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Insulin Receptor Phosphorylation May Not Be a

Prerequisite for Acute Insulin Action

Abstract. An antiserum to the insulin receptor mimicked insulin’s acute actions on
glucose transport, phosphorylation of integral membrane proteins, and internaliza-
tion of the insulin receptor in isolated rat adipose cells. These insulinomimetic
actions of the antiserum occurred without the equivalent increase in phosphorylation
of the B subunit of the insulin receptor observed with insulin. Thus, a role of receptor
phosphorylation in acute insulin action is now questioned.

Since the initial observations by Ka-
suga et al. (1) that insulin can induce the
phosphorylation of the 8 subunit (molec-
ular weight, = 95,000) of its own recep-
tor in both IM-9 lymphocytes and H-35
hepatoma cells, there has been consider-
able speculation about the potential role
of this phosphorylation in insulin action.
Further studies have now extended the
number of cell types in which this phe-
nomenon can be shown (2-5). In addi-
tion, in common with the receptors for
epidermal growth factor (EGF) (6, 7) and
several other growth factors (8, 9), the
partially purified insulin-receptor com-
plex itself appears to mediate both the
specific autophosphorylation of a tyro-
sine residue in its own 8 subunit (3) and
the phosphorylation of tyrosine residues
in exogenous protein substrates (10, 11).
However, in the intact H-35 hepatoma
cell, insulin induces multisite phosphory-
lations of the B subunit, with serine
residues predominating (/).
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Héring et al. (2) have demonstrated an
insulin-induced increase in the phospho-
rylation of the B subunit :0f the insulin
receptor in both intact rat adipose cells
and a crude plasma membrane fraction
prepared from these cells. This cell type
is exquisitely sensitive to insulin and,
consequently, has been extensively used
for studies of insulin action.

In the present study, we used the rat
adipose cell in an attempt to correlate
insulin action with receptor phosphoryl-

-ation. More specifically, we compared

the action of insulin with that of a poly-
clonal antiserum (B-10) against the insu-
lin receptor. This antiserum was derived
from a patient with severe insulin resist-
ance and acanthosis nigracans. Such
antisera have pronounced insulinomimet-
ic actions including both acute actions,
such as inhibition of lipolysis and stimu-
lation of glucose transport in adipose
cells, and more long-term actions, such
as stimulation of protein, RNA, and

DNA synthesis (/2). In contrast to
agents such as H,0,, vitamin Ks, and
spermine, these antisera appear to exert
their effects through direct interactions
with the insulin receptor. Although the
immunoglobulin G (IgG) fraction from a
rabbit polyclonal antiserum against the
insulin receptor in rat liver membrane
has been shown to stimulate insulin re-
ceptor autophosphorylation in a partially
purified receptor preparation from 3T3-
L1 cells (4), none of these antisera has
been investigated with respect to insulin
receptor phosphorylation in intact cells.

Isolated rat adipose cells were pre-
pared as described (/3). Glucose trans-
port activity was measured by the 3-O-
methylglucose uptake technique (/3) and
insulin binding, by the method of Cush-
man et al. (14). To assess the effects of
insulin and antiserum B-10 to the insulin
receptor on insulin receptor phosphoryl-
ation, cells were incubated for 2 hours at
37°C with [**Plorthophosphate in a phos-
phate-free Krebs-Ringer buffer contain-
ing bicarbonate (10 mM), Hepes (30
mM), and 1 percent untreated bovine
serum albumin. The cells were then incu-
bated for 1 hour at 37°C with either no
addition (basal) insulin or with heat-inac-
tivated antiserum B-10. After incubation
the cells were washed and homogenized,
and plasma membranes and high- and
low-density microsomes were prepared
as described (/3). The membrane frac-
tions were solubilized in 1 percent Triton
X-100, and the receptors quantitatively
immunoprecipitated with antiserum B-2
to the insulin receptor (1:200 dilution)
and staphylococcal protein A (/5). The
immunoprecipitates were analyzed by
sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) and
autoradiography (15). Control precipita-
tions were performed with pooled nor-
mal human serum.

