 54).

ACKNOWLEDGMENTS
We express our gratitude to S. Jacobs for his generous gift of

monoclonal antibody a-IR-3, Kenneth Siddle for allowing us to
screen some of his antisera against the insulin and IGF-I receptors,
Richard Roth for a monoclonal antibody pool, and S. Parsons for
monoclonal antibody EC10. We also thank M. Johnson of the
Biomathematics Core of the University of Virginia Diabetes and
Endocrine Research Center for assistance with the analysis of the
ligand-binding data.

This work was supported by Public Health Service grants
CA40042, CA47815, and CA39076 from the National Cancer Insti-
tute. L.M.K. was supported as a Public Health Service predoctoral
trainee by grant CA09109 from the National Cancer Institute.

LITERATURE CITED
1. Anderson, S. M., and E. M. Scolnick. 1983. Construction and

isolation of a transforming murine retrovirus containing the src

gene of Rous sarcoma virus. J. Virol. 46:594-605.

2. Cooper, J. A., and T. Hunter. 1981. Changes in protein phos-
phorylation in Rous sarcoma virus-transformed chicken embryo
cells. Mol. Cell. Biol. 1:165-178.

3. Cooper, J. A., K. D. Nakamura, T. Hunter, and M. J. Weber.
1983. Phosphotyrosine-containing proteins and expression of
transformation parameters in cells infected with partial trans-
formation mutants of Rous sarcoma virus. J. Virol. 46:15-28.

4. Cooper, J. A., B. M. Sefton, and T. Hunter. 1983. Detection and
quantitation of phosphotyrosine in proteins. Methods Enzymol.
99:387-405.

5. Corvera, S., R. E. Whitehead, C. Mottola, and M. P. Czech.
1986. The insulin-like growth factor II receptor is phosphory-
lated by a tyrosine kinase in adipocyte plasma membranes. J.
Biol. Chem. 261:7675-7679.

6. Czech, M. P. 1982. Structural and functional homologies in the
receptors for insulin and the insulin-like growth factors. Cell
31:8-10.

7. Czech, M. P., R. E. Lewis, and S. Corvera. 1989. Multifunctional
glycoprotein receptors for insulin and the insulin-like growth
factors. CIBA Found. Symp. 145:27-44.

8. Ebina, Y., L. Ellis, K. Jarnegan, M. Edery, L. Gref, E. Clauser,
J.-H. Ou, F. Masiarz, Y. W. Kan, I. D. Goldfine, R. A. Roth, and
W. J. Rutter. 1985. The human insulin receptor cDNA: the
structural basis for hormone-activated transmembrane signal-
ling. Cell 40:747-758.

9. Falco, J. P., W. G. Taylor, P. P. Di Fiore, B. E. Weissman, and
S. A. Aaronson. 1988. Interactions of growth factors and retro-
viral oncogenes with mitogenic signal transduction pathways of
Balb/MK keratinocytes. Oncogene 6:573-578.

10. Flier, J. S., P. Usher, and A. C. Moses. 1986. Monoclonal
antibody to the type I insulin-like growth factor (IGF-I) receptor
blocks IGF-I receptor-mediated DNA synthesis: clarification of
the mitogenic mechanisms of IGF-I and insulin in human skin
fibroblasts. Proc. Natl. Acad. Sci. USA 83:664-668.

11. Froesch, E. R., C. Schmidt, J. Schwander, and J. Zapf. 1985.
Actions of insulin-like growth factors. Annu. Rev. Physiol.
47:443-467.

12. Goldfine, I. D., and R. A. Roth. 1986. Monoclonal antibodies to
the insulin receptor as probes of insulin receptor structure and
function. Horiz. Biochem. Biophys. 8:471-502.

13. Hirst, R., A. Horwitz, C. Buck, and L. Rohrschneider. 1986.
Phosphorylation of the fibronectin receptor complex in cells
transformed by oncogenes that encode tyrosine kinases. Proc.
Natl. Acad. Sci. USA 83:6470-6474.

14. Hunter, T., and B. M. Sefton. 1980. Transforming gene product
of Rous sarcoma virus phosphorylates tyrosine. Proc. Natl.
Acad. Sci. USA 77:1311-1315.

15. Ignotz, R. A., and J. Massague. 1987. Cell adhesion protein
receptors as targets for transforming growth factor-p action.
Cell 51:189-197.

16. Johnson, M. L., and S. G. Frasier. 1985. Nonlinear least-squares
analysis. Methods Enzymol. 117:301-342.

17. Kamps, M. P., J. E. Buss, and B. M. Sefton. 1985. Mutation of
NH2-terminal glycine of pp60src prevents both myristoylation
and morphological transformation. Proc. Natl. Acad. Sci. USA
82:4625-4628.

18. Kamps, M. P., and B. M. Sefton. 1988. Identification of multiple
novel polypeptide substrates of the v-src, v-yes, v-fps, v-ros,
and v-erb-B oncogenic tyrosine protein kinases utilizing antisera
against phosphotyrosine. Oncogene 2:305-315.

