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To examine the role of clathrin-dependent insulin receptor internalization in insulin-stimulated signal
transduction events, we expressed a dominant-interfering mutant of dynamin (K44A/dynamin) by using a
recombinant adenovirus in the H4IIE hepatoma and 3T3L1 adipocyte cell lines. Expression of K44A/dynamin
inhibited endocytosis of the insulin receptor as determined by both cell surface radioligand binding and trypsin
protection analysis. The inhibition of the insulin receptor endocytosis had no effect on either the extent of
insulin receptor autophosphorylation or insulin receptor substrate 1 (IRS1) tyrosine phosphorylation. In
contrast, expression of K44A/dynamin partially inhibited insulin-stimulated Shc tyrosine phosphorylation and
activation of the mitogen-activated protein kinases ERK1 and -2. Although there was an approximately 50%
decrease in the insulin-stimulated activation of the phosphatidylinositol 3-kinase associated with IRS1, insu-
lin-stimulated Akt kinase phosphorylation and activation were unaffected. The expression of K44A/dynamin
increased the basal rate of amino acid transport, which was additive with the effect of insulin but had no effect
on the basal or insulin-stimulated DNA synthesis. In 3T3L1 adipocytes, expression of K44A/dynamin increased
the basal rate of glucose uptake, glycogen synthesis, and lipogenesis without any significant effect on insulin
stimulation. Together, these data demonstrate that the acute actions of insulin are largely independent of
insulin receptor endocytosis and are initiated by activation of the plasma membrane-localized insulin receptor.

Receptor-mediated endocytosis is an essential mechanism
for several important physiological processes. These include
down regulation of cell surface receptors, degradation of the
receptor and/or ligand, absorption and retention of essential
nutrients, transcellular transport of specific ligands, and the
activation of intracellular signal transduction cascades (42, 49,
52). It is well established that the insulin receptor undergoes
endocytosis upon insulin stimulation (3, 28, 35, 37); however,
the exact physiological significance of insulin receptor inter-
nalization is poorly understood. Several studies have demon-
strated that following insulin stimulation, the endosome-local-
ized insulin receptor exhibits increased autophosphorylating
and exogenous substrate tyrosine kinase activity compared to
plasma membrane-associated insulin receptors (3, 31, 32).
Based on the time course of endosome association, kinase
activation, and compartmentalization of effector substrates, it
has been hypothesized that the internalized endosome-associ-
ated insulin receptor population is responsible for the activa-
tion of intracellular signaling pathways (12, 18, 31). However,
other studies have reported that low-temperature (4°C) block-
ade of insulin receptor internalization does not impair either
insulin receptor autophosphorylation or tyrosine phosphoryla-
tion of the major insulin receptor substrate, IRS1 (9, 26). Thus,
in contrast, these data suggest that activation of the plasma
membrane-associated insulin receptor may be sufficient for, at
least, the initial or proximal insulin-specific signaling events.

Considerable effort has been made to identify the structural
determinants responsible for insulin receptor internalization.
Based on expression of various insulin receptor mutants in
fibroblasts, it has been suggested that the insulin receptor is
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localized to microvillus regions of the cell surface by both a
dileucine motif present in the juxtamembrane region of the B
subunit and a downstream tyrosine-based motif (2, 4, 5, 24, 25).
These domains also appear to be required for the segregation
of the insulin receptor into clathrin-coated pit regions. How-
ever, in addition to clathrin-mediated internalization, the in-
sulin receptor has also been reported to undergo internaliza-
tion through a clathrin-independent pathway (40, 50, 51).
Although the insulin receptor kinase activity is required for
ligand-stimulated internalization, the identity and function of
tyrosine phosphorylation remain elusive, with evidence both
for and against the juxtamembrane GPLY and NPEY tyrosine-
based motifs (2, 5, 7, 8, 13, 29).

Recently, substantial progress has been made in our under-
standing of clathrin-mediated internalization and vesicle for-
mation for constitutively recycling, growth factor, and G-pro-
tein-coupled receptors (16, 58, 67). One essential protein in
coated vesicle formation is the GTPase dynamin. Dynamin was
first cloned from the shibire temperature-sensitive paralytic
Drosophila melanogaster mutant and was subsequently found to
be involved in synaptic membrane vesicle recycling (22, 45).
Dynamin appears to be recruited to clathrin-coated pits, where
its intrinsic GTPase activity is required for the formation of
clathrin-coated vesicles (15, 39, 41, 56). Inhibition of dynamin
function, by expression of a dominant-interfering mutant
(K44A/dynamin), prevents coated-vesicle formation and inter-
nalization of transferrin, epidermal growth factor, and B-ad-
renergic receptors (16, 58, 67). Thus, to assess the functional
role of dynamin in insulin receptor endocytosis and insulin
receptor-dependent downstream signaling, we have prepared a
recombinant adenovirus expressing the dominant-interfering
K44A/dynamin mutant. In this study, we demonstrate that
expression of K44A/dynamin inhibits internalization of the in-
sulin receptor without any significant effect on insulin-stimu-
lated receptor autophosphorylation, signaling to IRS1 or Akt,
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amino acid uptake, DNA synthesis, glucose transport, lipogen-
esis, and glycogen synthesis. In contrast, Shc phosphorylation
and activation of mitogen-activated protein kinase and phos-
phatidylinositol 3-kinase (PI 3-kinase) were partially inhibited.