At the highest concentration of antise-
rum tested (1:10 dilution), glucose trans-
port was stimulated to 93 =+ 3 percent of
the value obtained with a saturating con-
centration of insulin (Fig. 1). At this
same concentration of antiserum, insulin
binding was also completely inhibited.
Half-maximal effects were observed at
antiserum dilutions of 1:200 to 1:100 for
both parameters. Figure 2A shows that
both insulin and antiserum B-10 in-
creased the phosphorylation of proteins
of molecular weight = 115,000 (115K),
43K, and 35K in the low-density micro-
somes and decreased the phosphoryl-
ation of a 26K protein in the plasma
membranes. In fact, all of the changes in
protein phosphorylation induced by in-
sulin were mimicked by the antiserum,
although quantitative differences be-
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tween the two agents are apparent.
Thus, antiserum B-10 mimics both insu-
lin’s stimulatory action on glucose trans-
port activity and insulin’s effects on
membrane protein phosphorylation.

In parallel with the results previously
reported by Haring et al. (2) using whole
cell extracts, insulin treatment of intact
adipose cells induced a 1.7- to 2-fold
increase in the level of phosphorylation
of the 95K receptor subunit in the plasma
membranes compared to that observed
in the basal state (Fig. 2B). In contrast,
antiserum B-10 induced a 30 + 4 percent
decrease. When the intracellular mem-
brane fractions were examined, mark-
edly different phosphorylation patterns
were observed. In the high-density mi-

crosomes, 4.4-fold and 2.1-fold increases
were observed, respectively, in the cells
treated with the insulin and antiserum B-
10 compared to basal cells, whereas 5.6-
fold and 2.6-fold increases were ob-
served in the corresponding low-density
microsomes. Thus, antiserum B-10 did
not stimulate, but rather decreased,
phosphorylation of the B receptor sub-
unit in plasma membranes. Furthermore,
while both insulin and antiserum B-10
increased phosphorylation of the B re-
ceptor subunit in the two intracellular
membrane fractions, the increases in-
duced by antiserum B-10 were only 50
percent of those induced by insulin.

In a study in which we used lactoper-
oxidase to '®I-iodinate insulin receptors

on the surface of the rat adipose cell and
the current fractionation procedure to
examine the subcellular distribution of
the receptors, we found that insulin in-
duced a rapid, insulin concentration—de-
pendent internalization of its own recep-
tors (I17). In basal cells, the ratio of
insulin receptors among the plasma
membranes (PM), high-density micro-
somes (HDM), and low-density micro-
somes (LDM) was approximately
1:0.15:0.05, a distribution directly paral-
leling those of plasma membrane marker
enzymes (17) and that of the phosphory-
lated B receptor subunit (Fig. 2B). At
steady state after exposure of cells to a
saturating concentration of insulin, this
ratio went to approximately 0.75:0.3:
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Fig. 1 (above). The concentration dependence of the stimulation of
glucose transport and the inhibition of insulin binding by antiserum B-
10. Isolated adipose cells, prepared by the method of Karnieli et al
(13), were suspended in a Krebs-Ringer buffer containing bicarbonate
(10 mM), Hepes (30 mM), pH 7.4, and 1 percent untreated bovine
serum albumin and incubated for 1 hour at 37°C with no additions (0),
700 nM insulin (O), or increasing concentrations of heat-inactivated
antiserum B-10 (@, W). After incubation, triplicate samples of cells
were assayed for glucose transport activity (@, O) using the 3-O-
methylglucose uptake technique (/3). Additional triplicate samples of
cells were assayed for insulin binding (B, O) as follows. The cells
were washed three times at 16°C in incubation buffer, pH 7.4,
supplemented with bacitracin (5 mg/ml) and resuspended to a final
volume of 1.0 ml. Tracer '**I-insulin (100 nCi/ug) was added to a final
concentration of 0.1 ng/ml and the cells were incubated for a further 2
hours at 16°C. Samples (200 nl) were removed and centrifuged
through oil, and the cells and medium were separated and counted in a
Packard gamma counter (/4). All binding data () were corrected for
nonspecific binding () measured in the presence of 1 wM native
insulin. Results are representative of those obtained in at least three
separate experiments. Fig. 2 (right). Comparison of the ability of
insulin and antibody B-10 to induce phosphorylation of integral
membrane preparations and the insulin receptor. The isolated adipose
cells from 48 rats were incubated for 2 hours at 37°C in a phosphate-
free Krebs-Ringer buffer containing bicarbonate (10 mM), Hepes (30
mM), pH 7.4, 1 percent untreated bovine serum albumin, and 10 mCi
of NaH3?PO,. After incubation, the cells were divided into three 30-ml
samples and incubated for one more hour at 37°C with no additions
(lane 1), 700 nM insulin (lane 2), or a 1:10 dilution of heat-inactivated
antiserum B-10 (lane 3). The cells were then washed with a tris buffer
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containing EDTA, sucrose (20, 1, and 225 mM, respectively), pH 7.4, containing 10 mM NaF and 10 mM sodium pyrophosphate, and
homogenized at 16°C. Plasma membranes and high- and low-density microsomes were prepared as described (13). Results are representative of
those obtained in at least three separate experiments. (A) Samples (50 pg) of each membrane fraction were subjected to SDS-PAGE (9 percent)
gel electrophoresis as described by Laemmli (/6). The gels were stained, destained, dried, and autoradiographed, and protein molecular weights
were calculated with standards as described (/5). (B) The remaining 2 mg of plasma membranes, 1 mg of high-density microsomes, and 2 mg of
low-density microsomes were solubilized in 2 ml of a 1 percent Triton X-100 solution containing 2 mM phenylmethylsulfonyl fluoride and
aprotinin (1 trypsin inhibitor unit per milliliter). The insulin receptors were then quantitatively immunoprecipitated with antiserum B-2 (1:200
dilution) or control serum and staphylococcal protein A (15). The precipitates were then subjected to SDS-PAGE (7.5 percent) and the gels were
processed as described for (A). Quantitation (reported in text) was performed by densitometric scanning with a Beckman DU-8 spectrophotome-
ter. The values shown in this representative experiment did not differ in other experiments by more than +10 percent.
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0.15 (PM : HDM : LDM). Thus, insulin
induced a 25 percent decrease in the
number of receptors initially present in
the plasma membranes, and caused cor-
responding twofold and threefold in-
creases in their numbers in the high- and
low-density microsomes, respectively.