19. Kamps, M. P., and B. M. Sefton. 1989. Acid and base hydrolysis
of phosphoproteins bound to immobilon facilitates analysis of
phosphoamino acids in gel-fractionated proteins. Anal. Bio-
chem. 176:22-7.

20. Kojima, I., H. Matsunaga, K. Kurokawa, E. Ogata, and I.
Nishimoto. 1988. Calcium influx: an intracellular message of the
mitogenic action of the insulin-like growth factor-I. J. Biol.
Chem. 263:16561-16567.

21. Kozma, L. M., A. B. Reynolds, and M. J. Weber. 1990.
Glycoprotein tyrosine phosphorylation in Rous sarcoma virus-
transformed chicken embryo fibroblasts. Mol. Cell. Biol. 10:
837-841.

22. Kull, F. C., Jr., S. Jacobs, Y.-F. Su, M. E. Svoboda, J. J. Van

VOL. 10, 1990



3634 KOZMA AND WEBER

Wyk, and P. Cuatrecasas. 1983. Monoclonal antibodies to re-
ceptors for insulin and somatomedin-C. J. Biol. Chem. 258:
6561-6566.

23. Lammers, R., A. Gray, J. Schiessinger, and A. Ullrich. 1989.
Differential signalling potential of insulin- and IGF-1-receptor
cytoplasmic domains. EMBO J. 8:1369-1375.

24. Linder, M. E., and J. G. Burr. 1988. Nonmyristoylated p60v-sc
fails to phosphorylate proteins of 115-120 kDa in chicken
embryo fibroblasts. Proc. Natl. Acad. Sci. USA 85:2608-2612.

25. Luttrell, D. K., L. M. Luttrell, and S. J. Parsons. 1988. Aug-
mented mitogenic responsiveness to epidermal growth factor in
murine fibroblasts that overexpress pp6Oc-src. Mol. Cell. Biol.
8:497-501.

26. MarkweUl, M. A., S. M. Haas, L. L. Bieber, and N. E. Tolbert.
1978. A modification of the Lowry procedure to simplify protein
determination in membrane and lipoprotein samples. Anal.
Biochem. 87:206-210.

27. Martinez, R., K. D. Nakamura, and M. J. Weber. 1982. Identi-
fication of phosphotyrosine-containing proteins in untrans-
formed and Rous sarcoma virus-transformed chicken embryo
fibroblasts. Mol. Cell. Biol. 2:653-665.

28. Massague, J., and M. P. Czech. 1982. The subunit structures of
two distinct receptors for insulin-like growth factors I and II and
their relationship to the insulin receptor. J. Biol. Chem. 257:
5038-5045.

29. McAllister, M., M. B. Gardner, A. E. Greene, C. Bradt, W. W.
Nichols, and B. J. Landing. 1971. Cultivation in vitro of cells
derived from a human osteosarcoma. Cancer 27:397-402.

30. Monteagudo, C. A., D. L. Williams, G. A. Crabb, M. Tondravi,
and M. J. Weber. 1984. Phosphotyrosine-containing membrane
proteins in Rous sarcoma virus-transformed cells, p. 69-75. In
Cold Spring Harbor meetings on cell proliferation: the cancer
cell, vol. 2. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

31. Morgan, D. O., and R. A. Roth. 1986. Identification of a
monoclonal antibody which can distinguish between two dis-
tinct species of the type I receptor for insulin-like growth factor.
Biochem. Biophys. Res. Commun. 138:1341-7.

32. Moxham, C. P., V. Duronio, and S. Jacobs. 1989. Insulin-like
growth factor I receptor ,-subunit heterogeneity: evidence for
hybrid tetramers composed of insulin-like growth factor I and
insulin receptor heterodimers. J. Biol. Chem. 264:13238-13244.

33. Ooi, G. T., and A. C. Herington. 1988. The biological and
structural characterization of specific serum binding proteins for
the insulin-like growth factors. J. Endocrinol. 118:7-18.

34. Parsons, J. T., and M. J. Weber. 1989. Genetics of src: structure
and functional organization of a protein tyrosine kinase. Curr.
Top. Microbiol. Immunol. 147:79-127.

35. Parsons, S. J., D. J. McCarley, C. M. Ely, D. C. Benjamin, and
J. T. Parsons. 1984. Monoclonal antibodies to Rous sarcoma
virus pp6Osrc react with enzymatically active pp60Orc of avian
and mammalian origin. J. Virol. 51:272-282.

36. Parsons, S. J., D. J. McCarley, V. W. Raymond, and J. T.
Parsons. 1986. Localization of conserved and nonconserved
epitopes within the Rous sarcoma virus-encoded src protein. J.
Virol. 59:755-758.

37. Reynolds, A. B., D. J. Roesel, S. B. Kanner, and J. T. Parsons.
1989. Transformation-specific tyrosine phosphorylation of a
novel cellular protein in chicken cells expressing oncogenic
variants of the avian cellular src gene. Mol. Cell. Biol. 9:
629-638.

38. Rohlik, Q. T., D. Adams, F. C. Kull, Jr., and S. Jacobs. 1987. An
antibody to the receptor for insulin-like growth factor I inhibits
the growth of MCF-7 cells in tissue culture. Biochem. Biophys.
Res. Commun. 149:276-281.