MATERIALS AND METHODS

Materials. The cDNA encoding K44A/dynamin was a gift from Sandra Schmid
(Scripps, La Jolla, Calif.), and the LacZ recombinant adenovirus was a gift of
Chris Newgard (Southwestern University of Texas, Dallas). ['**I]insulin and
['*T]transferrin were purchased from New England Nuclear (Boston, Mass.).
[**Claminoisobutyric acid (['*C]AIB), [U-'*C]glucose, [y->*P]ATP, and 2-deoxy-
p-[1-*H]glucose were obtained from Amersham (Arlington Heights, I11.). [meth-
yl-*H]glucose was purchased from ICN (Costa Mesa, Calif.). The source of each
antibody is indicated in the descriptions of the specific methods below and/or the
appropriate figure legends. Protein G*-agarose and protein A-agarose were
purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.). Polyvinylidene
difluoride (PVDF) membrane filters were purchased from Millipore (Bedford,
Mass.). Silica plates were purchased from Analtech (Neward, Del.). All other
reagents were obtained from Sigma Chemical Co. (St. Louis, Mo.).

Cell culture and infection. The rat hepatoma H4IIE cell line was maintained
in Dulbecco’s modified Eagle’s medium (DMEM) containing 25 mM glucose,
10% fetal bovine serum, 10% calf serum, 2 mM glutamine, penicillin (100 U/ml)
and streptomycin (100 U/ml) and grown at 37°C in a 5% CO, atmosphere.
Confluent dishes of cells were infected with the recombinant adenoviruses for 1 h
at 37°C. Following infection, the adenovirus was removed from the cells and
replaced with growth medium. The infected hepatocytes were used for experi-
mentation 36 to 48 h later.

The growth and differentiation of 3T3L1 adipocytes were performed as de-
scribed previously (48). Tissue culture dishes containing 90 to 95% fully differ-
entiated adipocytes were incubated at 37°C in 5% CO, atmosphere in the
continuous presence of the recombinant adenoviruses for 40 to 48 h. Under these
conditions, the adipocytes demonstrated greater than a 95% infection and ex-
pression efficiency.

Preparation of recombinant adenoviruses. The K44A/dynamin adenovirus was
constructed by previously described methods (6). Briefly, the K44A/dynamin was
introduced into the pACCMYV vector via 5" BamHI and 3" HindIII sites. The
K44A/dynamin pACCMYV and pJM17 cDNAs were cotransfected into HEK293
cells by calcium phosphate precipitation. Lysates were harvested and serially
diluted, and a single virus was plaque isolated. Large-scale productions of the
K44A/dynamin and LacZ recombinant adenoviruses were prepared by infecting
85 to 90% confluent HEK293 cells with 1 ml of concentrated adenovirus in 15 ml
of growth medium (DMEM containing 10% fetal bovine serum, 10 mM HEPES
[pH 7.4], 2 mM glutamine, penicillin [100 U/ml], and streptomycin [100 U/ml])
for 1 h. The adenovirus-containing medium was then replaced with growth
medium. The cells were maintained at 37°C in 5% CO, for 48 h, after which the
cell medium and concentrated cell lysate were collected separately, and the
adenovirus stocks were stored at —20°C. H4IIE cells were infected with the
adenovirus medium, and 3T3L1 adipocytes were infected with the concentrated
cell lysate. The appropriate adenovirus titer was determined for each cell line by
assessing the adenovirus concentration-dependent inhibition of ['?°T]transferrin
internalization. In all experiments, the minimum concentration required for
maximal inhibition of transferrin internalization was used.

Receptor internalization by radioligand binding. The internalization of the
transferrin and insulin receptors was determined by the amount of acid-disso-
ciable prebound ligand as described by Lamb et al. (36). Briefly, 35-mm-diameter
dishes of infected H4ITE cells were incubated with either ['?°T]transferrin (3 nM;
1 p.Ci/pg) or [***I]insulin (0.02 nM, 375 wCi/pg) at 4°C for 3 or 4 h, respectively.
Unbound ligands were removed, and internalization was initiated by washing the
cells with serum-free medium at 37°C. At various times, endocytosis was blocked
by washing the cells three times with ice-cold phosphate-buffered saline (PBS).
The amount of acid-dissociable ligand (cell surface exposed) was determined by
two consecutive incubations with 1.5 and 1.0 ml of stripping buffer (0.5 M NaCl,
0.2 M acetic acid) for 8 min each. The amount of intracellular ligand (internal-
ized) was determined by detergent solubilization (1% sodium dodecyl sulfate
[SDS]) of the acid-stripped cells. External and internal associated radioligands
were measured by counting the two fractions on a Packard Autogamma 5000
counter.

