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Coordinate Phosphorylation of
Insulin-Receptor Kinase and Its 175,000-M,
Endogenous Substrate in Rat Hepatocytes

MOTOZUMI OKAMOTO, AVRAHAM KARASIK, MORRIS F. WHITE, AND C. RONALD KAHMN

To investigate the early events in insulin signal
transmission in liver, isolated rat hepatocytes

were |labeled with *P, and proteins phosphorylated

in response to insulin were detected by
immunoprecipitation with anti-phosphotyrosine and
anti-receptor antibodies and analyzed by sodium
dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis and autoradiography. In these cells,
insulin rapidly stimulated tyrosine phosphorylation

of the 95,000-M, B-subunit of the insulin receptor and
a 175,000-M, phosphoprotein (pp175). Both proteins
were precipitated by anti-phosphotyrosine antibody,
whereas only the insulin receptor was recognized with
anti-insulin-receptor antibody. In the insulin-stimulated
state, both pp175 and the receptor [-subunit were
found to be phosphorylated on tyrosine and serine
residues. Based on precipitation by the two antibodies,
receptor phosphorylation was biphasic with an initial
increase in tyrosine phosphorylation followed by a
more gradual increase in serine phosphorylation over
the first 30 min of stimulation. The time course of
phosphorylation of pp175 was rapid and paralleled
that of the B-subunit of the insulin receptor. The pp175
was clearly distinguished from the insulin receptor,
because it was detected only when boiling SDS was
used to extract cellular phosphoproteins, whereas the
insulin receptor was extracted with either Triton X-100
or SDS. In addition, the tryptic peptide maps of the two
proteins were distinct. The dose-response curve for
insulin stimulation was shifted slightly to the left of the
insulin receptor, suggesting some signal amplification
at this step. These data suggest that pp175 is a major
endogenous substrate of the insulin receptor in liver
and may be a cytoskeletal-associated protein. Both

Fram the Research Dudgian, Joslin Diabetes Certer, Deparment of Medicine,
Brigharn and Women's Hospital; and the Harvarg Medical Scheal, Boston,
Mazsachuselts

Address correspondence and repdnt reguests ta C. Ronald Kahn, WD,
Jeslin Diabetes Center, Cne Joslin Place. Boston, MA 02215,

Received for publication 30 March 1230 and accepted in revised fomm 22
August 1980,

serine and tyrosine sites are involved in insulin-

stimulated phosphorylation in hepatocytes. Diabetes
40:66-72, 1991

he current model of insulin signal transduction

across the membrane is based on the nature of the

insulin receptar as a tyrosine kinase (1,2). Accord-

ing to this madel, insulin binds 1o the extracellular
a-subunit of the receptor, activating the tyrosine kinase of
the transmembrane B-subunit, The activated tyrosine kinase
leads to phosphorylation of the receptor itselt and intracel-
lular proteins, which in their phosphorylated form may serve
as messengers for the insulin signal. This model has been
supported by studies with in vitro mutants of the receptor
that lack kinase activity and by studies with monoclonal an-
libodies to the B-subunit antibodies that inhibit tyrosine ki-
nase activity and lead to loss of insulin action (3,4).

In the pursuit of substrates that undergo phospharylation
by the insulin receptar in intact cells, several proteins have
been identified in transformed and nontransformed cells (5
9). One of the first such proteins was a 185,000-M, protein
we observed in Fao hepatoma cells (5). A protein of similar
maolecular weight has been observed in several transformed
cell lines after insulin stimulation (6-8). In this study, we
utilized anti-phosphotyrosine and anti-insulin-receptor anti-
bodies to study insulin-stimulated phosphorylation in non-
transformed freshly isolated rat hepatocytes. We found that
in hepatocytes, insulin stimulates the rapid tyrosine phos-
phorylation of the B-subunit of the insulin receptor, which is
followed by a slower rise in serine-threcnine phosphorylation
of the raceptor. During the initial response to insulin,d an
endogencus substrate of a 175,000-M, phosphoprotein
[pp1735) is also phosphorylated on tyrosine residues in an
insulin-dependent manner. This protein has similarities to
pp185 but also has some unigue characteristics in its sal-
ubility and immunoprecipitability compared with its coun-
terpart in hepatoma cells.
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RESEARCH DESIGN AND METHODS

