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Insulin rapidly stimulates tyrosine
phosphorylation of
a M,-185,000 protein in intact cells

Morris F. White, Ruth Maron & C. Ronald Kahn

Research Division, Joslin Diabetes Center and Department of Medicine,
Brigham &nd Women's Hospital, Harvard Medical School,
Boston, Massachusetts 02215, USA

Phosphotyrosine-containing proteins are minor components of nor-
mal cells"* which appear to be associated primarily with the
regulation of cellular metabolism and growth™, The insulin recep-
tor is a tyrosine-specific protein kinase®®, and one of the earliest
detectable responses to insulin binding is activation of this kinase
and autophosphorylation of its -subunit”. Tyrosine autophos-
phorylation activates the phosphotransferase in the S-subunit and
increases its reactivity toward tyrosine phosphorylation of other
substrates'"'". When incubated in virro with [y-"*PJATP and
insulin, the purified insulin reeef_tnr phosphorylates various pro-
teins on their tyrosine residues''". However, so far no proteins
other than the insulin receptor have been identified as undergoing
tyrosine phosphorylation in response to insulin in an intact cell.
Here, using anti-phosphotyrosine antibodies, we have identified a
novel phosphotyrosine-containing protein of relative molecular
mass (M)} 185,000 (ppl85) which appears during the initial
response of hepatoma cells to insulin binding. Tn contrast to the
insulin receptor, ppl85 does not adhere to wheat-germ agglutinin—
agarose or bind to anti-insulin receptor antibodies. Phosphoryla-
tion of ppl85 is maximal within seconds after exposure of the
cells to insulin and exhibits a dose-response curve similar to that
of receptor autophosphorylation, suggesting that this protein rep-
resents the endogenous substrate for the insulin receptor kinase.

To identify any phosphotyrosine-containing proteins which
might appear in cells as a consequence of insulin binding, the
well-differentiated and insulin-sensitive hepatoma cell line
Fao'™'® was labelled with **P-orthophosphate for 2 h'®, Then
the cells were either treated with 100 nM insulin or left untreated
and the monolayvers were solubilized with Triton X-100 as
described in Fig. 1 legend. Purification of the resulting extract
by wheat-germ agglutinin{WGA) chromatography and im-
munoprecipitation with anti-insulin receptor antibody showed
a single insulin-stimulated phosphoprotein of M, 95,000 This
band was present in the basal state and increased about fourfold
during insulin stimulation for 1 min (Fig. la, b). We have shown
previously that this band corresponds to the S-subunit of the
insulin receptor which undergoes tyrosine phosphorylation in
response to insulin stimulation”*'". When the WGA-purified
extract was immunoprecipitated with a polyclonal anti-phos-
photyrosine antibody a similar result was observed, except that
no phosphorylation of the @S-subunit was seem under basal
conditions because in the intact cells the B-subunit does not
contain phosphotyrosine before insulin  stimulation (Fig.
1c, d)™". During 1 h of incubation with insulin, the amount of
**P-orthophosphate incorporated into the proteins eluted from
the WG A-agarose was constant, suggesting that insulin stimula-
tion of receptor phosphorylation does not result from a general
increase in the specific activity of cellular ATP.

In an attempt to identify other phosphotyrosine-containing
proteins, Fao cells were labelled and subjected 1o
immunoprecipitation with anti-phosphotyrosine  antibodies
before WG A chromatography. In the absence of insulin, a single
major phosphoprotein of M, 120,000 was immunoprecipitated
from the whole-cell extract (Fig. 1e). After incubation for 1 min
with 100 nM insulin there was no change in ppl20 (Fig. 1/,
but we observed two new phosphoproteins of M, 935,000 and
185,000 (Fig. 1f). pp95 is the B-subunit of the insulin receptor
and was quantitatively immunoprecipitated by anti-insulin
receptor serum {B2) (Fig. 1g, k). pp185, on the other hand was
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Fig. 1 Purification of phosphotyrosine-containing proteins from

**P-orthophosphate-labelled Fao cells by immunoprecipitation
with anti-insulin receptor and anti-phosphotyrosine antibodies.
u-d, WGA-purified extracts immunoprecipitated  with  anti-
receptor antibody (a, &) or anti-phosphotyrosine antibody (¢, ).
e-h, Whole-cell extracts immunoprecipitated with anti-phaos.
photyrosine antibody (£, 1) or with anti-phesphotyrosine antibody,
followed by anti-receptor antibody (g h).

