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Insulin stimulates the tyrosine phosphorylation of a 165 kDa
protein that is associated with microsomal membranes
of rat adipocytes
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The B-subunit of the insulin

protein tyrosine kinase activity. It has been

w:dely postuln!ed thnt this activity my mediate the transduction of the insulin signal by phosphorylation of cellular

d in the mechanism of insulin action. We have identified, by i blotting with anti]

antibodies, a 165 kDa protein in rat adipocytes that is rapidly phosphorylated in response to msnlm Phosplmrylamn of
this protein (pp165) occurs within 5-10 s of exposure to 10 nM insulin, suggesting that it may be a direct substrate for

the insulin receptor. This protein was d in an & Alul b that fi with the low-density

Using di sucrose density-gradi ifugation, ppl6S vesicles were separated

from other vesicles of the low-density mlcmsomes mcludmg the glucose i ining vesicles, indicating that

pplesS is p not a regulatory of the vesicles that 1! glucose P in to insulin.

However, ppl65 may be I in ying p ion at the cell surface to an intracellular site of insulin
action.

Intreduction tion {6] compromise the ahility of the receptor to mediate

insulin-induced biologicai effects. Taken together, these

An initial cellular to insulin exp fol- findings imply that the insulin receptor mediates signal

lowing hormone binding, is the tyr pecific auto-

ducti ia hossh

phosphorylation of the S-subunit of the insulin receptor
{1} This autophosphorylation activates the receptor
tyrosine kinase towards exogenous substrates in vitro
[2,3]. Evid has now d supporiing a role
for the kinase activity in cellular insulin action. Recent
analyses using cell lines expressing transfected, kinase-
deficient insulin receptors provide evidence for the im-
portance of the receptor kinase in insulin signal trans-
duction. Mutation of the amino acids thought to be
involved in ATP binding {4,5] and in autophosphoryla-

epes, 4-(2- 1-piperazi i
acid; BSA, bovme serum  albumin; SDS-PAGE sodmm dodecyl
Ifate-polyacrylamide gel DTT, itol; EGF,

epidermal growth factor; IGF-1, insulin-like growth factor, type 1
oPTYR, antiphosphotyrosine antibodies; ppl65, 165 kDa phos-
phoprotein.
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vig ylation and further suggest
that a search for a physiologically relevant, in vivo
substrate for the insulin-receptor kinase is warranted. 1t
is hoped that identification of such a substrate may lead
to an understanding of the signaling pathway utilized
by the insulin receptor.
A number of different approaches have becn em-
ployed in the search for cellular substrates that are
ty hosphorylated in to insulin. In vitro
ubstrales have been identified based on the ability of
these proteins to be tyrosine-phosphorylated by purified
insulin receptor [7.8]. Subsequent studies have shown
that these proteins are also phosphorylated in insulin-
stimulated cells [7,8]. Another approach is the use of
two-dimensional gel electrophoresis to separate and
identify tyrosine-phosphorylated proteins from *2P-
labeled, insulin-treated cells. In this way an 15 kDa
tyrosine-phosphorylated protein was identified in 3T3-
L1 adipocytes [9). While there is evidence that this 15
kDa protein may be involved in insulin-stimulated glu-~
cose transport, the role of this and other possible sub-
strates in insulin action is not known. Recent efforts
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towards substrate identification have employed anti-
phosphotyrosine antibodies (aPTYR). These antibod-

vanadate), then homogenized in HESV at 4°C, In order
to inhibit phosphatase activity which may neutralize
any insulin induced phosphorylauon dunrz lhe

ies, produced against either phospholymsme ora phos-
1y

photyrosme analog, are used to im-

L i

P ing of the pl VIIIIL an i

hodot d

Using ihia A tht: insulin-dep tyiosine
phosphorylation of a 180 kDa protein was observed in
Fao hepatoma cells {10]. Phosphotyrosine proteins of a
similar molecular weight have subsequently been iso-
lated from other insulin-stimulated cell lines [11-15}.
Whether or not these proteins zre related has yet to be
determined. In addition, a number of different p

of phosph y ific p k was added to
the homogenization buffcr The addition of 0.1 mM
sodium orthovanadate had no affect on the yield of
total membrane protein, There was no effect on the
distribution of the glucose transporter. The distribution
of the characteristic enzyme markers was not de-
termined. In experiments where rapid time points of
insulin exp were y, the cells were washed

were precipitated from rat adipocytes with aPTYR [15]
In the presen( study, we have used aPTYR to im-

P from insuli lated rat adipo-
cytes, a major target cell for insulin action. Subcellular
fractionation was performed prior to # blot anal-

only one time in 4°C HESV and were then rapidly
homogenized in the same buffer. All subsequent han-
dling of the fractions was done at 4°C in HESV, except
as noted. Funher subfracuonahon of the low density

by di us sucrose gradient centrif-

ysis in order to partially purify, and therefore, poten-
tially amplify the dctzction of scarce phosphotymsine—

tion and xmmunob]omng with aP'l'Y R we have identi-
fied an insulin-d phosphorylated 165
kDa protein in an mtracellular vesicle pool from rat
adipocytes. We describe here the initial characterization
of this protein and the vesicles with which it is associ-
ated.