Sprague-Dawley rats ware purchased from Charles River UK
{Margate). Type IV collagenase was obtained from Cooper
{Malvern, PA), [*Plorthophosphate and Triton X-100 from Dy
Pont-MEN (Boston, MA), phosphoaming acids from Sigma
(St Louis, MO), pork insulin from Elanco (Indianapaolis, IN),
reagents for sodium dodecyl sultate—polyacryamide gel
electrophoresis (SDS-PAGE) from Bio-Rad (Richmaond, CA),
Pansorbin from Calbicchem (La Jolla. CA), cellulose thin-
layer plates from Analtech (Mewark, DE), and RPMI-1640
tissue culture medium from Gibeo (Grand Island, NY)
Palyclonal anti-phasphotyrasine antibody was prepared in
rabibits as previously described and affinity purified on phos-
photyramine Sepharose (10). Anti-insulin-receptor antibody
was from the serum of patient B-9 (11).

Hepatocytes were isclated from male Sprague-Dawley
rats weighing 160-200 g fed ad libitum via a modification
(12} of the method of Berry and Friend (13). Cells were
washed with 137 mM NaCl supplemented with 2.7 mh KCI
and 20 mM HEPES (pH 7.4) and resuspended in phos-
phate-free RPMI-1640 to give a final cell concentration of
2 ® 10%ml. Cell viability was 80-90% as judged by trypan
blue exclusion. Labeling of the hepatocytes with [#F]-
orthophosphate was accomplished by incubating 0.5-mi
aliguots of the cell suspension for 90 min with 1 mCi of
[*Plorthophosphate at 37°C in a humidified atmosphere
composed of 95% 0,/5% CO..

After stimulation by insulin far 1 min (except as otherwise
indicated), the reaction was stopped with cne of two meth-
ods. For Triton X-100 extracts, the reaction was stopped by
adding 0.5 ml of ice-cold stopping solution composed of 50
mM HEPES (pH 7.4), 1% Triton X-100, 100 mb sodium py-
rophosphate, 100 mb sodium fluoride, 10 mM EDTA, 2 mid
sodium vanadate, 2 mM phenylimethylsulfonyl fluoride, and
0.1 mg/ml aprotinin, The mixture was vigorously vortexed,
cooled on dry ice-methanal until minimal ice was detected
in the bottom of the twbe. vortexed again, and kept on ice
far 30 min. For 3035 extraction, 0.5 ml of boiling stopping
buffer was added to give the same concentrations as de-
scribed above except that 1% 503 replaced the 1% Triton
#-100 and phenylmethylsulfonyl flucride and aprotinin were
omitted. After boiling for 15 min, the sample was cooled in
an ice bath for 80 min. After both extraction procedures, the
samples were centrifuged at 200,000 % g for 45 min at 0—
4°C, and the supernatant was used for immunaprecipitation.

Immuncprecipitation with anti-insulin-receptor anticody B-
8 and anti-phosphotyrosine antibody ware performead at di-
luticns of 1:200 and 1:100, respactively (14), Immunopre-
cipitated proteing were solubilized in Lasmmii buffer with 100
mi dithiathreitel and were separated in 7.5% polyacryl-
amide gels by electrophoresis, The gels were stained with
Coomassie blug in 50% trichloroacetic acid, destainad in 7%
acetic acid, dried, and autoradiographed with Kodak X-
OMAT film, Molecular weights of proteins were calculated
with standard proteins (Bio-Rad). Incorporation of <P into
individual bands was quantitated by scanning densitometry
of the film.