Methods. Fao cells were grown in plastic tissue culture dishes
(15-cm diameter} containing 30 ml of RPMI 1640 medium [ Gibeo)
supplemented with 10% fetal bovine serum (Gibeo); 12 h before
each experiment, the culture medium was changed to serum-free
RPMI 1640, Confluent Fao cells were labelled for 2 h in 10 ml of
phosphate-free and serum-free RPMI 1640 medium containing
carrier-free **P-orthophosphate (0.5 mCiml™'; NEN], Cells were
incubated without (=) or with (+) insulin (100 aAM) at 37°C for
1 min, then the experiments were stopped quickly by removing the
incubation medium and freezing the cell monalayers with liguid
nitrogen. The monolayers were thawed and solubilized immedi-
ately at 4°C with 2ml of a solution containing 50 mM HEPES
PH 74, 1% Triton X-100, 10 mM sodium pyrophosphate, 100 mM
sodium fluoride, 4 mM EDTA, 2 mM sodium vanadate, | mg ml~'
aprotinin, and 2mM phenyimethylsulphony] fluoride. A super-
natant of the whole-cell extract was prepared by scraping the cells
from the dishes and sedimenting the insoluble material by centrifu-
gation at 50,000 r.p.m. in a Beckman 70.1 Ti rotor for 60 min
WGA-purified extracts were obtained by applying the supernatant
te & 0.5-cm diameter disposable column (BioRad) containing 0.2 ml
of WGA-agarose (Vector). The agarose was washed with 100 ml
of 50mM HEPES pH 7.4 containing 0.1% Triton X-100, 10 mM
sodium pyrophosphate, 10 mM sodiom fluoride, 4 mM EDTA and
2 mM sodium vanadate, and the bound glycoproteins were eluted
with two 0.5-m] portions of this wash solution containing 300 mM
N-acetylglucosamine (Sigma). Specific immunoprecipitates were
obtained from WGA-purified extracts (a-d) or from whole-cell
extracts {e-h) using anti-phosphotyrosine antibodies prepared
according to the method of Pang er al™, or anti-insulin receptor
antibodies (B2) obtained from patients''. After incubation with
the extract at 4°C for 2 h, the antibodies were immobilized on
Pansorbin {Calbiochem) and the precipitates were washed thres
times with a solution containing 50 mM HEPES, 1% Triton X-100
and 0.1% SDS. Proteins were eluted from the phosphotyrosine-
antibody complex by addition of 10 mM p-nitrophenylphosphate
to the wash solution * and from the anti-receptor antibody with
SDS-polyacrylamide gel electrophoresis{ PAGE) sample buffer’.
The eluted proteins were reduced with 100 mM dithiothreitol
(DTT; BioRad] and the phosphoproteins were separated by SDS-
PAGE on 7.5% resolving polyacrylamide gels as described pre-
viously™. The phosphoproteins were identified by autoradiography
I6 b exposure} of the stained and dried gels using Kodak X-Omat
film and an intensifying screen. The WGA-purified extract was
immunoprecipitated with anti-receptor antibody (a, &) or anti-
phosphotyrosine antibody (¢, d). The whole-cell extract was
immunoprecipitated with anti-phosphotyrosine antibody and the
precipitated phosphoproteins were either separated by PAGE (e, f)
of immunoprecipitated a second time with anti-receptor antibodies

before SD5-PAGE (g, k).

not recognized by this antibody, suggesting that it is a novel
insulin-stimulated phosphotyrosine-containing protein that is
antigenically distinct from the insulin receptor (Fig. 1f #). The
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Fig.2 Idose-response curve for effect of insulin on tyrosine phos-
pharylation. Labelled Fao cells were incubated in the presence of
insuiin for 10 min. Phosphoproteins were immunoprecipitated
from the whole-cell extracts with the anti-phosphotyrosine anti-
body, eluted, separated by SDS-PAGE and identified by
autoradiography as described in Fig. 1 legend. The intensities of
ppl85 (@) and the @-subunit (M} were measured by scanning
densitometry and are presented as a percentage of the maximum
stimulatiocn. The maximum values, measured at 100 nM insulin,
were 603 and 1,680 for ppl85 and the B-subunit, respectively. The
background measured in the absence of insulin has been sub.
tracted.

insulin dose-response curve for phosphorylation of ppl185 was
nearly identical to that for the B-subunit, supporting the notion
that ppl83 is a substrate for tyrosine phosphorylation by the
insulin receptor kinase (Fig. 2).