Materials and Methods

Materials

Porcine monocomponent insulin was a gift from Dr.
R.E. Chance, Eli Lilly. '*I-Protein A was purchased
from Dupont-New England Nuclear. Collagenase was
from Cooper Biomedical. Electrophoresis apparatus and
chemicals were from Bio-Rad. The electrophoretic
transfer apparatus was from Idea Scientific. Molecular-
weight dards were hased from Bethesda Re-
search Laboratories. All other chemicals were obtained
from Sigma.

Preparation of adipocytes and subcellular fractionation

Adipocytes were isolated from epididymal fat pads
of 175-200-g male Sprague-Dawley rats (Taconic Labs)
by the method of Rodbell [16] as modified by Cushman
{17]. All incubations were done in a modified Krebs-
Ringer buffer containing 12.5 mM Hepes (pH 7.4)/120
mM NaCl/6 mM KC1/1.2 mM MgSO,/1 mM CaCl,/1
mM sodium phosphate/2.5 mM D-glucose/2% BSA
(Sigma, radioimmunoassay grade). Fat pads were di-
gested with crude collagenase and prepared for incuba-
tions as previously described [18].

Adipocytes were separated into the cytosol and vari-
ous membrane fractions by the method of McKeel and
Jarett [19] as modified by Simpson et al. [20]. Cells were
washed three times in 12° C HESV (20 mM Hepes (pH
7.4)/255 mM sucrose/1 mM EDTA/0.1 mM sodium

ugation was done as previously described [18]. Protein
was assayed in each fraction using the bicinchoninic
method [21], with regents from Pierce Chemicals,

Production and purification of antiphosphotyrosine anti-
bodies

Antiphosphotyrosine antibodies (aPTYR) were pre-
pared as described by Pang et al. [22] with some modifi-
cations. Sera duced in rabbits i ized with a
Keyhole limpet hemocyanin-phosphotyramine con-
jugate were precipitated with ammonium sulfate prior
to purification. Antibodies were then purified on a
cqumn conta.lmng a phosphotyrosine BSA conjugate,

1i d with glutaraldehyde, and covalently bound
lo Affi-Gel 10 (Bno-Rad) After washing the column
with 10 mM Tris (pH 7.6)/100 mM MgCl,/0.1% TX-
100, followed by phosphate-buffered saline, antibouies
were eluted with 100 mM Glycine (pH 10). Eluate
fractions were immediately neutralized and screened by
an enzyme-linked-immunoadsorbant assay (ELISA)
using the BSA-phosphotyrosine conjugate as the anti-
gen. Immunoreactive fractions were pooled, con-
centrated and dialyzed overnight against phosphate-
buffered saline.

Purified antibodies were screened by ELISA and by
immunoblot for reactivity towards BSA-phospho-
tyrosine, BSA-phosphoserine, BSA-phosphothreonine
and BSA. aPTYR only reacted with BSA-phospho-
tyrosine. The antibodies were able to immunoblot the
phosphorylated form of the EGF receptor from EGF-
stimulated A431 cells (not shown). They were also able
to immunoprecipitate placental insulin and IGF-1 re-
ceptors that were phosphory]aled in vitro (data not

shown). I Is of these could
be inhibited by the ddition of phosphotyrosine, but
not by phosph or phosphott i
Immunoblotting

SDS-PAGE was carried out as described by Laemmli



[23]. Samples of each fraction were separated in the
presence of 100 mM DTT, on either 5% or 3-15%
gradient acrylamide gels. Proteins were transferred elec-
trophoretically to nitrocellulose as described by Towbin
et al. [24]. The uitroceilulose was blocked with 5%
powdered, nonf-t milk in 30 mM Hepes (pH 7.4) for 2
hat22°C. aPTYR were added to the ni {lulose at 6

