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The insulin reeeptor purified from human placenta
by sequential affinity chromatography on wheat germ
agglutinin- and insulin-Sepharose to near homogeneity
retained tyrosine-specific protein kinase activity. This
purified insulin receptor kinase specifically catalyzed
the incorporation of **P from [v-**P]ATP into not only
the g-subunit of the insulin receptor but also histone
H2B, a synthetic peptide which is sequentially similar
to the site of tyrosine phosphorylation in pp60°° (a
gene product of the Rous sarcoma virus) and antibodies
to pp60°* present in the sera obtained from three rab-
bits bearing tumors induced by the Rous sarcoma virus.
In each case, phosphorylation occurred exclusively on
tyrosine residues. Insulin stimulated phosphorylation
of these substrates 3- to 5-fold. Kinetic analysis using
the synthetic peptide indicated that insulin acted by
increasing the V.., of peptide phosphorylation from
about 3.1 to 9.5 nmolemg™! of protein*min~?, whereas
the value of the K,, for the peptide, about 1.5 mm, was
not significantly changed. This kinase acted weakly on
casein, a-S-casein, actin, and a tyrosine-containing
peptide analogue of a serine-containing peptide used
commonly as a substrate for the cyclic AMP-dependent
protein kinases. These data show that the insulin re-
ceptor kinase displays specificity toward exogenous
substrates similar to the substrate specificity observed
for pp60°” and the protein kinase activity associated
with the receptor for epidermal growth factor. The
data suggest that the catalytic sites of these three ty-
rosine kinases are similar and that insulin activates its
receptor kinase by increasing the V,,,.

We have found that insulin binding to cells stimulates
rapidly the phosphorylation of the g-subunit of the insulin
receptor (1, 2). In the intact cell, there are multiple sites of
phosphorylation; insulin stimulates an increase in phospho-
serine and possibly phosphothreonine and the appearance of
phosphotyrosine (2). Subsequently, we demonstrated that in-
sulin stimulated the phosphorylation of the solubilized insulin
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receptor exclusively at tyrosine residues of the S-subunit (3,
4) and that the insulin-sensitve tyrosine kinase remained
associated with the insulin receptor after 2500-fold purifica-
tion (5). Furthermore, antibodies to the insulin receptor pre-
cipitate the insulin binding and the kinase activities, results
which suggest that both are associated on the same macro-
molecule (5). Similar findings in several other laboratories
using different systems (6-10) and the recent demonstration
of ATP affinity labeling of the insulin receptor (11) suggest
that the insulin receptor itself is a tyrosine-specific protein
kinase which is involved in the insulin-enhanced phosphoryl-
ation.

Tyrosine-specific protein kinases have been reported to be
associated with the transforming gene product of RNA tumor
viruses (12-16), the EGF' receptor (17, 18), and a protein
believed to be the receptor for PDGF (19, 20). One of the best
studied tyrosine kinases is the gene product of the Rous
sarcoma virus referred to as pp60*. pp60* not only phospho-
rylates itself but also has been shown to phosphorylate anti-
bodies directed at pp60™° (12, 14). A synthetic peptide which
resembles the site of tyrosine phosphorylation in pp60°° has
been used as a substrate for other tyrosine kinases (21).
Recently the EGF receptor kinase has also been shown to be
active on both anti-pp60°*™ and a synthetic peptide resembling
the site of phosphorylation in pp60°* (22-24). The PDGF-
sensitive kinase,” on the other hand, does not appear to act
on anti-pp60°° and phosphorylates weakly (25) or not at all®
the synthetic peptides resembling the site of phosphorylation
in pp60~°. In the present report we examine the activity of
the purified insulin receptor kinase toward these and other
possible artificial substrates.

EXPERIMENTAL PROCEDURES

Materials—Porcine insulin (lot QA 246P) was purchased from
Elanco and epidermal growth factor was from Collaborative Research.
Actin from chicken muscle and casein were obtained from Sigma.
Histone H2B was obtained from Boehringer Mannheim, and histone
H2B and H1 were from Worthington. Casein-a-S was a generous gift
from Dr. E. Bingham at the Eastern Regional Research Agricultural
Center. Protein A-Sepharose and protein A-bearing Staphylococcus

! The abbreviations used are: EGF, epidermal growth factor;
NaDodS0,, sodium dodecyl sulfate; PAGE, polyacrylamide gel elec-
trophoresis; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; src, the gene responsible for cellular transformation by the Rous
sarcoma virus; pp60*, the M, = 60,000 protein product of src; IgG,
immunoglobin G; TBR serum, serum from rabbits bearing tumors
induced by the Rous sarcoma virus; PDGF, platelet-derived growth
factor.

2B. Ek and C.-H. Heldin, personal communication.
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aureus (Pansorbin) were purchased from Pharmacia and Calbiochem,
respectively. All reagents for NaDodSO,-PAGE were from Bi>-Rad.