The phosphoamino-acid composition of ppl83, ppl20 and
the B-subunit of the insulin receptor was determined by partial
acid hydrolysis and separation of the amino acids by high-
voltage electrophoresis'™. After insulin stimulation, each protein
contained about equal amounts of phosphotyrosine and phos-
phoserine (Fig. 3); ppl83 also contained substantial amounts
of phosphothreonine. Although there was no distinet evidence
of ppl83 before insulin stimulation, there was a faint band that
migrated slightly faster than ppl85 which contained a small
amount of phosphotyrosine {Figs le, 3¢). Assuming that this is
the same protein, insulin stimulated its phosphotyrosine content
at least 10-fold (Fig. 34 ). A significant increase in the amount
of phosphoserine and phosphothreonineg was also observed in
ppl85 after insulin stimulation, but whether this arises from de
rove phosphorylation or tyrosine phosphorylation of previously
phosphorylated ppl#5 is unknown. Before and after insulin
stimulation, ppl20 contained nearly equal amounts of phos-
photyrosine, suggesting that it may be a substrate for an uniden-
tified and constitutively activated tyrosine kinase in Fao cells.

Phosphorylation of the @-subunit is one of the earliest
molecular responses that occurs in cells following insulin bind-
ing™'®. As we have reported previously'”, within 20 s after insulin
stimulation (100 nM), phosphorylation of the g-subunit is
maximal and remains at this elevated level for at least 1 h during
uninterrupted exposure to insulin (Fig. 4). Phosphorylation of
ppl&s was also maximal by 30s after exposure of the Fao cells
to insulin, but it decreased during 60 min of continued insulin
stimulation {Fig. 4); this decrease was not the result of a change
in the specific activity of cellular [y->*P]ATP as there was no
change in the level of phosphorylation of ppl20 or of the
B-subunit, which is rapidly dephosphorylated when the labelled
ATP pool is diluted with a chase of unlabelled phosphate™,
Phosphoamino-acid analysis of ppl85 indicated that concentra-
tions of phosphoserine, phosphothreonine and phosphotyrosine
decreased in parallel during this time interval {data not shown).
These results suggest that following phosphorylation of ppl&5
there may be activation of a phosphoprotein phosphatase that
recognizes ppl85, but not the insulin receptor or ppl20, as a
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Fig. 3 Phosphoamino-acid analysis of ppl%3, ppl20 and the
f-subunit of the insulin receptor immunoprecipitated from whole-
cell extracts with the anti-phosphotyrosine antibody. Fao cells were
incubated in the absence (=) or presence (+) of insulin (100 nM)
for 1 min. Phosphoproteins were immunoprecipitated from the
whole-cell extracts with the anti-phosphotyrosine antibody and
specifically eluted with p-nitrophenviphosphate, reduced with DTT
and separated by SDS-PAGE. Dried gel fragments containing the
f-subunit {a, b}, ppl85 (¢, d} and ppl20 (e ) were incubated
with trypsin {50 wg mi™") as described previously™. The phos-
phoamino-acid composition of the eluted tryptic peptides was
determined as described previously’', The phosphoamino-acid
standards were visualized by reaction with ninhydrin and the
radioactive amino acids were detected by autoradiography for 24 h.

akb

substrate for dephosphorylation. These findings are consistent
with the notion that the action of insulin may be regulated in
the intact cell by both phosphorylation and dephosphorylation
reactions’".

In the experiment shown in Fig. 4, phosphoproteins of M,
75,000 and =200,000 were also detected by immunoprecipitation
with the anti-phosphotyrosine antibody. The band of higher
relative molecular mass showed similar kinetics to ppl#5,
whereas pp75 was present in the basal state and tended to
increase after 30-60 min of insulin stimulation. These phos-
phoproteins were less abundant than the others described above
and were observed only after prolonged exposure of the
autoradiograms. Phosphoproteing with M, s of 300,000-200,000
were detected by anti-phosphotyrosine antibodies in human
fibroblasts stimulated with platelet-derived growth factor
(PDGF)*.