Receptor internalization by trypsinization. Insulin receptor internalization
was determined by measuring the percentage of receptors that were resistant to
trypsinization. Briefly, infected dishes of H4IIE cells were washed twice with PBS
and incubated with serum-free DMEM for 3 h. The cells were incubated at 37°C
in the absence or presence of 100 nM insulin for the indicated period of time.
After insulin incubation, the cells were washed twice and incubated on ice for 3
min with ice-cold, acidified DMEM (pH 4.0) containing 1% bovine serum albu-
min. The cells were washed with ice-cold PBS and incubated with trypsin (1
mg/ml in PBS [pH 7.4]) in ice water for 30 min with occasional rocking. The
reaction was stopped by addition of soybean trypsin inhibitor (5 mg/ml), baci-
tracin (1 mg/ml), 2 mM N-ethylmaleimide, and 2 mM phenylmethylsulfonyl
fluoride. In parallel, mock-treated cells were incubated with the stopping solu-
tion for 30 min. Cells were then solubilized in lysis buffer (150 mM NaCl, 1%
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Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris [pH 7.4], 10 mM
sodium pyrophosphate, 100 mM NaF, 2 mM phenylmethylsulfonyl fluoride, 2
mM sodium vanadate, 2 mM pepstatin, 1 pg of aprotinin per ml, 10 uM leu-
peptin) for 10 min at 4°C. The cell lysates were resuspended, subjected to
SDS-polyacrylamide gel electrophoresis (PAGE) under nonreducing conditions,
and immunoblotted with an insulin receptor B-subunit antibody (Transduction
Laboratories, Lexington, Ky.). The band corresponding to the 400-kDa a3,
holoinsulin receptor was quantitated by using Adobe Photoshop and NIH Image
software.

Preparation of whole-cell detergent lysates. H4IIE cells were washed two
times with PBS (pH 7.4) and incubated for 3 to 4 h in serum-free medium. The
cells were then treated with 100 nM insulin for various times as indicated in the
figure legends. Insulin stimulation was terminated by two washes with ice-cold
PBS (pH 7.4), removal of excess liquid by aspiration, addition of liquid nitrogen
to the tissue culture plates, and storage at —80°C until used. The snap-frozen
cells were extracted in ice-cold lysis buffer (50 mM HEPES, 1% Triton X-100, 2.5
mM EDTA, 100 mM NaF, 10 mM Na,P,0, [pH 7.8], 1 uM phenylmethylsul-
fonyl fluoride, 2 M Na3;VO,, 1 pg of aprotinin per ml, 10 wM leupeptin, 1 uM
pepstatin A) by rotation for 10 min at 4°C. Insoluble material was separated from
the soluble extract by microcentrifugation for 10 min at 4°C. Protein concentra-
tion was determined by Bradford assay (Bio-Rad, Hercules, Calif.).

Immunoprecipitation. The solubilized cell lysates were incubated at 4°C under
constant rotation with either 5 pg of an insulin receptor polyclonal antibody
(Upstate Biotechnology, Inc., Lake Placid, N.Y.), 4 pg of an IRS1 polyclonal
antibody (Santa Cruz), or 4 pg of a Shc polyclonal antibody (Transducation
Laboratories), followed by a 1-h incubation with protein G*-agarose (Santa
Cruz). The immunoprecipitates were then eluted and subjected to SDS-PAGE
and immunoblotting as described below.

Immunoblot analysis. Whole-cell lysates or the specific immunoprecipitates
were subjected to reducing SDS-PAGE on either 7.5% acrylamide gels (insulin
receptor and IRS1) or 10% acrylamide gels (hemagglutinin epitope [HA]-tagged
K44A/dynamin, Shc, ERK1/2, and Akt). The resolved proteins were then trans-
ferred to PVDF filter membranes and subjected to immunoblot analysis as
recommended by the manufacturer (Millipore).

PI 3-kinase assays. PI 3-kinase activity measurements were determined as
described by Turinsky et al. (55). Briefly, cells lysates were immunoprecipitated
with either a phosphotyrosine antibody conjugated to agarose (PT-66; Sigma) or
the IRS1 antibody followed by incubation with protein G*-agarose. The immu-
noprecipitated lipid kinase activity was assessed by incubation with 40 wCi of
[y-*P]ATP plus 20 pg of phosphatidylinositol (Avanti Polar Lipids, Birming-
ham, Ala.) for 15 min at room temperature. The phosphorylated lipids were
separated by thin-layer chromatography, visualized by autoradiography, and
quantitated by scraping and counting the radiolabeled phosphoinositides in a
Packard scintillation counter.

Akt protein kinase activity. Akt protein kinase activity was determined as
described by Moule et al. (44). Briefly, cell lysates were prepared, and Akt was
immunoprecipitated with a polyclonal Akt antibody (Santa Cruz). Protein kinase
activity was assessed by incubation of the immunoprecipitates with 20 nCi of
[y-**P]ATP and 0.5 mg of histone H2B (Boehringer Mannheim, Indianapolis,
Ind.) per ml for 20 min at 30°C. The extent of histone H2B phosphorylation was
determined by separation on an SDS-16% acrylamide gel, autoradiography and
quantitation by excision of the radiolabeled band, and counting in a Packard
scintillation counter. The amount of 3?P incorporation was normalized for the
amount of Akt protein immunoprecipitated as determined by densitometric
scanning of Akt immunoblots.