Sera containing autoantibodies to the insulin receptor were ob-
tained from patients with insulin resistance and acanthosis nigricans
{26). Sera from rabbits bearing tumors induced by the Rous sarcoma
virus, designated TBR-1, TBR-2, and TBR-3 were provided by Dr.
H. Hanafusa (Rockefeller University, New York), Dr. B. Schaffhau-
sen (Harvard Medical School, Boston, MA) (originally made by Dr.
L. B. Chen, Sidney Faber Cancer Institute, Boston, MA), and Dr. J.
G. Burr (Massachusetts Institute of Technology, Cambridge, MA),
respectively. Other antisera were provided by the following investi-
gators: rabbit anti-insulin receptor serum, Dr. S. Jacobs (Wellcome
Research Laboratory, Research Triangle Park, NC); Fujinami sar-
coma virus-specific regressing tumor antiserum (anti-FST) (27), Dr.
H. Hanafusa; antiserum reactive toward the middle T antigen of
polyoma virus, Dr. B. Schaffhausen. The abilities to immunoprecip-
itate the transforming protein kinase in TBR-1 and anti-FST may
be not so much different (16, 27). Each serum sample was incubated
at 56 °C for 20 min before use.

Two synthetic peptides resembling sequentially the tyrosyl phos-
phorylation site of pp60* (28) and a tyrosine-containing peptide used
as a substrate for cAMP-dependent protein kinases were generous
gifts from Dr. J. E. Casnellie (University of Washington, Seattle,
WA) (24). The sequences of these peptides are shown in Fig. 1, A-C.

Insulin receptor was purified about 2500-fold from Triton X-100-
solubilized human placental membranes by sequential affinity chro-
matography on wheat germ agglutinin-Sepharose and insulin-Seph-
arose, as described previously (5, 29). Insulin binding to this purified
receptor yielded a curvilinear Scatchard plot with a binding capacity
of about 4700 pmol of insulin per mg of protein. This value represents
82% of the theoretical binding capacity assuming two binding sites
in a molecular aggregate of M, = 350,000. Protein composition was
estimated from amino acid analysis (29).

Phosphorylation Assays—The purified insulin receptor (3 pl of a
solution containing 0.1 ug of protein per ml) was incubated with or
without hormones for 45 min at 22 °C and pH 7.4 in 50 ul of the
standard phosphorylation reaction mixture containing 25 mM
HEPES (Sigma), 0.1% Trition X-100 (New England Nuclear), MgCl,
(15 mM), and MnCl; (2 mM). To this solution, 5 ul of histone (5 mg/
ml), casein (5 mg/ml), actin (5 mg/ml), or 3 ul of the desired antiserum
were added and incubated for 10 or 30 min as indicated in the figure
legends. The phosphorylation assay was initiated by adding 25 uM
[v-32P]ATP (10-20 xCi/nmol, New England Nuclear) and incubated
for an additional 10 min at 22 °C. The reaction was terminated by
adding unlabeled ATP (Sigma) to a final concentration of 2 mM, 60
ul of 2-fold concentrated Laemmli sample buffer (30) containing 100
mM dithiothreitol, and boiling this mixture for 3 min. The samples
were analyzed by NaDodSO,-PAGE using a 4% stacking and 7.5 or
10% resolving gels (30). Then the slab gels were stained for 5 min
with 0.25% Coomassie blue in 50% trichloroacetic acid and incubated
for 12 h at 37 °C with 400 ml of 7% acetic acid. Autoradiographs of
the phosphorylated proteins were obtained by exposing overnight the
dried gels to Kodak X-Omat film (2). Molecular weights were esti-
mated with protein standards (2).

Phosphorylation of immunoadsorbed insulin receptor kinase or
IgG from TBR serum was accomplished on protein A-Sepharose. The
standard phosphorylation reaction mixture (50 ul) containing 0.1 uM
insulin, 3 ul of the insulin receptor kinase, and 3 gl of the indicated
antiserum were incubated at 4 °C with 30 ul (packed volume) of
protein A-Sepharose. The protein A-Sepharose was agitated every 5
min for 1 h at 4 °C and then separated from the reaction mixture by
centrifugation at 10,000 X g in a Beckman microfuge B. Assay of
phosphorylation in the supernatant was performed as described
above. The protein A-Sepharose was washed 3 times with ATP-free
reaction buffer and phosphorylation of the adsorbed protein was
initiated by suspending the protein A-Sepharose in 50 gl of reaction
buffer containing 25 uM [v-**P]ATP for 10 min at 22 °C. The Seph-
arose was resuspended every 1 min during this incubation. This
reaction was terminated by adding unlabeled ATP to a final concen-
tration of 2 mMm, 60 ul of 2-fold concentrated Laemmli sample buffer
(30) containing 100 mM dithiothreitol, and boiling this mixture for 3
min. The protein A-Sepharose was sedimented by centrifugation, the
proteins in the supernatant were separated by NaDodSO,-PAGE,
and an autoradiogram was obtained as described above.