43

165 kDa phosphoprotein (ppl65) was detected in the
low-density microsomal fraction {Fig. 1) after 1 min of
insulin exposure. A number of additional proteins were
detected by immunobiotting as shown in Flg. 1, but no
other insulin-stimulated tyrosine phosphorylation was
seen in any fraction. A faint signal was detected in the

pg/ml in 3¢ mM Hepes (pH 7.4)/150 mM NaCl/1%
nonfat milk for 1 h at 37°C. After washing three times
in 30 mM Hepes (pH 7.4)/150 mM NaCl1/0.1% Triton
X-100, the ni llulose was then incubated with '**I-
protein A (100000 cpm/ml), diluted in the same buffer
as the primary antibody. The blot was incubated for 2 h
at 22°C, then washed three times as hefore. The nitro-
cellulose was dried and autoradiography was performed
at ~70°C using Kodak X-Omat AR film and Cronex
Lightning Plus enhancing screens. In some experiments,
immunoblots were probed a second time with 1F8. a
monoclonal antibody which recognizes an adipocyte/
muscle specific glucose transporter [25). The antibody-
antigen complex was visualized using a biotinylated
sheep anti-mouse second antibody followed by
horseradish p id. d st idin (Amers-
ham) with 4-chloro—1-naphthol as the subslrate

Results

Insulin-stimulated tyrosine phosphorylation in subcellular
fractions of rat adipocytes

In an attempt to characterize and localize phospho-
tyrosine-containing proteins that may be substrates for
the insulin-receptor tyrosine kinase, we examined sub-
cellular fractions of rat adipocytes by immunoblotting
with aPTYR The appearance of an insulin-dependent,

ins + - -
Fig. L. istribution of insuli

high-d of insulin-stimulated cells at
165 kDa. This observation was not reproducible, and is
probably due to contamination of the high-density mi-
crosomes hy low-density microsomes. In the same ex-
periment, cells were stimulat=d with insulin for 5 and 30
min (not shown). ppl165 was the vzly insulin-dependent
phosphotyrosine-containing protein seen at S min in
any fraction. and no signal was observed after 30 min
{see below). [nterestingly. we were unable to con-
sistently detect a band corresponding to the phospho-
rylated insulin receptor with our immunoblotting proto-
col. In some experiments a weak insulin-dependent
signal was observed at 95 kDa, but we did not verify its
identity as the insulin receptor. The lack of a signal for
the insulin receptor could be due 1o low amounts of
receptor in our preparations relative to ppl65 or to a
low affinity of aPTYR towards the receptor (see Dis-
cussion).

Many cellular responses to insulin occur rapidly,
within minutes and possibly seconds of insulin binding
(1] Thus, we measured the time-course of pp165 phos-
phorylation to determine if it occurred rapidly enough
to be involved in the early events of insulin action.
Adipocytes were treated with insulin for the indicated
times and the cells were processed for immunoblotting.
Phasphorylation of ppl65 occurs within 5 to 10 s of
insulin addition (Fig. 2). This rapid time-course is con-
sistent with a rale for ppl65 in the early cellular re-
sponses to insulin. After 10 s of insulin exposure. the

proteins. Rat adipocytes were stimulated with 10 aM insulin for 1 min.

Subcellular fractions were prepared as described in Materials and Melhods Prolems from the cytose! (Cy). hxgh—densuy microsomes (HDM),

mitochondria and nuclei (M/N), plasma

(PM) and low-de

(LDM) were separated using 5% SDS-PAGE and

immunoblotted with «PTYR. The arrow indicates position of ppl165; + mdmales addition of insulin (ins). This figure is representative of three
experiments.
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Fig. 2. Time-course of insulin-siimulated pp165 phosphorylation,
Adipocytes were stimulated with 10 nM insulin for the times indi-
cated, then rapidly washed (see text) and the LDM fraction was
isolated. Microsomal proteins were scparated using 3-15% gradiemt
SDS-PAGE and immunoblotted with aPTYR. The arraw indicates
the position of ppl6S. Numbers to the left indicate position of
molecular-mass markers (values in kDa). This figure is representative
of two experiments.

signal for ppl65 decreases, suggesting a rapid dephos-
phorylation of the protein. As mentioned above, this
reduction in ppl165 seen in the low density microsomes
cannol be accounted for by its movement to another
subcellular fraction. After 15 min of insulin stimulation,
pp165 could no longer be detected. In some experi-
ments an insulin-dependent signal migrating just helow
ppl65 was seen. This phi was not d
ble, and is possibly due 10 proteolytic cleavage of pp165
during preparation of the membranes.