When the effects of insulin on phos-
phorylation of the B receptor subunit
(Fig. 2B) are adjusted for receptor inter-
nalization as measured previously (17),
we observe the following relations. (i)
Insulin increases the level of phosphoryl-
ation of the B receptor subunit in the
plasma membranes by 2.3-fold (com-
pared to 1.7-fold without adjustment for
receptor number). (ii) Assuming that in-
sulin’s stimulatory effect on receptor
phosphorylation occurs in the cell’s plas-
ma membrane prior to receptor internal-
ization and that receptor internalization
per se is not accompanied by any further
change in the receptor’s phosphorylation
state, one would predict 4.6-fold
(2 x 2.3-fold) and 6.9-fold (3 x 2.3-fold)
increases in the levels of phosphoryl-
ation of the B receptor subunit in the
high- and low-density microsomes, re-
spectively, from insulin-stimulated cells.
These predicted values are only slightly
greater than those actually observed
(4.4-fold and S.6-fold, respectively). (iii)
Assuming that antiserum B-10 does not
effect insulin receptor phosphorylation
but does induce a degree of receptor
internalization comparable to that in-
duced by insulin, one would predict a 25
percent decrease in phosphorylation of
the receptor subunit in the plasma mem-
branes, and two- and threefold increases
in the levels of phosphorylation of the
receptor subunit in the high- and low-
density microsomes, respectively, in
antiserum B-10-treated cells. Again,
these predicted values are comparable to
those observed (0.7-fold, 2.1-fold, and
2.6-fold respectively).

Figure 3 illustrates the results of an
experiment in which insulin receptor in-
ternalization in response to antiserum B-
10 was examined directly. Compared to
control serum, antiserum B-10 induced
an approximately 20 percent decrease in
the levels of both the 135K « and 95K B
receptor subunits in the plasma mem-
branes, and concomitant 2.2- and 2.5-
fold increases in the levels of both recep-
tor subunits in the high- and low-density
microsomes, respectively. This internal-
ization and the levels of phosphorylation
were observed consistently (+10 per-
cent) within at least three experiments.
Thus, saturating concentrations of insu-
lin and antiserum B-10 appear to induce
comparable degrees of insulin receptor
internalization in this cell type. Further-
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K Fig. 3. Insulin receptor inter-
nalization in response to anti-
serum B-10. The isolated adi-
pose cells from 30 rats were
suspended in 40 ml of a phos-
phate-free Krebs-Ringer buff-
er containing bicarbonate (10
mM), (30 mM), pH 7.4, and
iodinated for 30 minutes by
means of the Na'*’I (10 mCi)
and lactoperoxidase technique
as described (/7). lodination
was terminated by washing the
cells three times with the
above buffer supplemented
with 1 percent untreated bo-
vine serum albumin. The io-
dinated cells were divided into
two 30-ml samples and incu-
bated for 1 hour at 37°C with
either control serum (Control)
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or antiserum B-10 at dilutions of 1:10. The cells were then washed and homogenized, and
plasma membranes (1 mg), high-density microsomes (0.6 mg), and low-density microsomes
(0.85 mg) were prepared, solubilized in 1 percent Triton X-100, and processed as described for
Fig. 2. Quantitation (reported in text) was performed by densitometric scanning with a
Beckman DU-8 spectrophotometer or by excision of the labeled bands and direct gamma

counting.

more, the phosphorylation state of the
insulin receptor appears to remain unal-
tered during the internalization process.