Tryptic phosphopeptides were obtained from the protein
bands in polyacrylamide gel fragments as previously de-
scribed (15). The positions of the phosphorylated proteins
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were determined by autoradiography; the gel fragments con-
taining the proteins were excised from the gel, washed for
12 h at 37°C in 20% methanaol, dried at 80°C for 2 h, and
digested with 2 ml 50 mM NH,HCO, containing 100 pg tryp-
sin (pH 8). After a 6-h incubation at 37°C, another 100 pg
trypsin was addad, and the digestion was continued for an
additional 16 h. The supernatant was lyophilized, and the
phosphopeptides were digsolved in 100 wl 6 N HCI and
hydralyzed for 2 h at 110°C. The phosphoamino acids were
separated in one dimension by high-voltage electrophoresis
on thin-layer plates (250 wm, Avicel, Analtech) with a solution
of H,O/acetic acid/pyridine (89:10:1 vol/vol). Unlabeled
phosphoserine, phosphothreoning, and phosphotyrosina
standards (1 wl} were added to all samples and identified
by reaction with ninhydrin, and the radioactivity was located
by autoradiography

The phosphopeptides were eluted from the gel fragments
as described above with 95% efficiency and analyzed in two
ways. Two-dimensional peptide mapping was performed as
described by Ellis et al. (16). Peptide mapping was also
performed with a high-performance liguid chromatography
{HPLC) systern (Waters, Milford, MA) equipped with a wide-
pore C-18 column (RP-0318, Bio-Rad) as previously de-
scribed (15,17). Phosphopeptides were applied to the col-
urmn, which was washed with 5% acetonitrile and eluted with
an acetonitrile gradient increasing linearly to 25% during 85
min.

RESULTS

*P.Jabeled hepatocytes were stimulated with or without 1
pa/ml insulin for different periods and extracted with 1%
Triton ¥-100 as described in METHODS. Extract supernatants
were immuncprecipitated with either anti-phosphotyrosine
antibodies or anti-insulin-receptor antibodies and analyzed
by S0S-PAGE (Fig. 1), With anti-phosphotyrosine antibody,
in the basal state, phosphotyrosine-containing proteing of
200,000, 120.000. and 55,000 M, were observed, but there
was no tyrosine phosphorylation of the insulin receptor, After
ingulin stimulation, there was appearance of a 95 000-0,
band corresponding to the insulin-receptor B-subunit, and
labeling of pp120 increased slightly, whereas phosphoryl-
ation of pp200 and pp55 was not affected (9,15), Both of
the latter proteins could be absarbed by precipitation with
protein A alone, indicating the nonspecific nature of their
immunoprecipitation. The increase in tyrosine phosphoryl-
ation of the B-subunit of the insulin receptar reachaed a max-
imum after 1 min. plateausd far at least 20 min, and then
gradually declined.

Via anti-insulin-receptar antibody, phospharylation of the
B-subunit of the insulin receptor could be detected in the
basal state consistent with the presence of sering and thre-
onine phosphate before insulin stimulation (1; Fig. 18], Total
phosphate incarporation was increased within 1 min after
insulin stimulation due to the increase in tyrosine phosphor-
ylation. Howevar, with anti-receptor anticody, the level of
phosphorylation of the B-subunit gradually increased
throughout the 30-min stimulation. The different results with
the two antibodies suggest that during the 1st min after in-
sulin stimulation, the B-subunit of the insulin receptor be-
comes phosphorylated mainly on tyrosing residues, and this
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FIG. 1. Time course of insulin-stimulated auvtophosphorylation of insulin receptor. A: isolated rat hepatocytes were labeled with
[**Plorthophosphate and treated with 1 pg/ml insulin for indicated time intervals. Cells were extracted with 1% Triton X-100, immunoprecipitated
with anti-phosphotyrosine antibody, reduced with dithiothreital, and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis with
7.5% resolving gel. B: procedure and conditions are identical as in A, except thal antibody used for immunoprecipitation was anti-insulin-

receptor antibody B-9,

is followed by a maore gradual increase in phosphorylation
on sering and threcning residues,