To ascertain that the specificity of our antibody with
respect to ppl65 was towards phosphotyrosine, soluble
phosphoamino acids were used to m}ublt antibody
binding 10 i bl of low-density
Antibodies were mixed with the various competing
amino acids (see Fig. 3) prior to incubation with the
immunoblot. When phosphotyrosine was added, the
Ppl65 signal was completely inhibited (Fig, 3), indicat-
ing that aPTYR is recognizing a phosphotyrosine re-
sidue in this protein. Addition of phosphoserine had
little effect on the ppl6S signal. Although phospho-
threonine slightly decreased the ppl65 signal, previous
characterization of the aPTYR, as discussed in the
Materials and Methods, demonstrated that they do not
recognize threonine phosphorylated proteins, Tos:thcr,
these data indicate that the aPTYR are a

P-Tyr  P-Ser  PThr
Fig. 3. Specificity of ant; i ibodies. Low-density
isolated from insulin-sti rat adij were run a

J% SDS-PAGE in the presence of 100 aM DTT and transferred to
Strips of the ni were blotted with aPTYR

with the following additions: no addition, 10 mM phosphotyrosine
{P-Tyr), 10 mM phosphoserine (P-Ser), or 10 mM phosphothreonine
(P-Thr). The arrow indicates the position of ppl65. This figure is

representative of two experiments.

particular vesicle populatlon within the low-density mi-

, we sedi d the b
ceninfuymon through a discontinuous sucrose gradient
and i blotted the gradi i with anti-
phosphotyrosine antibodies. Our laboratory has used
this density-gradient method to partially purify glucose
transporter containing vesicles from low-density micro-

by rate 1

pp165
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Fig. 4 Distribution of ppt65 vesicles on sucrose gradients, Low-den-

tyrosine phosphorylated protein, ppl65.

Pppl65 can be separated from low-density microsomal frac-
tions containing glucose transporters using discontinuous
sucrose-gradient centrifugation

To determine whether ppl€S is associated with a

sity (1-2 mg), isolated from adipocytes which had been
stimulated with 10 nM insulin for 10 5, were loaded onto a discontinu-
ous sucrose gradient, Aliquots (equal volumes) of each fraction were
analyzed using a 3-15% gradient SDS-PAGE and immunoblotting
with either aPTYR or 1F8 as described in the text. The position of
pp165 is indicated on the upper panel; the glucose is on the middle
panel. The lower panel shows the protein profile of the gradient. This
figure is representative of three experiments.



somes [18]. The ppl65. vesicles were
into one peak at fractions 4 and S (Fig. 4, top panel). In
four separate experiments, the pcak of ppléS veicles
always sedimented one fraction to the right of the Ffirst
peak of protein (hottom panel, Fig. 4). ppl165 could be
recovered by centrifugation of gradient fractions 3, 4
and 5 at 180000 x g for 90 min, indicating that it was
associate! with membranes following sedimentation
through sucrose {data not shown).
A major consequence of insulin stimulation of
adxpocyles is an increase in glucose transport and the
ion of glucose transporters from an intra-
cellular vesicle pool (contained in the low-density mi-
crosomes) to the plasma membrane [27.28). To de-
termine whether pp165 and the glucose transporter are
located on the same vesicle, we i blotted
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To further characterize how ppl65 is associated with
the microsomal membranes. we attempted to strip pro-
s from the low-density mi action with £.8
M NaCl. As shown in Fig. 5, this protocol removed
only part of ppl65 from the membrane. In addition,
when low-density microsomes are extracted with Triton
X-114, ppl6S puartitions into the aqueous phase while
the glucose transporter, a hydrophobic integral mem-
brane protein, partitions into the detergent phase (data
not shown). Taken together. these results indicate that
pp165 may be a tightly- peripheral b
protein adherent to a specific pool of intracellular
vesicle= distinct from those containing the glucose trans-
porter.

D:

sucrose-gradient fractions of low-density microsomes
with aPTYR and 1F8, a monoclonal antibody which
recognizes an adipocyte/ muscle specific glucose trans-
porter [25). The peaks of immunoreactivity for the two
proteins were separated by two fractions (Fig. 4). We
also performed the experiment shown in Fig. 4 after 3
min of insulin exposure, with identical results {data not
shown). Thus, it seems that ppl65 and the glucose
transporter do not ce-localize to the same intracetlular
vesicle following insulin stimulation. However, our re-
sults do not rule out an involvement of ppi65 in an
intermediate step between the insulin receptor and the
glucose transporter.