Phosphorylation of the synthetic peptides was performed in 30 ul
of a solution containing 25 mM HEPES, pH 7.4, 2 mM MnCl,, 15 mM
MgCl,, 0.1% Triton X-100, and 40 M [y-**P]JATP (7-8 uCi/nmol).
Phosphorylation was initiated by addition of 0.1 ug {1 ul) of insulin
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A. Arg-Arg-Leu-Ile-Glu-Asp-Ala-Glu-Tyr-Ala-Ala-Arg-Gly
B. Leu-Arg-Arg-Ala-Tyr-Leu-Gly

C. Ile-Glu-Asp-Asn-Glu-Tyr-Thr~-Ala-Arg-Gln-Gly

Fig. 1. Sequences of synthetic tyrosine-containing pep-
tides.

receptor kinase in the absence or presence of 0.1 yM insulin and
continued for 30 min. The synthetic peptide was then added at the
concentrations indicated in the corresponding figure legends. This
reaction was terminated after the indicated time interval by the
addition of 50 ul of 5% trichloroacetic acid and 20 gl of bovine serum
albumin (10 mg/ml) (24). After incubation of this mixture at 0 °C for
30 min, the precipitated protein was sedimented by centrifugation for
5 min in a Beckman microfuge B. A 40-ul aliquot of the supernatant
was absorbed onto a square (2 X 2 cm) of phosphocellulose paper
(Whatman) and washed exhaustively in acetic acid as previously
described (31). Each square of phosphocellulose paper was dried,
placed in a vial containing 10 ml of Aquasol (New England Nuclear),
and assayed in a liquid scintillation spectrometer. The kinetic param-
eters for the phosphorylation of these synthetic peptides were deter-
mined by using a FORTRAN program described by Cleland (32) that
fitted the data to the logarithmic form of the Michaelis-Menten
equation by the nonlinear Gauss-Newton least squares method.

Identification of Phosphoamino Acids—Phosphoamino acids were
identified by a modified version (2) of the method of Hunter and
Sefton (12). The position of the phosphorylated proteins separated
on polyacrylamide gels was determined by autoradiography and this
portion of the gel was excised. The protein was eluted from the
rehydrated gel fragment by electrophoresis and subjected to acid
hydrolysis in 6 N HCI for 2 h at 110 °C. The phosphoamino acids
were separated electrophoretically on paper (2). Phosphoserine
(Sigma), phosphothreonine (Sigma), and phosphotyrosine (a gift from
Dr. T. Hunter, Salk Institute, San Diego, CA) were added to all
samples immediately before electrophoresis. These standards were
identified by reaction with ninhydrin and the radioactivity was lo-
cated by autoradiography.

Tryptic Peptide Mapping of the Phosphorylated Histone—Phospho-
rylated histone H2B (Worthington) was separated from the reaction
mixture by NaDodSO,-PAGE using a 10% polyacrylamide gel. The
gel was stained, destained, and dried as described above. Then the
phosphorylated histone was located by autoradiography and the cor-
responding portion of the dried gel was excised and washed for 12 h
at 37 °C in 10% methanol. This gel fragment (about 1 cm?) was dried
at 100 °C for 1 h and rehydrated with 2 ml of 50 mM NHHCO;
containing 50 ug/ml of trypsin (Worthington crystalline trypsin-
tosylphenylalanyl chloromethyl ketone, 238 units/mg). The digestion
was allowed to proceed for 16 h at 37 °C. The supernatant which
contained about 90% of the total radioactivity was lyophilized and
dissolved in 10 ul of 30% (v/v) formic acid and applied onto cellulose
thin layer plates (Schleicher & Schuell, G1440, 20 X 20 cm). These
plates were sprayed uniformly with 30% formic acid and electropho-
resis was complete after 70 min at 15 °C and 400 V. The plates were
rotated 90° and ascending chromatography was accomplished in 1-
butanol:acetic acid:pyridine:water (60:12:40:48) for 8 h at 23 °C (33).
An autoradiogram was obtained by exposing Kodak X-Omat AR film
with a Dupont Cronex Lightening Plus intensifier screen to the dried
chromatogram for 4 days at —80 °C.

Immunoprecipitation of Iodinated Insulin Receptor—The purified
insulin receptor (1 ug) was iodinated by reaction with Na'*I (New
England Nuclear) and chloramine-T (Eastman) as previously de-
scribed (34) and was separated from this reaction mixture by affinity
chromatography on wheat germ agglutinin-agarose (Vector). The
jodinated receptor was eluted from the affinity column with a buffer
containing 25 mm HEPES, pH 7.4, 0.1% Triton X-100, and 300 mM
N-acetyl-D-glucosamine. The insulin receptor (approximately 0.05 ug
containing 40,000 cpm) in 50 ul of this elution buffer was incubated
for 4 h at 4 °C with 3 ul of serum containing anti-insulin receptor
antibodies. Protein A (Pansorbin, 200 ul, 10% w/v) was added and
the incubation was continued for 1 h. The Pansorbin was collected
by centrifugation for 5 min at 10,000 X g and washed twice with a
solution composed of 25 mMm HEPES, 1% Triton, and 0.1%
NaDodSOQ,. The precipitated protein was solubilized in Laemmli
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buffer, the Pansorbin was removed by centrifugation, and the super-
natant was analyzed by NaDodSO,-PAGE followed by autoradiogra-
phy.