Like the epidermal growth factor (EGF) receptor, PDGF
receptor and several oncogene products, the insulin receptor is
a tyrosine-specific protein kinase. Previous studies have success-
fully identified several cellular substrates {pp34, ppdl, pp&l,
enolase, lactate dehydrogenase, phosphoglycerate mutase, vin-
culin) for the EGF receptor™-2, PDGF receptor™"" and pp60*™*
{refs 23, 24, 26, 28), but so far no endogenous substrates for
the insulin receptor have been identified. The present study
indicates that in addition to stimulating autophosphorylation
of the insulin receptor, insulin stimulates tyrosine phosphoryla-
tion of a protein in intact hepatoma cells that has a M, of
185,000, This protein (ppl&5) may have gone undetected by
previous studies for several reasons. First, its rapid phosphoryla-
tion and dephosphorylation in insulin-stimulated cells mean
that it can be detected only at early time points. Second, WGA
chromatography is often used to purify cell extracts before
studying insulin receptor phosphorylation®, but as pplis does
not bind to this lectin it would not be detected in such experi-
ments. Third, sodium vanadate, an inhibitor of dephosphoryla-
1930 was used in our studies during cell lysis and protein
purlﬁcanun, but it has not been used routinely in the past.
Finally, two-dimensional gel electrophoresis, which has been
successful in identifying many tyrosine kinase substrates™%,
may miss phosphoproteins with pl values <55 (ref. 27) or
high-M; phosphoproteins due to the background phosphoryla-
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Fig.4 Thetime course of insulin-stimulated tyrosine phosphoryl-

ation. Fao cells were incubated in the absence (0 min) or presence

of insulin for the indicated time intervals, Phosphoproteins were

immunoprecipitated from the whole-cell extracts with the anti-

phosphotyrosine antibody, eluted with p-nitrophenylphasphate

and identified by SDS-PAGE and autoradiography as described
in Fig. 1 legend.

tion that oceurs in this region””. These limitations can be avoided
by using anti-phosphotyrosine antibodies, which provides
specific probes for studying tyrosine phosphorylation events that
occur during the initial response of cells to insulin.

Although the exact nature of ppl85 is unknown, we can
eliminate certain possibilities. pp185 does not bind to WGA and
was not immunoprecipitated by the anti-insulin receptor serum
B2, which recognized the mature receptor and the glycosylated
and non-glycosylated {H. A. Hedo, personal communication)
forms (M, 155,000-190,000) of the precursor’ 2, Furthermore,
the tryptic phosphopeptide map of ppl185 does not correspond
to the profile of B-subunit {data not shown). Thus, pp185 is not
the insulin receptor. Fao cells show no specific EGF binding
and no detectable tyrosine phosphorylation during EGF stimu-
lation (data not shown), suggesting that pp1835 is not related to
the EGF receptor (M, 175,000). pp185 is also probably not the
PD'GF receptor (M, 185,000) as the latter binds to WGA™,

Immunoprecipitation of **S-methionine-labelled Fao cells by
the anti-phosphotyrosine antibody did not reveal any band at
M, 185,000, although both the «- and S-subunits were easily
detected (data not shown). Thus, ppl#5 is possibly a minor
protein that is recognized with high affinity by the insulin recep-
tor. Whether ppl85 is directly phosphorylated by the insulin
receptor kinase or is the result of activation of another tyrosine
kinase in response to insulin is not yet known,

The only other prominent phosphoprotein in Fao cells that
is recognized by the anti-phosphotyrosine antibody has a M, of
120,000 and is constitutively phosphorylated on tyrosine
residues. The nature of this phosphoprotein is unknown. Others
have reported that ATP citrate lyase (M, 116,000} is equally
immunoprecipitated with a monoclonal antibody against
phenylphosphonate before and afier EGF stimulation of A431

cells because it contains phosphohistidine, which cross-reacts
with this antibody™; however, phosphoamino-acid analysis
confirmed the presence of phosphotyrosine in pp120. Insulin
stimulates tyrosine phosphorylation of a M -120,000 protein in
a Triton X-100 extract of rat hepatocyte plasma membranes
purified by WGA chromatography™. It is unknown whether
pp120 bears any similarity to the hepatocyte protein but they
are probably different as pp120 identified here does not bind to
WGA.

Our results provide the first demonstration, in an intact cell,
of insulin-stimulated tyrosine phosphorylation of a protein other
than the insulin receptor, Identification of ppl85 should eluci-
date the relationship between the insulin receptor kinase and
the mechanism of insulin action.
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