Fig 5 ngh saIl

of low-d
from insuli

proteins,
ip were sus-
pended in D8 M NaCl at 4°C for 15 min. The membranes were
pelleted by centrifugation at 175000 g for 90 min. The superatant
{8), containing proteins removed from the membranes by salt treat-
ment, and the membrane proteins (M) were processed for immuna-
blotting with PTYR. The arrow indicates the position of pplés.
Numbers to the left indicate the positions of molecular-mass stan-
dards in kDa. This figure is representative of two eaperiments.

In order to understand how the insulin receptor
kinase is involved in signal transduction, there has been
much effort devoted to identifying physiologically im-
portant phosphorylated substrates. While some candi-
date proteins have been described {7-15). neither their
function nor their role in insulin action has yet been
fully elucidated. We describe here a 165 kDa protein
which is rapidly phosphorylated on tyrosine in response
to insulin in isolated rat adipocytes. We see two im-
portant differences between the phosphorylation of
Pp165 shown here and previous reports deseribing simi-
lar insulin-depend hosph ins [10-15]. First,
there may be signal amplification with respect to recep-
tor autophosphorylation (see below) and second. there
is clear evidence that pp165 is tighily associated with a
discrete, intracellular membrane pool. Using sucrose
density-gradient centrifugation it was shown that these
membranes are distinct from vesicles containing the
insulin-regulatable glucose transporter. Previous charac-
terization of the distribution of the Golgi marker
galactosyltransferase indi that pp165 sedi in
a reglon of the gradient populated by Golgi-derived

and is well d from b of
the endoplasmic reticulum. as identified by the enzyme
glucose-6-phosphatase. Due to the rapid time-course
observed, we feel that phosphorylation of ppl65 may
represent an important early event in insulin action,
possibly as a direct substrate for the insulin-receptor
kinase.

The fact that we find ppl65 entirely in an intra.
cellular pool poses some interesting questions as to
where potential enzyme—substrate interactions take
place. Internalization of the insulin receptor is one of
the initial events that follows insulin binding to its
receptor, although it apparently occurs slower than
phosphorylation of ppl6S [29]. In any case. recent re-
ports have shown that the insulin-receptor kinase is still
active after insulin-induced internalization [30,31}. Thus,
our finding of an intracellular. low-density
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-associated phosphotyrosine protein suggests
the possibility that phosphorylation of pp165 may take
place at an intracellular locus following receptor inter-
nalization. Aliernatively, the localization of ppl65 (the
unphosphorylated form of the protein} within the cell
could be such that, following insulin addition, there is a
rapid interaction with the receptor leading to pp 165
phosphorylation, independent of receptor internaliza-
tion. Further characterization of the spatial relationship
between ppl65 and the insulin receptor is needed, pp165
is probably not found on the same vesicle as the glucose
transporter {Fig, 4). Therefore, while pp165 is not likely
to be a component of the glucose transporter-containing
vesicles, it may lie along the path to stimulation of
glucose transport.

We typically see no immunoblotting of the phospho-
tylated insulin receptor in our adipocyte preparations
(Fig. 1 2nd Results), whereas most reports of a similar
nature sce a substantial signal from receptor autophos-
phorylation {e.g., Refs. 10 and 11). As noted above, this
may be due to signal amplification where the cascade of
events responsible for insulin actions begins with the
catalytic phosphorylation of pp165. This result may also
arise from the fact that adipocytes are very sensitive to
insulin and may therefore show exceptionally strong
pp165 phosphorylation. Alternatively, antiphosphotyro-
sine antibodies are known ta be idiosyncratic in their
recognition of substrates. This is probably due to the
fact that the epitopes recognized by the antibodies are
likely to comprise several amino-acid residues in ad-
dition to the phosphotyrosine hapten [32]. Our antibody
may therefore recognize the phosphotyrosine in ppl65
with a significantly higher affinity than it recognizes the
phosphorylated insulin receptor.

There have been other reports of insulin-dependent
phosphotyrosine proteins of a size similar to that de-
scribed herein. White et al. {10] have studied a 185 kDa
protein that is tyrosine-phosphorylated in response 1o
insulin in Fao hepatoma cells. Others have reported
phosphotyrosine proteins in the same molecular-weight
range in KB epidermoid cells {12], and 3T3-L1 adipo-
cytes [14]. Phosphoprotein 185 from Fao cells may be
either a soluble or weakly-attached membrane protein
{15]. while the ppl60 observed in 3T3-L1 will associate
with meinbrane under certain conditions [14], Taken
together, it seems likely that all these reports may be
describing the same protein, or a related family of
proteins that may serve a similar function. Our studies
of the rat adipocyte may provide a useful system in
which to study this class of proteins because of the well
described subcellular fractionation sch [18-20] that
can be exploited to this end.
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