These data demonstrate, therefore,
that antiserum B-10 does not induce de-
tectable changes in the phosphorylation
state of the B subunit of the insulin
receptor in the rat adipose cell, despite
its clear insulin-mimetic action, as illus-
trated by its effects on (i) glucose trans-
port, (ii) the phosphorylation state of a
variety of integral membrane proteins,
(iii) the internalization of the insulin re-
ceptor, and (iv) insulin binding. Thus
receptor phosphorylation may not be re-
quired for acute insulin action in this cell
type. This view is further supported by a
survey by Zick and co-workers (/8) of
four different antisera to the insulin re-
ceptor, including an IgG fraction pre-
pared from antiserum B-10. Although all
four antisera inhibited insulin binding to
its receptor, immunoprecipitated soluble
insulin receptors, and mimicked insulin’s
stimulatory effect on lipogenesis in rat
adipose cells, only antisera B-8 and B-d
mimicked insulin’s stimulatory effect on
the tyrosine kinase activity of a partially
purified rat liver membrane insulin re-
ceptor preparation tested with either the
receptor itself or casein as the substrate
for phosphorylation. Antiserum B-2 and
the IgG fraction from antiserum B-10 had
no detectable effects on receptor tyro-
sine kinase activity. Finally, Haring et
al. (2) have noted that receptor phospho-
rylation in the rat adipose cell is at least
an order of magnitude less sensitive to
insulin than is either the stimulation of
glucose transport or the inhibition of
lipolysis. However, a low level of recep-
tor occupancy (< 10 percent) is required

by insulin to achieve its maximal effects
on glucose transport and lipolysis in this
cell type. Therefore, these results cannot
completely rule out the potential role of
small changes in receptor phosphoryl-
ation or receptor kinase activity in the
mechanism in insulin’s acute actions that
were not detected in the experiments
with antisera to the receptor. Further-
more, the present results do not preclude
the possibility that the acute actions of
insulin are mediated through the activa-
tion of a receptor-associated kinase and
subsequent phosphorylation of indige-
nous substrates other than the receptor
itself, or that the longer term growth-
promoting effects of insulin may require
receptor phosphorylation.
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Insulin: Carrier Potential for Enzyme and Drug Therapy

Abstract. Several carrier systems and targeting agents have been considered as
means of delivering enzymes and drugs to specific tissues or cells. In this report
insulin is shown to be effective in delivering enzyme-albumin conjugates to cells and
tissues rich in insulin receptors. The complex is transported into cells by a process
that resembles receptor-mediated endocytosis and can be identified in a lysosomal
fraction. The enzyme-albumin-insulin complex retains its enzymatic activity and its
ability to bind antibodies to insulin. It also has a hypoglycemic effect; however,
plasma glucose concentrations can be maintained by glucose administration.

The use of enzymes to treat certain
genetic and metabolic diseases is limited
because repeated injections may induce
hypersensitivity reactions and because it
often is difficult to direct the enzyme to
the site of enzyme deficiency or sub-
strate accumulation (/-3). Attempts at
treating Tay-Sachs disease with hexosa-
minidase A resulted in a lowering of
ganglioside levels in the liver but no
penetration of the central nervous sys-
tem and did not prolong life (4). Adminis-
tration of a-1,4-glucosidase to patients
with type 2 glycogenosis lowered glyco-
gen levels in liver cell lysosomes but not
in muscle cells of cardiac and respiratory
tissue, where glycogen accumulated dra-
matically, resulting in failure of these
organs (J5).

Most carrier molecules, some of which
are highly immunogenic, are recognized
by the reticuloendothelial system and are

rapidly removed from the circulation af-
ter intravenous administration. Attempts
at using antibodies directed against cell
surface-specific antigens as targeting
agents for drugs or enzymes and carrier
systems such as liposomes show some
promise, but require specific antigens
(6). Lectins have also been proposed as
possible targeting agents, with good
binding characteristics but poor in vivo
performance of attached enzymes (2).
The question of cellular uptake of the
targeted complex after binding is an im-
portant one. In the case of targeted lipo-
somes, stable adsorption without inter-
nalization of entrapped drug or enzyme
has been demonstrated in nonphagocytic
cells (7).