RESULTS

Phosphorylation of Histones and Caseins by the Insulin
Receptor Kinase—Incubation of the purified insulin receptor
kinase with [y-**P]ATP in the presence of 2 mM MnCl, and
15 mM MgCl, revealed one **P-labeled polypeptide with a M,
= 95,000 (Fig. 2, lane A). Incubation of this receptor prepa-
ration for 45 min with 0.1 uM insulin at 22 °C before addition
of [y-**P]ATP caused a 3- to 5-fold increase in the amount of
3P incorporated into this protein (Fig. 2, lane B). This
phosphoprotein was shown previously to correspond to the -
subunit of the insulin receptor based on electrophoretic mo-
bility, recognition by various anti-insulin receptor sera, and
the specificity of stimulation by insulin analogues (5).

To test the action of the kinase on other protein substrates,
histone H2B (Worthington) was incubated with the insulin
receptor kinase for 10 min in the presence of Mn** and Mg**
followed by the addition of [y-**P]ATP. Under these condi-
tions, we found phosphorylation of both the $-subunit of the
insulin receptor and the added histone (Fig. 2, lane C). Insulin
(0.1 uM) stimulated the phosphorylation of both proteins (Fig.
2, lane D). However, the data in Table I indicate that histone
H2B inhibited by about 50% the phosphorylation of the (-
subunit of the insulin receptor kinase.

A B cC D
Mr A
%103
95 -
‘("‘%\’&:\':) HoW oW
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One-dimensional electrophoresis of acid hydrolysates ob-
tained from phosphorylated histone either without or with
insulin stimulation indicated the presence of only phospho-
tyrosine (data not shown). Phosphopeptides obtained by tryp-
tic digestion for 16 h of the phosphorylated histone were
separated on cellulose thin layer plates in two dimensions by
electrophoresis and chromatography. This analysis yielded
three major phosphopeptides (Fig. 34). Insulin stimulated the
phosphorylation of each peptide and caused detectable phos-
phorylation of several additional peptides (Fig. 3B). These

TABLE 1
Insulin stimulation of incorporation of **P from [v-**P]JATP into the
B-subunit of the insulin receptor and histone H2B
The incorporation of P into the indicated proteins was determined
by scanning densitometry of the corresponding lane of the autoradi-
ograms shown in Fig. 2.

Radioactivity in sub-
strates (arbitrary units)

B-Subunit of

Incubation system

insulin re- Histone

H2B

ceptor

Insulin receptor (lane A) 5.4

Insulin receptor + insulin (lane B) 19.0
Insulin receptor + histone H2B (lane C) 5.2 39.1
Insulin receptor + histone H2B + insulin 9.7 115.1

(lane D)
E F G H
~ped
<« HISTONE

FiG. 2. Autoradiograms obtained from NaDodSO,-PAGE separation of the 8-subunit of the insulin
receptor and histone H2B labeled with **P. The purified insulin receptor kinase (approximately 0.3 ug) was
incubated with [y-*P]ATP in the standard assay mixture for 10 min at 22 °C in the absence (lane A) or presence
(lane B) of 0.1 uM insulin. Histone H2B from Worthington (lanes C and D) or histone H2B from Boehringer
Mannheim (lanes E and F) were added to the reaction mixture at a concentration of 0.5 mg/ml in the absence
(lanes C and E) or presence (lanes D and F) of 0.1 uM insulin. The effect of bovine serum albumin (10 xg/ml) and
glycerol (10%) added to the reaction mixture on the phosphorylation of histone H2B from Boehringer Mannheim
is shown in the absence (lane G) or presence of 0.1 uM insulin (lane H).
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Fic. 3. Tryptic peptide mapping of histone H2B phosphorylated by the insulin receptor kinase.
Histone H2B (Worthington) was phosphorylated as described in Fig. 2 in the absence (A) or presence (B) of 0.1
uM insulin. After separation of the phosphorylated histone by NaDodSO4-PAGE, the protein was digested with
trypsin as described under “Experimental Procedures.” Electrophoresis corresponds to the horizontal dimension

and chromatography to the vertical dimension.

results indicate that although not all tyrosine residues in
histone H2B are surrounded by the appropriate sequence of
amino acid which promote a rapid reaction with the insulin
receptor kinase, there was more than one site of phosphoryl-
ation in this histone preparation.

All histones were not equally good substrates for the insulin
receptor kinase. Histone H1 (Worthington) which acts as a
phosphate acceptor for serine kinases showed no detectable
phosphorylation in our system (data not shown). Histone
H2B obtained from Boehringer Mannheim was also a poor
substrate when compared to the preparation of histone H2B
obtained from Worthington (Fig. 2, lanes E and F). However,
phosphorylation of histone H2B (Boehringer Mannheim) be-
came more prominent when our reaction mixture was supple-
mented with bovine serum albumin (10 ug/ml) and glycerol
(10%), especially after insulin treatment (Fig. 2, lanes G and
H). These data may suggest that some factor(s), possibly a
phospholipid, present in the bovine serum albumin and glyc-
erol or in the preparation of histone H2B from Worthington
enhanced the activity of the insulin receptor kinase. A similar
result has been reported for the kinase activity of pp60*° (35).