Amino acid uptake. H41IE cells were incubated in serum-free medium for 3 h
at 37°C prior to a second incubation in the absence or presence of 100 nM insulin
for 4 h as described by Krett et al. (34). The medium was then replaced with fresh
serum-free medium containing 0.5 pCi of [**CJAIB (51 mCi/mmol) and incu-
bated for 1 h at 37°C. Uptake was terminated by washing the cells three times
with ice-cold PBS followed by solubilization with 1 ml of 1 N NaOH. The
solubilized cells were assayed for protein content, mixed with scintillation fluid
(Budget-Solve; RPI Corp., Mount Prospect, Ill.), and counted in a Packard
scintillation counter.

Incorporation of [*H]thymidine into DNA. Confluent H4IIE cells were in-
fected with adenovirus as described above. After infection for 1 h, the adenovi-
rus-containing medium was replaced with serum-free medium for 24 h, and the
cells were either untreated or incubated with 100 nM insulin for 20 h; 1 pCi of
[*H]thymidine (final concentration, 2.5 wM) was then added for 4 h at 37°C. The
cells were washed three times with ice-cold PBS and incubated with 0.5 ml of
ice-cold 10% trichloroacetic acid for 1 h. The acid-insoluble fraction was solu-
bilized in 0.25 ml of 0.2 N NaOH-0.1% SDS, and the wells were rinsed one time
with an additional 0.25 ml of NaOH-SDS. The rinses were pooled, and the
incorporation of [°H]thymidine into DNA was determined by scintillation count-
ing.

Glucose transport. Differentiated 3T3L1 adipocytes were placed in DMEM
containing 25 mM glucose plus 0.1% bovine serum albumin for 2 h at 37°C. The
cells were then washed with KRPH buffer (5 mM Na,HPO,, 20 mM HEPES [pH
7.4], 1 mM MgSO,, 1 mM CaCl,, 136 mM NaCl, 4.7 mM KClI, 1% bovine serum
albumin) and either untreated or stimulated with 100 nM insulin for 30 min as
described in the figure legends. Glucose transport was determined by incubation
on ice for 4 min with 100 wM 2-deoxyglucose containing 1.0 wCi of 2-[*H]deoxy-
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FIG. 1. Adenovirus-mediated expression of HA-tagged K44A/dynamin I.
HAIIE cells were either untreated (control [Con]; lane 1) or infected for 1 h with
a recombinant adenovirus encoding for B-galactosidase (LacZ; lane 2) or the
GTPase-defective dynamin I mutant (K44A; lane 3) as described in Materials
and Methods. Forty-eight hours postinfection, whole-cell extracts (10 pg) were
prepared and the proteins were resolved by SDS-PAGE. The extracts were then
transferred to PVDF membranes and immunoblotted (IB) with antibodies
against dynamin II (A), both dynamin I and II (both from Transduction Labo-
ratories, Lexington, Ky.) (B), or the HA-tagged monoclonal antibody 12CA5
(Boehringer Mannheim, Indianapolis, Ind.) (C).

glucose in the absence or presence of 10 wM cytochalasin B. The reaction was
stopped after 10 min by washing the cells with ice-cold PBS containing 10 pM
cytochalasin B, followed by two additional washes with ice-cold PBS. The cells
were then solubilized in 0.5 N NaOH, and aliquots were subjected protein
concentration determination prior to scintillation counting.

Glycogen synthesis and lipogenesis. Glycogen synthesis and lipogenesis assays
were performed as previously described (65). Briefly, the adenovirus-infected
3T3L1 adipocytes were serum starved for 3 h in Krebs-Ringer bicarbonate (pH
7.4) buffer supplemented with 2.5 mM glucose. The cells were washed once with
PBS and incubated for 15 min with Krebs-Ringer bicarbonate without glucose
followed by an additional 15 min in the presence of 100 nM insulin. The cells
were then incubated for 1 h with 5 mM glucose (2.0 nCi of ['*C]glucose) for 1 h
at 37°C. The radioactivity incorporated into glycogen was determined by precip-
itation as previously described (27). Insulin-stimulated lipogenesis was deter-
mined by the addition of 5 mM glucose (0.125 p.Ci of ["*C]glucose) for 1 h at
37°C. The assay was terminated by three washes with ice-cold PBS and harvesting
the cells in 1 ml of PBS. The radioactivity incorporated into lipid was determined
by an overnight extraction of the PBS-harvested cells with Betafluor scintillation
fluid (National Diagnostics, Manville, N.J.).

RESULTS

Recombinant adenovirus expression of K44A/dynamin. Dy-
namin is an approximately 100-kDa GTPase that has been
shown to play an essential role in the internalization of con-
stitutively recycling, growth factor-stimulated, and G-protein-
coupled receptors (16, 58, 67). To examine the potential role of
dynamin in insulin receptor endocytosis, we used recombinant
adenoviruses, an approach which allows for the efficient ex-
pression of proteins into a variety of cell backgrounds.

