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ABSTRACT Highly purified human placental insulin recep-
tors were obtained by sequential affinity chromatography on wheat
germ agglutinin and insulin-agarose. The preparation had an in-
sulin binding capacity of 4,700 pmol/mg of protein approaching
theoretical purity. The purified receptor revealed three major
bands of Mr 135,000, 95,000, and 52,000 in NaDodSO4/poly-
acrylamide gel electrophoresis after reduction by dithiothreitol.
All three bands were immunoprecipitated by anti-insulin-receptor
antibodies. When this preparation was incubated with [y-32PIATP
in the presence of MnCI2 (2 mM) and analyzed in NaDodSO4/
acrylamide gel electrophoresis, only the Mr 95,000 band was la-
beled. Preincubation with several concentrations of insulin in-
creased the 32p incorporation into this peptide in dose-dependent
fashion, whereas insulin-like growth factors were -2% as potent
and epidermal growth factor had little or no effect, consistent with
their known affinities for the insulin receptor. Insulin stimulation
of phosphorylation of the Mr 95,000 subunit of the receptor was
observed also in immunoprecipitates of this highly purified in-
sulin receptor by anti-insulin-receptor antibodies. Phosphoamino
acid determination revealed only phosphotyrosine in both the basal
and insulin-stimulated states. These data suggest that a tyrosine-
specific protein kinase activity is closely associated with insulin
receptor, and this may be important in the signal transmission re-
quired for insulin action.

Polypeptide hormones and other related biologically important
molecules bind to specific membrane receptors in target cells
initiating a wide spectrum of biological effects. The mecha-
nisms by which the initial interaction between these substances
and their receptors results in a transfer of information remains
poorly understood. We have found that insulin stimulates the
phosphorylation of its own receptor (1, 2) and also that this phe-
nomenon can be reproduced in a solubilized insulin receptor
system (3, 4). From these results, we proposed the phosphoryl-
ation of insulin receptor may be an early step in insulin action.
Phosphorylation of receptor proteins or proteins presumably
related to the receptor also has been reported for epidermal
growth factor (EGF) (5), platelet-derived growth factor (6, 7),
acetylcholine (8), and immunoglobulin E (9, 10), suggesting that
receptor phosphorylation may be an important general mech-
anism for transmission of the information of a ligand into the
cell.

In intact cells, the phosphorylation of the insulin receptor
involved multiple sites including both phosphotyrosine and
phosphoserine (2), whereas in the solubilized fraction only ty-
rosine is phosphorylated (3). These results suggest that a ty-
rosine-specific protein kinase is involved in the insulin-stim-
ulated phosphorylation of its own receptor and that tyrosine

phosphorylation may be the primary phosphorylation that oc-
curs upon insulin binding. We report here that insulin-sensitive
tyrosine phosphorylation activity still exists after 2,500-fold pu-
rification of insulin receptor. The activity is precipitated by an
antibody to the insulin receptor and retained in the immuno-
precipitate. These data suggest that a tyrosine-specific protein
kinase activity is associated with the purified insulin receptor
and is probably intrinsic to the receptor itself.

MATERIALS AND METHODS
Materials. Porcine insulin (lot QA 246p) was purchased from

Elanco (Indianapolis, IN), insulin-like growth factor (IGF) I and
II were gifts of R. E. Humbel (Zurich), EGF was obtained from
Collaborative Research (Waltham, MA), and Na125I and [Y-32P]-
ATP were from New England Nuclear. Aprotinin, phenylme-
thylsulfonyl fluoride and N-acetyl-D-glucosamine were ob-
tained from Sigma. All reagents for NaDodSO4/polyacrylamide
gel electrophoresis were from Bio-Rad.

Purification of Insulin Receptor. The insulin receptor with
full binding activity was purified by a method developed by
Fujita-Yamaguchi et al. and will be published in detail else-
where (11). Briefly, wheat germ agglutinin (WGA) was coupled
to cyanogen bromide-activated Sepharose 4B by the method of
Porath et aL (12) to a concentration of 6.2 mg of WGA per ml
of gel. Insulin-Sepharose was prepared as described by Cua-
trecasas (13). The final amount of insulin was 0.24 mg/ml of
gel.