39. Rosen, 0. M., R. Herrera, Y. Olowe, L. M. Petruzzelli, and
M. H. Cobb. 1983. Phosphorylation activates the insulin recep-
tor tyrosine protein kinase. Proc. Natl. Acad. Sci. USA 80:

3237-3240.
40. Scatchard, G. 1949. The attractions of proteins for small mole-

cules and ions. Ann. N.Y. Acad. Sci. 51:660-672.
41. Sefton, B. M., T. Hunter, E. H. Ball, and S. J. Singer. 1981.

Vinculin: a cytoskeletal target of the transforming protein of
Rous sarcoma virus. Cell 24:165-174.

42. Siddle, K., M. A. Soos, R. M. O'Brien, R. H. Ganderton, and R.
Taylor. 1987. Monoclonal antibodies as probes of the structure
and function of insulin receptors. Biochem. Soc. Trans. 15:
47-51.

43. Soos, M. A., R. M. O'Brien, N. P. J. Brindle, J. M. Stigter,
A. K. Okamoto, J. Whittaker, and K. Siddle. 1989. Monoclonal
antibodies to the insulin receptor mimic metabolic effects of
insulin but do not stimulate receptor autophosphorylation in
transfected NIH 3T3 fibroblasts. Proc. Natl. Acad. Sci. USA
86:5217-5221.

44. Ullrich, A., J. R. Bell, E. Y. Chen, R. Herrera, L. M. Petruzzelli,
T. J. Dull, A. Gray, L. Coussens, Y.-C. Liao, M. Tsubokawa, A.
Mason, P. H. Seeburg, C. Grunfeld, 0. M. Rosen, and J.
Ramachandran. 1985. Human insulin receptor and its relation-
ship to the tyrosine kinase family of oncogenes. Nature (Lon-
don) 313:756-761.

45. Ullrich, A., A. Gray, A. W. Tam, T. Yang-Feng, M. Tsubokawa,
C. Collins, W. Henzel, T. Le Bon, S. Kathuria, E. Chen, S.
Jacobs, U. Francke, J. Ramachandran, and Y. Fujita-Yamagu-
chi. 1986. Insulin-like growth factor I receptor primary struc-
ture: comparison with insulin suggests structural determinants
that define functional specificity. EMBO J. 5:2503-2512.

46. van Obberghen, E., B. Rossi, A. Kowalski, H. Gazzano, and G.
Ponzio. 1983. Receptor-mediated phosphorylation of the hepatic
insulin receptor: evidence that the Mr 95,000 receptor subunit is
its own kinase. Proc. Natl. Acad. Sci. USA 80:945-949.

47. Veldhuis, J. D., and R. J. Rodgers. 1987. Mechanisms subserv-
ing the steroidogenic synergism between follicle-stimulating
hormone and insulin-like growth factor I (somatomedin-C). J.
Biol. Chem. 262:7658-7664.

48. Veldhuis, J. D., R. J. Rodgers, and R. W. Furlanetto. 1986.
Synergistic actions of estradiol and the insulin-like growth
factor somatomedin C on swine ovarian (granulosa) cells. En-
docrinology 119:530-538.

49. Velicelebi, G., and R. A. Aiyer. 1984. Identification of the
alpha/beta monomer of the adipocyte insulin receptor by insulin
binding and autophosphorylation. Proc. Natl. Acad. Sci. USA
81:7693-7697.

50. Weber, M. J. 1984. Malignant transformation by Rous sarcoma
virus: from phosphorylation to phenotype. Adv. Viral Oncol.
4:249-268.

51. Weber, M. J., and R. R. Friis. 1979. Dissociation of transfor-
mation parameters using temperature-conditional mutants of
Rous sarcoma virus. Cell 16:25-32.

52. White, M. F., S. E. Shoelson, H. Keutmann, and C. R. Kahn.
1988. A cascade of tyrosine autophosphorylation in the 1B-
subunit activates the phosphotransferase of the insulin receptor.
J. Biol. Chem. 263:2969-2980.

53. White, M. F., D. K. Werth, I. Pastan, and C. R. Kahn. 1984.
Phosphorylation of the solubilized insulin receptor by the gene
product of the Rous sarcoma virus, pp60src. J. Cell. Biochem.
26:169-179.

54. Wilson, L. K., D. K. Luttrell, J. T. Parsons, and S. J. Parsons.
1989. pp60c-src tyrosine kinase, myristylation, and modulatory
domains are required for enhanced mitogenic responsiveness to
epidermal growth factor seen in cells overexpressing c-src. Mol.
Cell. Biol. 9:1536-1544.

55. Yu, K., D. K. Werth, I. H. Pastan, and M. P. Czech. 1985. Src
kinase catalyzes the phosphorylation and activation of the
insulin receptor kinase. J. Biol. Chem. 260:5838-5846.

56. Zhan, X., and M. Goldfarb. 1986. Growth factor requirements
of oncogene-transformed NIH 3T3 and BALB/c 3T3 cells cul-
tured in defined media. Mol. Cell. Biol. 6:3541-3544.

MOL. CELL. BIOL.