Initially, we assessed the ability of a recombinant adenovirus
to express K44A/dynamin in the rat hepatoma H4IIE cell line.
Control cells and cells infected with recombinant adenoviruses
encoding either LacZ or an HA-tagged GTPase-deficient
(K44A) dynamin I mutant were immunoblotted for the pres-
ence of the dynamin I and dynamin II isoforms (Fig. 1). H4IIE
cells primarily express the ubiquitous dynamin II isoform,
which was not significantly affected by infection with the LacZ-
or K44A/dynamin-containing adenoviruses (Fig. 1A). As ex-
pected, infection with the K44A/dynamin adenovirus resulted
in a marked expression of the dynamin I isoform as detected
with an antibody that cross-reacts with both dynamin I and
dynamin II (Fig. 1B). Due to the high-level expression of
K44A/dynamin I, the presence of dynamin II in the control and
LacZ adenovirus-infected cells was not apparent at this expo-
sure (Fig. 1B, lanes 1 and 2). To ensure that the 100-kDa
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FIG. 2. Expression of K44A/dynamin inhibits transferrin receptor and insulin
receptor endocytosis. H41IE cells were infected for 1 h with adenovirus encoding
B-galactosidase (LacZ) or K44A/dynamin (K44A). Forty-eight hours postinfec-
tion, the rates and extents of transferrin receptor (A) and insulin receptor (B)
internalization were determined by radioligand binding as described in Materials
and Methods. The data represent averages and standard errors of the mean from
three to four independent determinations. (C) H4IIE cells were infected with
adenovirus encoding B-galactosidase (LacZ) or K44A/dynamin (K44A). Forty-
eight hours following infection, the cells were either directly detergent solubi-
lized or incubated in the absence (0) or presence of 100 nM insulin for 5 and 25
min at 37°C. The cells were then treated with trypsin, solubilized, and subjected
to immunoblotting with an insulin receptor antibody as described in Materials
and Methods. The amount of holoinsulin receptor was quantitated by densito-
metric scanning using Adobe Photoshop and NIH Image software. The data
represent averages and standard errors of the mean from three independent
determinations.

dynamin-reactive protein was, in fact, due to adenovirus infec-
tion, we also immunoblotted these cell extracts with the HA-
specific antibody 12CAS (Fig. 1C). As expected, the 12CAS
antibody reacted only with a 100-kDa protein in extracts iso-
lated from the K44A/dynamin adenovirus-infected cells (Fig.
1C). Neither cells infected with the LacZ-encoding adenovirus
nor those infected with the K44A/dynamin mutant had any
detectable change in the overall cell morphology (data not
shown).

K44A/dynamin inhibits endocytosis of both transferrin and
insulin receptors. It has been established that the transferrin
receptor mediates the endocytosis of transferrin through a
clathrin- and dynamin-dependent internalization mechanism
(16). Therefore, to ensure that K44A/dynamin functioned in a
dominant-interfering manner in H4IIE cells, we compared the
rates and extents of transferrin internalization in cells infected
with the adenoviruses encoding LacZ and K44A/dynamin (Fig.
2A). In the LacZ-expressing cells, approximately 70% of the
cell surface transferrin receptor underwent endocytosis by 30
min. This value was essentially identical to that for the unin-
fected control cells (data not shown). In contrast, expression of
the GTPase-deficient K44A/dynamin resulted in only 20% of
the cell surface transferrin receptors being internalized. Simi-
larly, expression of LacZ had no effect on insulin-stimulated
endocytosis of the insulin receptor, with approximately 60 to
70% internalized within 30 min. However, expression of K44A/
dynamin resulted in only 5% of the cell surface insulin recep-
tors internalized within 30 min (Fig. 2B).

Insulin receptor internalization determinations by insulin
binding are limited in that they measure only the endocytosis
of occupied receptors at a relatively low concentration of in-
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FIG. 3. Inhibition of insulin receptor internalization does not impair insulin
receptor autophosphorylation or tyrosine phosphorylation of IRS1. H41IE cells
were infected with adenovirus encoding B-galactosidase (LacZ) or K44A/dy-
namin (K44A). Forty-eight hours following infection, the cells were incubated in
the absence (control [C]; lanes 1, 3, 5, and 7) or presence (insulin [I]; lanes 2, 4,
6, and 8) of 100 nM insulin for 5 min at 37°C. Whole-cell extracts were prepared
and immunoprecipitated (IP) with either a polyclonal insulin receptor (IR)
antibody (A) or a polyclonal IRS1 antibody (B). The immunoprecipitates were
then subjected to immunoblotting (IB) with a phosphotyrosine-specific antibody
(lanes 1 to 4), an insulin receptor antibody (Transduction Laboratories) (A, lanes
5 to 8), or an IRS1 antibody (Upstate Biotechnology, Inc.) (B, lanes 5 to 8). The
results are representative of experiments that were independently performed
three times.