Solubilized insulin receptors were obtained by Triton X-100
extraction of a crude microsomal membrane prepared from
normal human full-term placenta. From a clear supernatant,
obtained by centrifugation at 100,000 X g for 90 min at 40C,
the insulin receptor was first partially purified by affinity chro-
matography on a column containing 50 ml of WGA-Sepharose
and eluted by 50 mM Tris-HCl buffer (pH 7.4) containing 0.1%
Triton X-100 and 0.3 M N-acetylglucosamine. The active frac-
tions were pooled and applied to a column containing 30 ml of
insulin-Sepharose, and the purified receptor was eluted by 50
mM acetate buffer (pH 5.0) containing 0.1% Triton X-100 and
1 M NaCl. Fractions containing insulin receptor were neu-
tralized and concentrated. The protein concentration of the
sample was calculated from amino acid analysis data.

Standard Phosphorylation Assay with NaDodSO4/Acryl-
amide Gel Electrophoresis. Purified insulin receptor from hu-
man placental membranes (10 ,ul; 1-2 ,ug of protein) was in-
cubated without or with hormones for 45 min at room tem-
perature in 25 mM Hepes buffer (pH 7.4) containing 0.1% Triton
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X-100 and MnCl2 (2 mM) in a final volume of 50 1.l. The mix-
ture was then chilled on ice for 10 min, the phosphorylation
assay was initiated by adding 10 41 of [y-32P]ATP (final con-
centration, 5 1LM; 10-20 ,uCi/nmol; 1 Ci = 3.7 X 1010 Bq). The
reaction was continued for 30 min at 40C and stopped by adding
unlabeled ATP (2 mM) and 60 /.l of twice concentrated
NaDodSO4 gel sample buffer (2) and boiled at 100'C for 3 min.
The samples were analyzed by NaDodSO4/polyacrylamide

gel electrophoresis as described by Laemmli (14) with 4% stack-
ing and 7.5% resolving gels. After electrophoresis, the slab gels
were stained with 0.25% Coomassie blue in 50% trichloroacetic
acid, destained in 7% acetic acid, dried, and autoradiographed
with Kodak X-Omat film overnight (15). Mrs were calculated by
using standard proteins as described (1). Silver staining of gels
was performed by the methods of Morrissey (16).

Identification of Phosphoamino Acids. The phosphoamino
acids were analyzed by a modification of the method of Hunter
and Sefton (17). The phosphorylated bands of interest were lo-
calized by autoradiography and excised from NaDodSO4 gels,
and the proteins were eluted by electrophoresis, lyophilized,
subjected to acid hydrolysis in 6 M HC1 for 2 hr at 1080C, and
the phosphoamino acids were separated by two-dimensional
paper electrophoresis (pH 2.0 and pH 3.5) as described (2, 3).
Samples of phosphoserine (Sigma), phosphothreonine (Sigma),
and phosphotyrosine (a gift from T. Hunter, Salk Institute) were
added to all radioactive samples analyzed. The standards were
located by ninhydrin; the radioactive material was located by
autoradiography.

Phosphorylation Assay in the Immunoprecipitate. Purified
insulin receptor (10 ,1; 1-2 ,ug) was incubated with 1 ,u1 of rab-
bit serum containing antibodies to insulin receptor (a gift from
S. Jacobs, Wellcome) (18) in 100 ,ul of 25 mM Hepes containing
0.1% Triton X-100 (pH 7.4) for 2 hr at 4°C. Antigen-antibody
complexes were incubated with prewashed staphylococcal pro-
tein-A [Pansorbin, Calbiochem; 150 ,ul of a 10% (wt/vol) sus-
pension] for 1 hr at 40C, followed by centrifugation at 10,000
x g for 5 min. The precipitates were washed twice with 1%
Triton X-100/0. 1% NaDodSO4 and twice with 0.1% Triton X-
100/25 mM Hepes, pH 7.4, as described for the immunopre-
cipitation method (15). The pellet was resuspended in 500 ,l1
of 25 mM Hepes (pH 7.4) containing 0.1% Triton X-100 and 2
mM MnCl2 and incubated with or without insulin at 100 nM
for 30 min at room temperature. The mixture was then chilled
on ice for 10 min, and phosphorylation assay was initiated by
adding [y-32P]ATP (final concentration, 5 ,uM; 10-20 ,Ci/nmol).
The reaction was continued for 30 min at 4°C and terminated
by adding NaF, sodium pyrophosphate, EDTA, and unlabeled
ATP (final concentrations, 50 mM, 10 mM, 5 mM, and 2 mM,
respectively), followed by centrifugation. The pellets were
washed once with Hepes buffer containing 0.1% Triton and re-
suspended in NaDodSO4 gel sample buffer (2) and boiled 3 min.
Staphylococcal protein-A was removed by centrifugation, and
the samples were analyzed by NaDodSO4/acrylamide gel elec-
trophoresis as described above.