Ta further study the relationship between sering and
tyrosine phosphorylation on the insulin receptor, the band
representing the receptor immuncprecipitated by anti-in-
sulin-receptor antibody {B-2) was eluted from the gel by
trypsinization and subjected to phosphoaming acid analysis
iFig. 2). Without insulin, the receptor contained primarily
phosphoserine and a small amount of phosphothreanine but
no phosphotyrosine. After 1 min of insulin stimulation, there
was no significant change in phosphoserineg or phosphathreo-
ning, but phosphotyrosing appeared. These results are con-
sistent with previous studies demonstrating that the insulin
receptor in the basal state containg mainly phosphoserine
and that phosphotyrosing appears only after insulin stimu-
lation (1,10},

Althaugh awtephosphorylation of the insulinreceptar p-
subunit was easily detected in Triton X-100 extracts of intact
rat hepatocytes with anti-phosphotyrosine antibodies, no
other insulin-stimulated phosphotyrasine-containing proteins
were detected. To further pursue potential substrates, SOS
extracts of the hepatocyles were prepared as described in
METHODS, Figure 3 compares the phosphoproteing solubi-
lized from hepatocytes with Triton X-100 or SDS and precip-
itated with anti-phosphotyrosine antibody. As shown in the
previous figures, only the B-subunit of the insulin receptor
was immunoprecipitated from Triton X-100 extracts as an
insulin-stimulated phosphotyrosyl pratein. Howevar, when
cells were extracted with 1% boiling SDS and immunaopre-
cipitated with anti-phosphotyrosine antibody, a new protein
of 175,000 M, was observed in the basal state that was not
present in the Triton X-100 extract. After insulin stimulation,
#P incorporation into ppl1 75 was increased tenfald, resulting
in a labeled band that was more prominent than the B-sub-

&8

unit. Mo other phosphotyrosyl proteins were detected by
SDS-PAGE with 15 and 5% gels (data not shown).
Phosphoamino acid analysis was performed on ppi7s
before and after insulin stimulation (Fig. 4). Inthe basal state,
the major phosphoaming acid in pp175 was phosphoserine
with a small amount of phasphotyrosine, After insulin stim-
ulation, both phosphoaming acids increased. Whether the
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FIG, 2. Phesphoamino acid analysis of insulin receptor. Band
corresponding to B-subunit of receptor was excised from sodium
dodecyl sulfate gel of Triton X-100 extracts of hepatocytes precipitated
with anti-insulin-receptor antibody (Fig. 18). Fragment was then
trypsinized to elute labeled peptides and partially hydrolyzed with 6 N
HC1 tor 60 min. Phosphoamino acids were separated by high-voltage
electrophoresis on a cellulose thin-layer plate and identified with
unlabeled phosphoserine ( pSer), phosphothreonine ( pThr), and
phosphotyrosine (pTyr) added as standards. An autoradiogram of
plate is shown.
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FIG. 3. Comparison of Triton X-100 and sodium dodecyl sulfate (SDS)
extracts of phosphorylated proteins in rat hepatocytes. Isolated rat
hepatocytes were labeled with [**Plorthophosphate and stimulated
with 1 pg/ml insulin for 1 min. Cells were then solubilized

with 1% Triton X-100 (feft) or 1% SDS (right). Samples were then
immunoprecipitated by anti-phosphotyrosine antibody and analyzed
by SD5—polyacrylamide gel electrophoresis as described in MeTHoDS,

increase in phosphoserine arises from de novo phosphar-
ylation of this protein stimulated by insulin ar is only apparent
due to increased recavery of the protein during immunopra-
cipitation with the anti-phasphotyrosine antibody is unknown.