sulin (0.02 nM). To examine the entire cell surface insulin
receptor population, we next performed trypsin protection
analysis followed by immunoblotting of the insulin receptor
(Fig. 2C). The total amount of insulin receptors extracted from
adenovirus-expressing cells was defined as 100%. In the ab-
sence of insulin, trypsin treatment resulted in the proteolysis of
approximately 90% of the insulin receptors from both LacZ-
and K44A/dynamin-expressing cells (time zero). In the LacZ-
expressing cells, 100 nM insulin treatment for 5 and 25 min
resulted in progressively more trypsin resistance of the insulin
receptor. However, in the K44A/dynamin-expressing cells,
there was no time-dependent change in the sensitivity of the
insulin receptor to trypsin. The levels of internalization for
both the LacZ- and K44A/dynamin-infected cells are consis-
tent with the radioligand binding data, suggesting that K44A/
dynamin blocks insulin receptor internalization at both high
and low concentrations of insulin. Thus, these data demon-
strate that adenovirus expression of K44A/dynamin I results in
the inhibition of transferrin and insulin receptor internaliza-
tion, consistent with this GTPase-deficient mutant functioning
in a dominant-interfering manner over the endogenous dy-
namin II isoform in the rat hepatoma H4IIE cells.

Cell surface insulin receptors autophosphorylate and ty-
rosine phosphorylate IRS1. Previously it has been suggested
that the endosome-localized insulin receptor may be responsi-
ble for mediating insulin-dependent biological responses
(12, 18, 31). We therefore examined the insulin receptor sig-
naling characteristics in the H4IIE cells in which insulin
receptor endocytosis was inhibited. Insulin receptor immuno-
precipitation followed by phosphotyrosine immunoblotting
demonstrated the typical insulin-stimulated tyrosine autophos-
phorylation of the insulin receptor B subunit (Fig. 3A, lanes 1
and 2). Insulin stimulation of K44A/dynamin adenovirus-in-
fected cells also resulted in a similar extent of B-subunit ty-
rosine phosphorylation (Fig. 3A, lanes 3 and 4). The slightly
lower extent of insulin receptor autophosphorylation in the
K44A/dynamin- versus LacZ-expressing cells was due to the
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small differences in immunoprecipitation as assessed by 3-sub-
unit immunoblotting of the insulin receptor immunoprecipi-
tates (Fig. 3A, lanes 5 to 8).

One of the immediate downstream substrates of the insulin
receptor kinase is IRS1 (46, 62-64). Similar to the autophos-
phorylation of the insulin receptor, the insulin-stimulated ty-
rosine phosphorylation of IRS1 did not differ significantly be-
tween the LacZ- and the K44A/dynamin-expressing cells (Fig.
3B, lanes 1 to 4). In addition, the amount of IRS1 expression
remained unchanged in the cells infected with either the LacZ
or K44A/dynamin adenovirus (Fig. 3B, lanes 5 to 8). Further-
more, IRS1 is known to undergo a serine/threonine feedback
phosphorylation following insulin stimulation (43). As is ap-
parent, insulin stimulation also resulted in a decrease in SDS-
polyacrylamide gel mobility of IRS1 characteristic of serine/
threonine phosphorylation in both the LacZ- and K44A/
dynamin-expressing cells (Fig. 3B, lanes 6 and 8).

In addition to the IRS proteins, Shc is proximal substrate for
the activated insulin receptor kinase (66). Although Shc is
composed of three distinct proteins (46, 52, and 66 kDa), only
the 52-kDa Shc isoform is primarily tyrosine phosphorylated by
the insulin receptor (30, 47). The 66-kDa Shc isoform is not
expressed in all cell types, and we were unable to detect the
presence of the 66-kDa species in the H4IIE cell line (Fig. 4A,
lanes 5 to 8). In any case, expression of K44A/dynamin resulted
in a small but reproducible decrease in the extent of insulin-
stimulated 52-kDa Shc tyrosine phosphorylation (Fig. 4A).

The insulin-stimulated tyrosine phosphorylation of Shc is the
predominant pathway leading to the activation of Ras and
hence the activation of the downstream mitogen-activated pro-
tein kinases, ERK1 and ERK2 (14). Immunoblotting with a
phosphospecific ERK1/2 antibody, which recognizes only the
catalytically active enzyme, demonstrated the typical rapid in-
sulin-stimulated activation and inactivation of ERKI1 and
ERK?2 in the LacZ adenovirus-infected cells (Fig. 4B, lanes 1
to 4; Fig. 4C, lanes 1 to 5). Consistent with the reduction in Shc
tyrosine phosphorylation, infection with the K44A/dynamin
adenovirus resulted in a concomitant inhibition of insulin-stim-
ulated ERK1 and ERK2 activation in both a time- and con-
centration-dependent manner (Fig. 4B, lanes 5 to 8; Fig. 4C,
lanes 6 to 10).