RESULTS
Phosphorylation of Purified Receptor. Human placental in-

sulin receptor was purified 2,500-fold with an overall yield of
40%. The receptor was eluted from an insulin-Sepharose col-
umn under mild conditions at 4°C in the absence of urea so that
it retained full insulin binding activity. The purified receptor
showed a curvilinear Scatchard plot with maximum insulin
binding capacity of 28 ug (4,700 pmol) per mg of protein. Di-
rect Coomassie blue staining of the receptor analyzed by
NaDodSO4/polyacrylamide gel electrophoresis after reduction

revealed one major and one minor polypeptide chain of Mrs
135,000 and 95,000, which correspond to the a and (3 subunits
of the insulin receptor (Fig. 1, lane A). Furthermore, as dis-
cussed in the original paper (11), a variable amount of a Mr 52,000
band was found also in silver staining, which we believe to be
a degradation product of the receptor (Fig. 1, lane B); the Mr
of this protein was originally estimated to be 60,000 (11). When
this highly purified insulin receptor was labeled by using Na125I
with chloramine T as described (19) and analyzed in Na-
DodSO4/polyacrylamide gel electrophoresis after reduction and
autoradiography, the same three major bands (Mrs 135,000,
95,000, and 52,000) were found (Fig. 1, lane C). Addition of
antibody to the insulin receptor resulted in precipitation of all
of the three major bands (Fig. 1, lane D), whereas no radio-
active bands were precipitated by control serum (Fig. 1, lane
E).
The highly purified insulin receptor was phosphorylated and

analyzed as described in Fig. 2. The resulting autoradiogram
revealed one 32P-labeled polypeptide of Mr 95,000 in the po-
sition of the ,B subunit of the insulin receptor (Fig. 2, lane A).
Preincubation of the receptor preparation with 100 nM insulin
for 45 min at room temperature prior to addition of the [ y_32P]_
ATP produced a 3- to 5-fold increase in the amount of 32p in-
corporation into this band (Fig. 2, lane B). Incorporation of 32p
was markedly inhibited when the specific activity of the [y_32p]-
ATP was reduced 99.9%; thus, it was unlikely that some labeled
contaminant was the 32p source rather than AUP.

To confirm that the Mr 95,000 phosphoprotein was the (3
subunit of the insulin receptor, the samples were immunopre-
cipitated by serum containing autoantibodies to insulin recep-
tor from a patient (B-2) with insulin resistance and acanthosis
nigricans as described (15). Analysis of the immunoprecipitates
revealed the Mr 95,000 phosphoprotein (Fig. 2, lanes C and D),
whereas the supernatant remaining after immunoprecipitation
showed only an indistinct band of higher Mr and a trace amount
of Mr 95,000 phosphoprotein. Similar results were obtained be-
fore and after insulin stimulation (Fig. 2, lanes E and F).

In the native insulin receptor, the receptor subunits are
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FIG. 1. NaDodSO4/polyacrylamide gel electrophoresis of highly
purified human placental insulin receptor. Lanes: A, Coomassie blue
staining of 40 p1(-7 ug) of purified receptor; B, silver staining of 30
gI (-4 ,ug) of purified receptor; C-E, autoradiographs of purified in-
sulin receptor preparations labeled with 1"I (chloramine-T method).
"MI-Labeled receptors (lane C) were immunoprecipitated by serum con-
taining anti-insulin-receptor autoantibodies (B-2) (lane D) or control
serum (lane E). NaDodSO4/polyacrylamide gel electrophoresis was
performed after reduction with 100mM dithiothreitol. Note that three
different purified preparations were used for these experiments.