Other exogenous substrates, including actin and casein
(both casein-a-S and casein from Sigma) could be phospho-
rylated by the insulin receptor kinase; however, these proteins
were not good substrates when compared to histone H2B
(Worthington). Furthermore, insulin (0.1 uM) stimulated the
phosphorylation of these exogenous substrates by only about
50% (data not shown).

Phosphorylation of Sera from Rabbits Bearing Tumors In-
duced by the Rous Sarcoma Virus—Antisera obtained from
rabbits bearing tumors induced by the Rous sarcoma virus
(TBR sera) contain IgG molecules that react immunologically
with pp60¥ (12, 14). The EGF receptor and the protein
kinase, pp60°, a gene product of the Rous sarcoma virus,
phosphorylate the IgG in this antisera (12, 14, 22, 23). When
an aliquot of one such serum (TBR-1) was added to the
phosphorylation reaction mixture including the insulin recep-
tor kinase, autoradiograms of the NaDodSO, gels revealed
two phosphoproteins. By molecular weight, these phospho-
proteins correspond to the $-subunit of the insulin receptor
and the IgG heavy chain of TBR-1 serum (Fig. 4, lane E).
Insulin (0.1 uM) stimulated significantly the incorporation of

A B C D E F G H
Mr
x10°
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(107 M)

Fi1G. 4. Autoradiograms obtained from NaDodSO,-PAGE
separations of the phosphorylated S-subunit of the insulin
receptor and phosphorylated IgG contained in TBR serum.
The insulin receptor kinase (approximately 0.3 ug) in the standard
phosphorylation assay mixture was incubated with 3 ul of normal
rabbit serum (lanes A and B), rabbit serum containing antibodies to
the insulin receptor (lanes C and D), or TBR-1 serum (lanes E and
F) in the absence (lanes A, C, E, and G) or presence of 0.1 uM insulin
(lanes B, D, F, and H). The experiment shown in lanes G and H
parallels exactly the conditions in lanes E and F, respectively, except
this autoradiogram represents a NaDodSO,-PAGE separation of
phosphoprotein removed from the reaction mixture by binding to
staphylococcal protein A.

3P into both proteins (Fig. 4, compare lanes E and F). Only
faint bands of phosphoprotein were detected in the region of
the IgG heavy chain when normal rabbit serum was substi-
tuted for TBR serum (Fig. 4, lanes A and B) and phosphoryl-
ation of the insulin receptor was unaltered.

After addition of staphylococcal protein A the phosphoryl-
ated IgG heavy chain of TBR-1 serum, but not the $-subunit
of the phosphorylated insulin receptor, could be precipitated
from this reaction mixture (Fig. 4, lanes G and H). Acid
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FiG. 5. Identification of phosphoamino acids in the IgG
from TBR-1 serum. IgG in TBR-1 serum separated from the
standard phosphorylation reaction mixture by NaDodSO,-PAGE was
subjected to partial acid hydrolysis and one-dimensional electropho-
resis as described under “Experimental Procedures.” The mobility of
phosphoserine, phosphothreonine, and phosphotyrosine determined
by the addition of standards to all radioactive samples is delineated
by the broken lines.

hydrolysates of the phosphoprotein corresponding to the
heavy chain of IgG were separated by one-dimensional elec-
trophoresis at pH 3.5. Only phosphotyrosine could be identi-
fied after phosphorylation in both the presence and absence
of insulin (Fig. 5). The IgG heavy chains in TBR-2 and TBR-
3 sera obtained from other sources also proved to be good
substrates for phosphorylation, although the degree of phos-
phorylation was different between preparations (data not
shown). The phosphorylation of these IgG molecules was not
due to an endogenous protein kinase activity in the serum
since no phosphorylation of IgG was detected in the absence
of added insulin receptor kinase.

In contrast to the TBR sera, rabbit serum containing an-
tibodies reactive toward the insulin receptor and human sera
obtained from three different patients (B-2, B-8, B-9) (26)
containing autoantibodies to the insulin receptor (Fig. 4, lanes
C and D), as well as normal rabbit and human IgG molecules,
were phosphorylated only slightly by the insulin receptor
kinase. Insulin produced a slight increase in the phosphoryl-
ation of each of these substrates, but none approached the
intensity of phosphorylation seen with the TBR sera. The
antisera which precipitate the tyrosine kinases associated
with Fujinami sarcoma virus-transforming protein and middle
T antigen of polyoma virus were also phosphorylated only
slightly by the insulin receptor kinase.