The time course of phasphorylation of pp175 closely par-
alleled that of tha insulin-receptor B-subunit (Fig. 5). Auto-
phospharylation of the B-subunit of the receptor and
phosphorylation of pp1 75 were almost maximal within 1 min,
remained elevated far 10 min, and decreasad at 30 min. As
noted above, the phosphorylation of pp120 exhibited little
ar no stimulation by insulin.

The dose-response cunves for insulin stimulation of pp175
and for the insulin-receptor B-subunit are shown in Fig. 6.
Some increase in ¥P incorporation into these proteing was
observed with an insulin concentration of 5 nM after only 1
min of stimulation, and the effect was maximal at 100 nM.
The dose-response curves for stimulation of both proteing
were similar, although the ED., for pp175 was shightly to the
left of that of the B-subunit of the insulin receptor, suggesting
some signal amplification at this step. Both curves wera
about one order of magnitude less sensitive than insulin
stimulation of amino acid transpaort in isolated hepatocytes
but similar to the curve for insulin binding to its receptor,
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FIG. 4. Phosphoamino acid analysis of 175,000-M, phosphoprotein
(PR176). pp175 in 1% sodium dodecyl sulfate cell extracts was
identified as described in meTHoos and Fig, 3. pp175 was extracted
from gel by hydrolysis with trypsin, and phosphoamino acids were
analyzed as described in Fig. 2.

Mote that the phospharylation data were obtained only 1 min
after insulin addition, and at the lower insulin concentrations
insulin binding to its receptor probably had not come to
equilibrium. This accounts, in part, for the apparent insen-
sitivity of the cells to insulin,

The insulin receptar is synthesized via a proreceptor of
~180,000 M.. Thus, pp175 could be the precursor of the
insulin receptor. This seemead unlikely, however, because
pRp175 was not detected in Triton X-100 extracts of cells or
precipitated by anti-receptor antibody, and it contained trace
amounts of phasphotyrosine in the basal state (both char-
acteristics different from those of insulin receptor), Ta confirm
their different origin, pp175 and the 95,000-M, B-subunit of
the insulin receptor were subjected to two-dimensional phos-
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FIG. 5. Autoradiogram showing time course of phosphorylation on
175,000-M, phosphoprotein and B-subunit of insulin receptor,
Procedures were identical to those in Fig. 14, except that
phosphorylated proteing were extracted by 1% sodium dodecy|
sulfate as described in meTHooDs.
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FIG. 6. Dose-response curve of phosphorylation on 175,000-M,
phosphoprotein (pp175) and B-subunit of insulin receptor. After
labeling isclated rat hepatocytes with [P3Pjorthophosphate, cells
ware treated with indicated concentrations of insulin for 1 min.
Phosphorylated proteins in sodium dodecyl sulfate (SDS) extracts
were analyzed as described in Fig. 14, and autoradiogram of 505 gel
was subjected to densitometry scanning to quantitate amount of **P
incorporated in proteins. Data are presented as percent increase
sbove basal.

phopeptide mapping (Fig. 7). The peptide map of the B-
subunit of the insulin receptor and the peptide map from
pp175 showed completely different patterns. This different
peptide map was also confirmed with reverse-phase HPLC
(data not shown). Thus, pp175 is distinct from the insulin-
receptor B-subunit and not likely to represent the precursor
of the insulin receptor.

DISCUSSION

The insulin receplor is a tyrosine-specific protein kinase that
is activated on insulin binding (1). This has led to a model
of insulin transmemibrane signaling in which insulin stimu-
lates tyrosing phosphorylation of an intracellular substrate,
which in its phosphorylated form serves as an intracellular
messenger for the insulin signal (2). The first such substrate
was described by us in Fao hepatoma cells and is a 185,000
M. cytoplasmic protein (5).