Proc. Nad Acad. Sci. USA 80 (1983)

*-i... ... .....%ir. Al.ik.
V"F



Proc. Natd Acad. Sci. USA 80 (1983)

Mr
X -3

(-) H-) H H-) .) +

_Mr

x

_ _

0

O _Y
co)

_ -i

A B C D E F

GH 9

G H

FIG. 2. Autoradiograms showing the incorporation of the 3P from
[y32PIATP into highly purified insulin receptor. Highly purified in-
sulin receptor from human placental membranes (1-2 ug) was incu-
bated with [Y-32PIATP and MnCl2 (2 mM) for 30 min at 40C without
(lane A) or with (lane B) preincubation with 100 nM insulin. The phos-
phorylation reactions were terminated by adding NaDodSO4 gel buffer
(2) and boiling for 3 min. (Left) After reduction of disulfide bonds with
dithiothreitol (100 mM), these samples were analyzed by 7.5% Na-
DodS04/acrylamide gel electrophoresis and autoradiography. The same
samples were immunoprecipitated by anti-insulin-receptor antibodies.
Immunoprecipitates (lanes C and D) and their supernatants (lanes E
and F) were analyzed in the same NaDodS04/acrylamide gel after re-
duction and autoradiography. (Right) After in vitro phosphorylation,
the same samples were analyzed by 5% NaDodSO4/polyacrylamide gel
electrophoresis and autoradiography without reduction of disulfide bonds
(ane G, basal; lane H, 100 nM insulin stimulation).
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FIG. 3. Dose-response and specificity of insulin receptor phos-
phorylation. Highly purified human placental insulin receptor (1-2 ,ug)
was incubated with porcine insulin (0), IGFs I (A) and 11 (A), orEGF (A)
for4 ro mtemperature.Thephbsphorylatirewa wasThen
initiated by adding Mn2+ and [_-32PIATP and was allowed to proceed
for 30 min at 40C. Termination of the reaction and analysis were as in
Fig. 2 Left. The resulting autoradiographs were scanned in a densitom-
eter, and the peak areas corresponding to the Mr 95,000 band were cal-
culated and expressed in arbitrary units of 32p incorporation.

some stimulatory effect on the phosphorylation of the M, 95,000
protein; however, the extent of the effect was much less than
that of 100 nM insulin (Fig. 3), suggesting that it was the 3 sub-
unit of the insulin receptor, not the j3 subunit of the type I IGF
receptor, that was being phosphorylated. IGF II had an effect
similar to that of IGF I on the phosphorylation of this protein

thought to be linked by disulfide bonds to form high M, oli-
gomers (19, 20). When the same samples were analyzed with-
out reduction of disulfide bonds, three bands were observed
(Fig. 2, lane G). Two bands had Mrs of >300,000. These bands
are similar to those found when the receptor is labeled by [3S]-
methionine and analyzed without reduction (21). In addition,
there was one phosphoprotein of M, 94,000, which may cor-
respond to "free" P subunits (21). After incubation with insulin
(100 nM), the phosphorylation of all three bands was increased
approximately 3- to 5-fold.

Dose-Response, Specificity, and Identification of the Phos-
phoamino Acids. We and others have reported that, in addition
to insulin receptors, membranes may contain two types of re-
ceptors for the IGFs (22-24). Type I IGF receptors (i) have a
higher affinity for IGF I than do IGF II and insulin, (ii) appear
to be similar in structure to the insulin receptor (22-24), and
(iii) crossreact to a varying extent with some anti-insulin-re-
ceptor antibodies$ (25). Type II IGF receptors, on the other
hand, have a higher affinity for IGF II than for IGF I but little
or no affinity for insulin and have a subunit structure quite dis-
tinct from that of either the insulin or type I IGF receptor (22,
24).