The specific phosphorylation of the IgG in TBR sera by
the insulin receptor kinase may result from an immunologic
reaction between the kinase and the IgG molecules. To test
this hypothesis, the iodinated insulin receptor kinase was
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Fic. 6. NaDodSO,-PAGE separation of the iodinated insu-
lin receptor kinase before and after immunoprecipitation.
Fifty ul of the iodinated insulin receptor kinase (approximately
40,000 cpm) were incubated with 3 ul of human (lane B) or rabbit
(lane C) anti-insulin receptor sera, or TBR-1 (lane D), TBR-2 (lane
E), or TBR-3 (lane F) sera and immunoprecipitated with staphylo-
coccal protein A. The iodinated receptor (50 ul) without immunopre-
cipitation (lane A) or the immunoprecipitates were analyzed by
NaDodSO,-PAGE and autoradiography.

immunoprecipitated by anti-insulin receptor sera or TBR
sera, separated by NaDodSO,-PAGE, and the gel was used to
prepare an autoradiogram. In agreement with our previous
result (5), iodinated purified receptor showed three peptides
of M, = 135,000, 95,000, and 52,000 on NaDodSO,-PAGE
(Fig. 6, lane A). These proteins correspond to the a- and $-
subunits of the receptor, respectively, and a protein of M, =
52,000 which is presumably a degradation product of 3-sub-
units.® All three peptides were immunoprecipitated by two
different anti-insulin receptor sera (Fig. 6, lanes B and C),
whereas none of the three different TBR sera successfully
precipitated the insulin receptor kinase (Fig. 6, lanes D-F).
These results are consistent with the fact that protein A
immunoprecipitated the phosphorylated IgG in TBR-1 serum
but did not immunoprecipitate the phosphorylated insulin
receptor kinase from the same reaction mixture (Fig. 4, lanes
G and H).

Anti-insulin Receptor Sera but Not TBR Sera Immunopre-
cipitate the Insulin Receptor Kinase—The insulin receptor
associated with protein A-Sepharose after immunoprecipita-
tion still possessed protein kinase activity as determined by
phosphorylation of the 8-subunit (Fig. 7, lane E). To eliminate
the possibility that the receptor preparation contained an-
other kinase responsible for phosphorylation of the TBR sera,
the receptor kinase was incubated with TBR-1 serum and
protein A-Sepharose to produce a precipitate. The precipitate
and supernatant were then incubated with [y-*’P]JATP to
study phosphorylation. Phosphorylation of the receptor was
found in the supernatant only (Fig. 7, lane B). No phospho-
rylated IgG was detected in this supernatant or after a phos-
phorylation reaction was carried out with the washed Sepha-
rose (Fig. 7, lanes B and C, respectively). Reconstitution of

%Y. Fujita-Yamaguchi, unpublished observation.



10978
A B C D E

R

- &0 o

-

il

- -

Fic. 7. The effect of immunoadsorption on protein A-Seph-
arose of the insulin receptor kinase by IgG from TBR-1 serum
or anti-insulin receptor rabbit serum. In a reaction mixture
containing the insulin receptor kinase, 0.1 uM insulin, and TBR-1
serum, phosphorylation was initiated by adding [y-**P]JATP before
immunoadsorption (lane A) or by adding [y-*P]JATP to both the
supernatant (lane B) and the precipitate (lane C) obtained after
incubation of a solution prepared in parallel with protein A-Sepharose
as described under “Experimental Procedures.” The effect of recon-
stitution of this supernatant and precipitate before addition of [y-
2PJATP is shown in lane D. Lane E shows the autoradiogram
obtained when [y-*P]ATP was added to the immunoprecipitate
prepared from a reaction mixture containing 0.1 uM insulin, the
insulin receptor kinase, and anti-insulin receptor serum.

the protein A-Sepharose/IgG precipitate with the correspond-
ing supernatant containing the insulin receptor kinase and
[v-32P]ATP resulted in phosphorylation of both the 8-subunit
of the receptor and the IgG (Fig. 7, lane D). These results
suggest that the tyrosine kinase activity associated with our
preparation of the insulin receptor is due exclusively to the
insulin receptor kinase. The decreased phosphorylation meas-
ured after reconstitution of the immunoprecipitates (Fig. 7,
lanes D and E) suggests that the protein A-Sepharose com-
plexes are not fully active as both kinase and substrates or
that recovery of these immunoprecipitates is not quantitative.

Phosphorylation of Synthetic Peptides—The synthetic pep-
tide shown in Fig. 1C corresponds to the site of tyrosine
phosphorylation between amino acid residues 414 to 424 of
pp60° (28). A mixture of [y-**P]ATP and a membrane frac-
tion prepared from A-431 cells which contains a large number
of EGF receptors phosphorylates this synthetic peptide in an
EGF-sensitive reaction (24). This peptide sequence has been
modified by Casnellie et al. (Fig. 1, peptide A) to enhance its
usefulness in kinetic assays of phosphorylation by tyrosine-
specific kinases (21). The extension of the natural NH, ter-
minus to include the leucine and arginine residue and the
addition of a second arginine enhances adsorption of the
peptide to phosphocellulose paper which allows rapid sepa-
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ration of the phosphopeptide from a reaction mixture (31). In
addition, the only site available for phosphorylation is a
tyrosine residue. This peptide, hereafter referred to as peptide
A (Fig. 1, A), serves as a good substrate for the EGF-sensitive
protein kinase (24). Peptide B (Fig. 1, B), which is a tyrosine
analogue of a serine-containing peptide used as a substrate
for cAMP-dependent protein kinases (36), is a relatively poor
substrate for the EGF-stimulated kinase (24).