Since then, several proteins with different molecular
weights that underga insulin-stimulated tyrosineg phosphor-
ylation in intact cells have been described (6-9,18). In adi-
pocytes, phosphorylation of calmodulin (19} and proteins of
160,000, 46,000, and 15,000 M, (6,9,18) was demonstrated,
In liver, a 120,000-M, protein, which is retained on wheat-
germ agglutinin together with the insulin receptor, is tyrosine
phosphorylated in response to insulin (20). This protein has
been identified as an integral membrane glycoprotein of the
bile canalicular domain and is an unlikely messenger for the
insulin signal {21). Exposure of hepatoma cells to vanadate
and peroxide, in addition to insulin, has revealed additional
phosphoproteins of 150,000, 114,000, 100,000, 85,000,
68,000, and 56.000 M., which undergo tyrosine phosphao-
rylation in response to stimulation (22).

In this study, we identified a unigue protein of ~175,000
M. that is extracted only with SDS and appears as a naturally
accurring major endogenous substrate for the insulin-recep-
tor kinase in intact hepatocytes, After incubation of labeled
hepatocytes for 1 min with 1 wg/ml insulin and extraction

70

with boiling SDS, two major proteins of 175,000 and 95,000
M, ware stimulated in their tyrosine phosphorylation. The
85,000-M, band was immunoprecipitated by anti-insulin-re-
ceptor antibody, confirming its identity as the B-subunit of
the insulin receptor. The 95,000-M, band was also detected
with antibody against the COOH-terminal region of the insulin
receptor with Western blotting after SDS extraction and boil-
ing, whereas pp175 was not detected by this antibody, in-
dicating that it is immunologically distinct from the insulin
receptor (data not shown). This pp175 could be either a
substrate for the insulin receptor or the biosynthetic precur-
sor of the receptor, which has an approximate molecular
weight of 180,000. However. the latter seems very unlikely,
because the pp175 observed in this study has a phospho-
peptide map after trypsinization that is distinct from that of
the receptor, has different solubility properties, and is not
precipitated by an antireceptor serum that is known to pre-
cipitate the precursor of the insulin receptaor.

Further suppart for the possible role of ppl175 as an en-
dogenous substrate for the insulin receptor kinase is found
in the parallel time course and dose response of insulin-
stimulated tyrosine phosphorylation of both pp175 and the
B-subunit of the receptor. The fact that the dose-response
curve in these cells is slightly less sensitive than that in other
cells may stem from the short time of exposure 1o insulin or
from the presence of insulinases released by hepatocytes,
leading to a lower effective insulin concentration. As for the
stoichiometry of phosphorylation of pp175 in SDS extracts,
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FIG. 7. Two-dimensional phosphopeptide mapping of 175,000-M,
phosphoprotein (pp175) and f-subunit of insulin receptor. After
stimulation by 1 ug/mi insulin, tyrosine-phosphorylated and
immunoprecipitated proteins in hepatocytes were separated with
sodium dodecy| sulfate-polyacrylamide gel electrophoresis. Gel
fragments containing proteins were incubated with trypsin, and eluted
phosphopeptides were separated on celiulose thin-layer plates by
electrophoresis (pH 1.9) and ascending chromatography (pH 3.5)
as described in meThoDs. Right, autoradiograms of plate; leff,
corresponding schematic dlagrams of phosphorylated spots.
Phosphoamino acid (Y, phosphotyrosine; 5, phosphosering) in
individual peptides was also determined. When both amino acids
were present, size of letters represents ralative amount of each
phosphoaming acid in spot.
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pol 75 was more highly labeled than the B-subunit of the
insulin receptor. Because we do not have any direct estimate
of the amount of pp175, we cannot be certain whether its
prominence is due to a higher stoichiometry of phosphoryl-
ation than the receptor or a greater abundance of the protein,