To determine the specificity of this receptor, the highly pu-
rified insulin receptor was incubated with several concentra-
tions of insulin (1-100 nM), IGFs I and II, and EGF for 45 min
at room temperature, and the phosphorylation was carried out
as described above. Some stimulation of the phosphorylation
of the (3 subunit of insulin receptor was observed at 1 nM in-
sulin, and maximal stimulation was achieved with an insulin
concentration of 100 nM (Fig. 3). IGF I at 100 nM also had
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FIG. 4. Identification of phosphoamino acids in the (3 subunit of
highly purified insulin receptor. The phosphorylation of highly puri-
fied insulin receptor was conducted without or with stimulation by 100
nM insulin as described in the legend to Fig. 2. The Mr 95,000 bands,
localized by autoradiography, were excised from the gel, and the phos-
phoamino acids were determined. The standards were located by nin-
hydrin and are delineated by thebroken lines. The radioactive material
was located by autoradiography.
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(Fig. 3). EGF, which was reported to enhance the phospho-
rylation of its own receptor through a receptor/kinase system
(5), had no effect on the phosphorylation of insulin receptor.
To determine the amino acids that were phosphorylated in

the Mr 95,000 phosphoprotein of the highly purified receptor,
the 32P-labeled phosphoprotein was cut from the gel and par-
tially hydrolyzed in 6 M HCl for 2 hr at 1080C, and the resulting
hydrolysates were separated by two-dimensional electropho-
resis. By this analysis, only phosphotyrosine was found in both
basal and 100 nM insulin-stimulated material, although the in-
sulin-stimulated sample had approximately 3 times more ra-
dioactivity (Fig. 4).

Phosphorylation in the Immunoprecipitates of Highly Pu-
rified Receptor. As a further attempt to determine the close-
ness of association of the insulin receptors with the tyrosine-
specific protein kinase activity, the highly purified insulin re-
ceptor was immunoprecipitated by control serum or serum con-
taining anti-insulin-receptor antibodies and staphylococcal pro-
tein A to determine whether the antibody precipitates the kinase
activity. The immunoprecipitate was washed with 0.1% Na-
DodSO4 or Triton X-100, or both. These immunoprecipitates
were incubated with [t'32P]ATP in the presence of 2 mM MnCl2.
Immunoprecipitation by control serum revealed no radioactive
band; however, immunoprecipitation by antibodies to receptor
revealed one distinct 32P-labeled band of Mr 95,000, suggesting
that antibodies to insulin receptor precipitated both receptor
and protein kinase activity (Fig. 5, lanes A and B). Incubation
of the washed immunoprecipitates with 100 nM insulin also re-
sulted in stimulation of the incorporation of 32P into Mr 95,000
phosphoprotein (Fig. 5, lane D). No phosphorylation of anti-
receptor IgG was observed in either basal or insulin-stimulated
states.

DISCUSSION
Considerable evidence has been accumulated to demonstrate
that phosphorylation and dephosphorylation of proteins may

Insulin (-) (+)
A B C D

95-..

Anti-receptor (-I (+) 1-) (+)
antibody

FIG. 5. Phosphorylation of highly purified insulin receptor in the
immunoprecipitates. Highly purified insulin receptor (5 ,ul, 0.5-1 ,g)
was incubated with serum containing antibodies to the insulin receptor
(lanes B and D) or control serum (lanes A and C). Then the IgG was
precipitated with protein A. The phosphorylation reactions were ini-
tiated by adding [)32P]ATP into the immunoprecipitates without (lanes
A and B) or with (lanes C and D) preincubation with 100 nM insulin
and analyzed. Mr is shown x 10-3.

play an important role in insulin action (see ref. 26 for review).
Recently, we found that insulin binding to cells stimulates the
phosphorylation of the 3 subunit of the insulin receptor, in-
dicating that this may be an early step in signal transmission by
insulin at a cellular level (1, 2). There appear to be multiple
sites of phosphorylation in the intact cell. In the basal state,
there is predominantly serine phosphorylation. After insulin
stimulation, there is an increase in phosphoserine and possibly
phosphothreonine and the appearance of phosphotyrosine (2).
Subsequently, we demonstrated that insulin stimulated the
phosphorylation of the solubilized insulin receptor from rat liver
plasma membrane after partial purification by WGA affinity
chromatography and that this phosphorylation occurred exclu-
sively at tyrosine residues (3). These results suggested that (i)
a tyrosine protein kinase was involved in the insulin-enhanced
phosphorylation of insulin receptor in both intact cells and
"broken" cell systems and (ii) this existed in the plasma mem-
brane and was eluted from a lectin affinity column. In the pres-
ent study, we have attempted to determine if the tyrosine-spe-
cific protein kinase is associated with the insulin receptor itself.