The time course of phosphorylation of peptide A is shown
in Fig. 8. The reaction was linear for at least 3 min under our
assay conditions, and insulin stimulated the phosphorylation
approximately 3- to 5-fold. Steady state kinetic analysis also
requires linear product formation as a function of added
enzyme. When 0.05, 0.1, 0.15, or 0.2 ug of purified receptor
kinase was added to the reaction mixture, the phosphorylation
of peptide A in 3 min was linearly increased as a function of
added receptor kinase both in the absence and presence of
insulin (1077 M). The initial velocity of phosphorylation of
peptide A was measured at a constant ATP concentration of
40 uM in the presence or absence of insulin and analyzed in a
Lineweaver-Burk (Fig. 9). The data in Table II show that
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Fi1G. 8. The time course of phosphorylation of peptide A (1
mM) by the insulin receptor kinase (approximately 3.3 ug/ml)
in the absence (®) and presence (O) of 0.1 uM insulin.
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FiG. 9. A Lineweaver-Burk plot of phosphorylation of pep-
tide A by the insulin receptor kinase (approximately 3.3 ug/
ml) in the presence (O) and absence (®) of 0.1 uM insulin. The
initial velocities of phosphorylation were estimated during 3-min
incubation as described under “Experimental Procedures” at the
following concentrations of synthetic peptide: 0.25, 0.5, 1.0, and 2.0
mM. Values for the kinetic parameters corresponding to these data
are provided in Table II.
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TaBLE II

The kinetic constants for phosphorylation of synthetic peptides by the
insulin receptor kinase

The initial velocities of phosphorylation of the indicated synthetic
peptides were estimated during a 3-min incubation as described under
“Experimental Procedures.” The following concentrations (mM) of
synthetic peptide were used: Experiment 1, 0.25, 0.5, 1.0, 2.0; Exper-
iment 2, 0.66, 1.0, 2.0, 4.0, 8.0; Experiment 3, 0.25, 0.5, 1.0, 2.0. The
kinetic parameters + S.E. were determined by fitting the data to the
Michaelis-Menten equation.

Ex- —Insulin +Insulin
peri- Substrate
ment K, Ve K, Viax
nmol mg™* pro- nmol mg™* pro-
mM tein min™* tein min™!
1 PeptideA 2103 45+05 1201 11.8+04
2 Peptide A 1.0x0.2 1.7+£01 14+03 71+08
3 PeptideB 0.22+0.09 0.15+0.02 1303 0.41=+0.04

binding of insulin to its receptor enhances tyrosine phospho-
rylation of peptide A by increasing mainly the Vi, of the
reaction with little change in the K.

Insulin receptor kinase also catalyzed the phosphorylation
of peptide B, but was much less efficient. This peptide con-
tains basic amino acid residues in the vicinity of tyrosine.
The V..« for phosphorylation of peptide B was more than an
order of magnitude lower than the values observed for peptide
A in both the presence and absence of insulin, although the
K,, was quite similar. This finding is in good agreement with
the results for the EGF-stimulated kinase (24).

DISCUSSION

Since our initial observation (1) that insulin stimulates the
phosphorylation of its own receptor, additional information
has been reported which suggests that the insulin receptor is
a protein kinase. This evidence includes the demonstrations
that insulin stimulates receptor phosphorylation in a variety
of intact (1, 2, 6, 7) and cell-free preparations (3-11). Fur-
thermore, the kinase activity is retained after partial purifi-
cation of the receptor (4, 7-9) and immunoprecipitation of
the receptor (5). The receptor can be labeled specifically with
ATP affinity reagents (11, 43, 44). We have shown recently
that a preparation of insulin receptors purified to near ho-
mogeneity from human placenta also possesses protein kinase
activity as measured by insulin-stimulated phosphorylation
of the 3-subunit of its own receptor (5). In all of the cell-free
experiments, insulin-stimulated phosphorylation occurs ex-
clusively on tyrosine residues suggesting that the insulin
receptor is a tyrosine-specific protein kinase.