The 175,000 to 185,000-M, proteins that undergo insulin
and insulinlike growth factor |-stimulated phosphorylation in
different cells can be divided into two groups, The first are
cytoplasmic proteins found in hepatoma (5), neurcblastoma
(8). and NRK (23) cells. The second are proteins extracted
with boiling 505 and found in L6 skeletal muscle cells (24),
thyroid-derived FRTL-& cells (25}, and in this study, rat liver
cells. The need for SDS for their extraction suggests that
they are proteins associated with the cytoskeleton or
nucleus. In the FRTL-5 cells, as in hepatocytes, there
is very little tyrosine-phospharylated pp175 in the Triten
¥-100 extracts. Subseguent solubilization of the Triton
#-100-insoluble fraction of FBTL-5 cells with boiling S0S
allowed identification of a larger fraction of tyrosine-phos-
phorylated pp175. This experment is consistent with a cy-
toskeletal or nuclear origin for pp175 and weakens the al-
ternate explanation that demonstration of this protein in the
SDS extract is simply due to a more efficient termination of
protease and phosphatase activity by the use of SDS (25).
Thus, we believe that the 175,000-M, protein that has been
recognized in muscle, liver, and FRTL-5 cells may be dif-
ferent from the cytoplasmic ppl185, although purification and
cloning will provide the only definitive answer,

Hepatocytes contain ar may contain several proteing that
are known to be tyrosine phosphorylated and are of similar
molecular weight ta pp175, including the epidermal growth
factor {EGF) receptor (26), macrophage colony-stimulating
factor | receptor, and the new proto-oncogens. It does not
appear that the pp175 described by us is any of these pro-
teins, because all three are salubilized by Triton X-100 and
are glycoproteins. The pp175 of hepatocytes is neither sol-
ubilized in Triton X-100 nor a glycoprotein (data not shawn).
As for the EGF receptor, we have shown that after EGF
stimulation of hepatocytes, 185.000- and 160,000-M, bands
appear (.e., slightly above and below pp175). These spacies
can be clearly separated on 505 gels from pp175, and their
identity as the EGF receptor can be confirmed by immu-
noprecipitation with anti-EGF-receptor antibody (27).

Althaugh phosphaorylation of the insulin receptor in a cell-
free system results in almost exclusive phospharylation on
tyrosing residues, in intact cells, insulin is known to activate
not only its own receptor tyrosine kinase but also one or
more sering kinases (28). In hepatocytes, both the R-subunit
of the insulin receptor and pp175 contain phosphoserine and
phosphotyrosine. In the case of the B-subunit, we were able
to demonstrate an increase in serine phosphorylation in re-
sponse to insulin with anti-insulin-receptor antibodies. Mot
having a specific antibody to pp175, we cannat determine
whether the increase in phosphosering after exposure to
insulin reflects phosphorylation by a second activated serine
kinase or simply an improved recovery due to tyrosine phos-
pharylation. The observation that insulin-induced phosphor-
ylation on serine residues occurs later than on tyrosine
residues may suggest a different role for each phosphor-
ylation in transmission of the different effects of insulin that
oceur in liver. If indeed this 175,000-M, pratein is an intra-

DIABETES, VWOL. 40, JANLUARY 1881

cellular messenger for the insulin signal, multisite phosphor-
ylation by tyrosine and serine kinases could modulate its
activity, as is the case for the B-subunit of the insulin receptor
{29).

Although all proteins undergoing tyrosine phosphorylation
in response 1o insulin may be patential physiclogical sub-
strates for the insulin-receptor kinase, the mast consistently
observed is the family of proteins that migrates with a
175,000-185,000 M, {5,8,22—24). Support for a role of pp185
phospharylation in insulin signal transmission was tound with
CHO cells expressing a mutant of the insulin receptor whose
tyrosyl residue 960 was substituted with phenylalanine. Cells
expressing the nondiabetic human insulin receptor were in-
sulin sensitive, and both the receptor and pp185S underweant
insulin-stimulated autophosphorylation. In cells expressing
the mutated receptor, the receptor underwent autophos-
phorylation but not phosphorylation of pp185, and no insulin-
induced biological effects were found (30). We are currently
pursuing the purification and sequence detarmination of this
class of proteins in an attempt to better define their role in
insulin action.
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