Recently, one of the authors (Y. F.-Y.) was able to develop a
method of obtaining highly purified insulin receptor while pre-
serving a high insulin binding capacity (11). Based on a Mr of
300,000-350,000 for the insulin-receptor complex (a2,82 het-
erodimer), the purified insulin receptor can bind more than
one "2I-labeled insulin molecule per complex. Insulin binding
activity of this preparation is 4,700 pmol/mg of protein, ap-
proximately 5- to 10-fold higher than previously reported (27-
29). The purity of our sample was shown also by Coomassie blue
and silver staining and by iodination with Na'"I and autora-
diography. These methods revealed three major bands of Mrs
135,000, 95,000, and 52,000. The former two bands may be the
authentic a and P subunits of insulin receptor, respectively (21).
The third major component of M, 52,000 also appears to be a
component of the insulin receptor or, more likely, a degra-
dation product of the a or (3 subunits, as this component was
immunoprecipitated also by several antibodies to insulin re-
ceptor.

This highly purified insulin receptor retains a tyrosine-spe-
cific protein kinase activity and demonstrates phosphorylation
that is hormonally sensitive. Phosphorylation shows proper
specificity for the insulin receptor, and the dose-response cor-
relates well with binding properties of the receptor (11). Fur-
thermore, after specific immunoprecipitation by antibody to
the insulin receptor, both the highly purified insulin receptor
and solubilized, partially purified receptor from other cells still
retain protein kinase activity. These results indicate that ty-
rosine-specific protein kinase activity is closely associated with,
and perhaps intrinsic to, the insulin receptor. Despite this very
close association, it is still possible that there is a very small
amount of contamination by a protein kinase that is bound tightly
to its substrate (the receptor), and is not separated from the re-
ceptor during the different steps in purification. Thus, absolute
conclusions about whether the insulin receptor itself is the pro-
tein kinase should be postponed until the insulin receptor has
been chemically synthesized or cloned.

Another interesting finding is that the heavy chain of im-
munoglobulin G against the insulin receptor did not serve as a
substrate of the insulin-sensitive tyrosine protein kinase, at least,
under our experimental conditions (Fig. 5). In the EGF re-
ceptor/kinase system, antibodies against the EGF receptor also
are not a substrate (30, 31); however, the antibodies against the
transforming protein kinase pp6Osrc of Rous sarcoma virus can
be phosphorylated (30, 32). Recently, we (unpublished data)
and Petruzzelli et al. (33) have shown that partially purified in-
sulin receptor will induce a tyrosine phosphorylation of other
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substrates in an insulin-dependent fashion, indicating that un-
der some conditions the insulin receptor/kinase system can in-
deed act on other substrates.

Phosphorylation of tyrosine is rare in normal cells (17). Ty-
rosine phosphorylation of specific proteins has been observed
after cellular transformation by RNA tumor viruses (17, 34-37)
or after stimulation of cell growth by EGF (38), platelet-de-
rived growth factor (6), and human transforming growth factor
(39). Tyrosine-specific protein kinase activity has been reported
to be closely associated with the transforming gene product (35-
37) and also the EGF receptor (5, 31). As in the present ex-
periments, these kinases have been shown to be active in im-
munoprecipitates and retain activity after partial purification
(31, 35-37). These results have attracted considerable interest
in the role of tyrosine-specific protein kinases in the control of
cell growth and transformation. Here, we have reported that
tyrosine-specific protein kinase activity is closely associated with
the insulin receptor. This finding raised the possibility that some
or even all of the insulin actions may be transmitted from the
insulin receptor through activation of an intrinsic tyrosine/pro-
tein kinase system. Whether insulin can induce tyrosine phos-
phorylation of some other cellular proteins, as previously re-
ported for the Rous sarcoma virus-transforming gene product
and EGF (40), remains to be determined.
Note Added in Proof. Since submission of this manuscript, several groups
have confirmed and extended our observations concerning the phos-
phorylation of the insulin receptor. These are presented in refs. 33 and
41-44.
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