Phosphotyrosine is 3000-fold less abundant in cells than
phosphoserine and phosphothreonine combined (12) suggest-
ing that tyrosine kinases and their reactive substrates are
relatively rare in cells. Previous studies have shown that
several other proteins possess a tyrosine-specific protein ki-
nase activity. These enzymes include a variety of gene prod-
ucts from transformation viruses (12-16, 21), the receptors
for EGF (17, 18), and a protein presumed to be the receptor
for PDGF (19, 20). The cellular substrates for these kinases
remain unknown. Both the pp60*° (37) and the EGF receptor
(17, 22, 23, 38) have been shown to be active on exogenous
substrates including histone, sera containing antibodies to
pp60°<, and synthetic peptides which resemble the phospho-
rylation site of pp60*° (24). By contrast, preliminary data
from two different laboratories® (25) suggest that the PDGF
receptor kinase will not catalyze phosphorylation of the
pp60*° antiserum and phosphorylates the synthetic peptide
more slowly than EGF-stimulated kinase. This latter result
is due apparently to a lower V., for phosphorylation by the
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PDGF-stimulated kinase (25).

In this report, we have established that the purified insulin
receptor kinase will also catalyze tyrosyl phosphorylation of
several protein acceptors. These include histone H2B, IgG in
sera from rabbits bearing tumors induced by the Rous sarcoma
virus (TBR sera), and a synthetic peptide resembling the
phosphorylation site of pp60*°. In each case, insulin stimu-
lates the phosphorylation of these proteins at least 3-fold.
Insulin-stimulated phosphorylation of the g-subunit of the
insulin receptor could result from a conformational change
which enhances the interaction between the insulin-receptor
complex and another protein kinase. However, since insulin
also stimulates directly the phosphorylation of several other
substrates using a very highly purified receptor preparation,
we favor the notion that binding of insulin to the receptor
stimulates the insulin receptor kinase directly.

Even though the number of phosphorylation sites in the
IgG molecules may be large, the specificity of phosphorylation
of the antibodies to pp60°™ present in TBR sera is striking.
IgG present in three different TBR sera all proved to be good
substrates for the receptor kinase, whereas the IgG present in
normal rabbit and normal human sera and the four different
sera containing IgG antibodies which react specifically with
the insulin receptor showed relatively little phosphorylation
by the insulin receptor kinase. TBR sera could not immuno-
precipitate either the iodinated purified insulin receptor or
the associated kinase activity. Although the insulin receptor
kinase interacts with anti-pp60®° in a manner sufficient to
facilitate phosphorylation, the interaction is not sufficient for
immunoprecipitation. Our results are very similar to the ob-
servation that the EGF receptor kinase can phosphorylate
antibodies to pp60™ (22, 23).

The insulin receptor kinase, like the EGF and PDGF re-
ceptor (24, 25), phosphorylated the synthetic peptide (Fig. 1,
peptide A) containing a sequence of amino acids similar to
the site of tyrosine phosphorylation in pp60*° (28). The K,,
for reaction of this peptide with the insulin receptor kinase
was about 1.5 mM and this value was not altered by insulin.
The K,, for phosphorylation by the EGF- and PDGF-stimu-
lated kinases is about 2 mMm (24, 25). Insulin stimulated
phosphorylation of peptide A by a 3- to 5-fold increase in the
Vmax- This result is similar to the action of EGF and PDGF.
Using 350,000 as the M, of the insulin receptor kinase (39),
the average turnover number for phosphorylation of peptide
A in the presence of insulin in our assay system is about 4/
min at 22 °C. This turnover number is more than 100-fold
lower than the value extrapolated from the kinetic data ob-
tained for the EGF-stimulated phosphorylation of peptide A
in membranes from A-431 cells (24). Whereas the insulin
receptor kinase phosphorylates casein slowly, pp60* yields a
turnover number of about 2/min at 22 °C for phosphorylation
of this substrate (40). These kinetic differences may reflect
different specificities of these tyrosine kinases or different
requirements for optimal activation, such as a requirement
for a certain phospholipid environment (35).

Our results suggest that, although the structure of the
proteins is quite different and the requirements for optimal
activity are probably different, the EGF receptor kinase, the
insulin receptor kinase, and the pp60°* kinase possess a basic
similarity in substrate recognition. Based on limited data,
however, the PDGF receptor kinase appears somewhat differ-
ent in this substrate specificity. This difference may be of
some physiologic importance since, although insulin, EGF,
and PDGF are regarded as growth factors, insulin and EGF
appear to act as “progressive factors” whereas PDGF acts a
“competence factor” early in the cell cycle (41). This differ-
ence may parallel the differences in their ability to phospho-
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rylate exogenous substrates. Also, it is interesting that EGF
and insulin cause normal chicken heart mesenchymal cells to
proliferate like their Rous sarcoma virus-infected counter-
parts (42). The effect of PDGF on these cells is unknown.
Obviously, it will be important to determine whether the
natural substrates for these kinases also differ in a similar
manner. If one assumes that the actions of insulin and these
other growth factors are transmitted from the hormone to the
cell via stimulation of the receptor kinase, it is possible that
determination of the endogenocus substrates for the insulin
receptor kinase may yield a sequence of regulatory proteins
coupled by phosphorylation-dephosphorylation reactions. It
is also possible, however, that the receptor itself is the most
important substrate, and that receptor autophosphorylation
is associated with a change in properties of the receptor which
are recognized intracellularly and initiate the chain of events
in insulin action.
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