Receptor internalization is required for maximal activation
of the PI 3-kinase but not the Akt kinase. In parallel to the Shc
pathway predominantly mediating ERK activation, IRS1 cou-
ples to PI 3-kinase, which has been implicated in several bio-
logical responses, including mitogenesis, inhibition of apopto-
sis, and vesicular trafficking (21, 23, 54). To assess the ability of
the cell surface insulin receptors to induce association and
activation of the PI 3-kinase, we immunoprecipitated cell ex-
tracts with both phosphotyrosine- and IRS1-specific antibodies
(Fig. 5). In the absence of insulin, there was essentially no PI
3-kinase activity found in either phosphotyrosine or IRS1 im-
munoprecipitates (Fig. 5A, lanes 1, 3, 5, and 7). In contrast,
insulin stimulation of the LacZ adenovirus-infected cells re-
sulted in a substantial amount of PI 3-kinase activity in these
immunoprecipitates (Fig. 5A, lanes 2, 4, 6, and 8). Although
there was a considerable PI 3-kinase activity that was also
immunoprecipitated in the K44A/dynamin-expressing cells
(Fig. 5A, lanes 4 and 8), this was significantly less than the
activity immunoprecipitated from the LacZ-infected cells (Fig.
5A; compare lane 2 with lane 4 and lane 6 with lane 8).
Quantitation of multiple PI 3-kinase assays from both phos-
photyrosine and IRS1 immunoprecipitates demonstrated that
approximately 50% of the insulin-stimulated PI 3-kinase activ-
ity was immunoprecipitated from the K44A/dynamin-express-
ing cells compared to the LacZ adenovirus-infected cells (Fig.
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FIG. 4. Inhibition of insulin receptor internalization results in decreased
tyrosine phosphorylation of She and activation of ERK (for notation, see the
legend to Fig. 3). (A) H4IIE cells were infected with adenovirus encoding
B-galactosidase (LacZ) or K44A/dynamin (K44A). Forty-eight hours following
infection, the cells were incubated in the absence (lanes 1, 3, 5, and 7) or
presence (lanes 2, 4, 6, and 8) of 100 nM insulin for 5 min at 37°C. Whole-cell
extracts were prepared and immunoprecipitated with a polyclonal She antibody
and immunoblotted with either a phosphotyrosine antibody (lanes 1 to 4) or a
monoclonal She antibody (lanes 5 to 8) (Transduction Laboratories). (B) H4IIE
cells were infected with adenovirus encoding B-galactosidase (LacZ) or K44A/
dynamin (K44A). Forty-eight hours following infection, the cells were incubated
in the absence (lanes 1 and 5) or presence of 100 nM insulin for 5 (lanes 2 and
6), 10 (lanes 3 and 7), or 15 (lanes 4 and 8) min at 37°C. Whole-cell extracts were
prepared and immunoblotted with a phosphospecific ERK antibody (Pi-
ERK1/2) (New England Biolabs, Beverly, Mass.) as described in Materials and
Methods. (C) H4IIE cells were infected with adenovirus encoding B-galactosi-
dase (LacZ) or K44A/dynamin (K44A). Forty-eight hours following infection,
the cells were incubated in the absence (lanes 1 and 6) or presence of 0.1 (lanes
2 and 7), 1 (lanes 3 and 8), 10 (lanes 4 and 9), or 100 (lanes 5 and 10) nM insulin
for 5 min at 37°C. Whole-cell extracts were prepared and immunoblotted with a
phosphospecific ERK antibody. The results are representative of experiments
that were independently performed two times.

5B). Similarly, examination of the insulin dose response rela-
tionship between the LacZ and K44A/dynamin adenovirus-
infected cells demonstrated a reduction in the maximal amount
of IRS1-precipitable PI 3-kinase activity (Fig. 5C; compare
lanes 1 to 5 with lanes 6 to 10).

The reduction in phosphotyrosine- and IRS1-associated PI
3-kinase activity could have resulted from either a decrease in
PI 3-kinase activity or a decrease in the association of PI
3-kinase with IRS1. These possibilities were distinguished by
coimmunoprecipitation of the p85 regulatory PI 3-kinase sub-
unit with IRS1 (Fig. 6A). As expected, there was no detectable
p85 protein in the IRS1 immunoprecipitates from unstimu-
lated cells (Fig. 6A, lanes 1 and 3). However, following insulin
stimulation of the LacZ adenovirus-infected cells, the coim-
munoprecipitation of p85 with IRS1 was readily observed (Fig.
6A, lane 2). Furthermore, insulin stimulation of the K44A/
dynamin adenovirus-infected cells resulted in a reduction in
the amount of p85 that was coimmunoprecipitated with IRS1
(Fig. 6A, lane 4). This was not due to differences in the extent
of IRS1 immunoprecipitation as determined by IRS1 immu-
noblotting of the IRS1 immunoprecipitates (Fig. 6B). Quanti-
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FIG. 5. Expression of K44A/dynamin reduces the extent of insulin-stimu-
lated IRS1- and phosphotyrosine-associated PI 3-kinase activity (for notation,
see the legend to Fig. 3). H4IIE cells were infected with adenovirus encoding
B-galactosidase (LacZ) or K44A/dynamin (K44A). Forty-eight hours following
infection, the cells were incubated in the absence (lanes 1, 3, 5, and 7) or
presence (lanes 2, 4, 6, and 8) of 100 nM insulin for 5 min at 37°C. Whole-cell
extracts were prepared and immunoprecipitated with either a phosphotyrosine
antibody (lanes 1 to 4) or IRS1 antibody (lanes 5 to 8). The immunoprecipitates
were then incubated with phosphatidylinositol and [y->*P]ATP as described in
Materials and Methods. The formation of phosphatidylinositol phosphate (PIP)
was determined by thin-layer chromatography (A) and quantitated by scintilla-
tion counting from three independent determinations (B). (C) H4IIE cells were
infected with adenovirus encoding B-galactosidase (LacZ), or K44A/dynamin
(K44A). Forty-eight hours following infection, the cells were incubated in the
absence (lanes 1 and 6) or presence of 0.1 (lanes 2 and 7), 1 (lanes 3 and 8), 10
(lanes 4 and 9), or 100 (lanes 5 and 10) nM insulin for 5 min at 37°C. Whole-cell
extracts were prepared and immunoprecipitated with an IRS1 antibody, and the
immunoprecipitates were then incubated with phosphatidylinositol and
[y->*P]ATP as described in Materials and Methods. The formation of phospha-
tidylinositol phosphate (PIP) was determined by thin-layer chromatography and
autoradiography. The autoradiogram is representative of two independent de-
terminations.