We report here on the use of insulin as
a targeting agent for the delivery of a-
1,4-glucosidase to muscle cells, hepato-
cytes, and lymphocytes. The high densi-

Table 1. Binding of enzyme conjugate to cultured cells. a-Glucosidase from yeast or human
placenta was labeled with '>’I. Chick embryonic myoblasts (2 x 10°) isolated from 14-day
embryonic chick pectoral muscle were incubated in 1.5 ml of phosphate-buffered saline (PBS)
with 0.05 pg of labeled enzyme—either free or conjugated with albumin (0.30 pg)—or with both
albumin (0.30 pg) and insulin (0.150 pg). Binding was measured at 37°C after a 30-minute
incubation. Isolated spleen cells (1 X 107) from BALB/cCr mice were incubated in 2 ml of PBS
with 0.2 ug of labeled enzyme, either free or conjugated with 1.0 pg of albumin or 0.6 pg of
insulin or with both. Binding was measured at 37°C after a 60-minute incubation. Cells were
then washed seven times and radioactivity was counted. Cells receiving chloroquine (0.1 mM)
were incubated for 10 minutes at 37°C before the labeled enzyme was added (/7).

Binding (percent)

Preparati Source Mouse spleen cells
reparation of of Chick
[**T]a-glucosidase enzyme muscle Without With
cells chloro- chloro-
quine quine
Free enzyme Yeast 8.7 8.1 6.0
Enzyme-albumin (1:10) Yeast 4.6 4.0 5.0
Enzyme-insulin (1:15) Yeast 21.5 38.0
Enzyme-albumin-insulin (1:10:60) Yeast 30.1 22.0 35.4
Free enzyme Placenta 8.1
Enzyme-albumin-insulin (1:10:60) Placenta 31.9
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ty of insulin receptors on muscle cells
makes the insulin molecule capable of
delivering enzymes or drugs to a degree
not obtainable with other carriers or with
free enzyme. The demonstration that the
insulin molecule may be internalized af-
ter binding to its receptor (8) makes it an
excellent candidate for the delivery of
enzymes to muscle cell lysosomes, the
major site of accumulating glycogen in
patients with type 2 glycogenosis. We
attempted to determine whether the en-
zyme-insulin complex is in fact bound
and internalized by muscle cells both in
vitro and in vivo.

Conjugating an enzyme to an excess of
homologous albumin renders the enzyme
both nonantigenic and nonimmunogenic
(9). Insulin was conjugated either to na-
tive a-glucosidase or to enzyme-albumin
polymers (see legend to Fig. 1). After
conjugation the enzyme-albumin-insulin
polymer retained 70 percent of a-glucosi-
dase activity toward the substrate malt-
ose and 60 percent toward the natural
substrate glycogen. In vitro, both en-
zyme and enzyme-albumin bound to
chick embryonic muscle cells and to
mouse spleen cells when conjugated with
an excess of bovine insulin (Table 1).

The enzyme-insulin conjugate had a
mole ratio of 1:15 and the enzyme-albu-
min-insulin conjugate had a mole ratio of
1:10:60, as estimated from the starting
cross-linking ratios and from the molecu-
lar weights of the conjugates determined
by gel chromatography (/0). The en-
zyme-albumin-insulin polymer had an
average molecular weight of 1.1 x 10°,
with more than 80 percent of the conju-
gate eluting with molecular weight equiv-
alents between 8.5 x 10° and 1.25 X
10%,

Lowering the incubation temperature
to 10°C slightly decreased the percentage
of enzyme bound, while the percent deg-
radation, as measured by the production
of free '%1, fell to virtually zero for all
preparations both in the presence and
absence of chloroquine. This suggests
that internalization and degradation
through lysosomal processes follows
binding. Chloroquine increased binding
of the insulin-containing conjugates (Ta-
ble 1) and inhibited the rate of degrada-
tion of these polymers (Table 2), but had
no effect on the enzyme alone or on
enzyme-albumin, again suggesting that
an internalization step follows the bind-
ing of enzyme-insulin (/7). Unlabeled
insulin alone had no significant effect on
insulin conjugate binding, although unla-
beled conjugate (enzyme-insulin or en-
zyme-albumin-insulin) was an effective
inhibitor, indicating that the process is
saturable. The insulin conjugates may
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