tation of several immunoblots indicated an approximate 60%
reduction in the amount of p85 that was coimmunoprecipi-
tated with IRS1 in the K44A/dynamin-expressing cells (Fig.
6C). The 60% decrease in IRS1-associated p85 was consistent
with the 50 to 60% reduction in phosphotyrosine- and IRS1
antibody-immunoprecipitated PI 3-kinase activity (Fig. 5).

It has also been well established that insulin activates the
Akt protein kinase in a PI 3-kinase-dependent manner (10, 11,
17, 53). This results in a dual phosphorylation on serine and
threonine residues, leading to a characteristic reduction in
SDS-PAGE mobility (1). We therefore examined the insulin
stimulation of Akt in both the LacZ- and K44A/dynamin-
expressing cells by gel shift analysis (Fig. 7A). Insulin stimula-
tion of the LacZ adenovirus-infected cells resulted in a maxi-
mum decrease in Akt electrophoretic mobility by 5 min and
remained unchanged up to 15 min (Fig. 7A, lanes 1 to 4).
Similarly, insulin stimulation of the K44A/dynamin-expressing
cells also resulted in an identical reduction in electrophoretic
mobility (Fig. 7A, lanes 5 to 8). The insulin sensitivity of the
Akt gel shift was essentially identical between the LacZ and
K44A/dynamin adenovirus-infected cells, with a 50% effective
concentration of approximately 1 nM (Fig. 7B; compare lanes
1 to 5 with lanes 6 to 10). Since several studies have suggested
that Akt phosphorylation measured by a change in mobility on
SDS-PAGE may not necessarily correlate with kinase activa-
tion (19, 20, 33), we also examined the insulin stimulation of
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FIG. 6. The decrease in PI 3-kinase activity results from a decrease in the
association of the PI 3-kinase with IRS1 (for notation, see the legend to Fig. 3).
HAIIE cells were infected with adenovirus encoding B-galactosidase (LacZ) or
K44A/dynamin (K44A). Forty-eight hours following infection, the cells were
incubated in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of 100 nM
insulin for 5 min at 37°C. (A) Whole-cell extracts were prepared and immuno-
precipitated with a polyclonal IRS1 antibody and immunoblotted with a poly-
clonal p85 antibody (lanes 1 to 4). (B) The IRS1 immunoprecipitates were also
immunoblotted with an IRS1 antibody (lanes 1 to 4). (C) The amount of p85
coimmunoprecipitated with IRS1 was quantitated by scanning densitometry and
analyzed with NIH Image software. The results represent averages and standard
errors of the mean from three independent determinations.

Akt protein kinase activity. In the LacZ adenovirus-infected
cells, insulin stimulation resulted in a threefold increase in Akt
protein kinase activity (Fig. 7C). Similarly, insulin treatment of
the K44A/dynamin adenovirus-infected cells resulted in a 2.5-
fold stimulation of Akt protein kinase activity, which was not
significantly different from that for the LacZ-expressing cells
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FIG. 7. Expression of K44A/dynamin does not affect insulin stimulation of
Akt activity (for notation, see the legend to Fig. 3). (A) H4IIE cells were infected
with adenovirus encoding B-galactosidase (LacZ) or K44A/dynamin (K44A).
Forty-eight hours following infection, the cells were incubated in the absence
(lanes 1 and 5) or presence of 100 nM insulin for 5 (lanes 2 and 6), 10 (lanes 3
and 7) and 15 (lanes 4 and 8) min at 37°C. Whole-cell extracts were prepared and
immunoblotted with a polyclonal Akt antibody. (B) H4IIE cells were infected
with adenovirus encoding B-galactosidase (LacZ) or K44A/dynamin (K44A).
Forty-eight hours following infection, the cells were incubated in the absence
(lanes 1 and 6) or presence of 0.1 (lanes 2 and 7), 1 (lanes 3 and 8), 10 (lanes 4
and 9), or 100 (lanes 5 and 10) nM insulin for 5 min at 37°C. Whole-cell extracts
were prepared and immunoblotted with a polyclonal Akt antibody. (C) H4IIE
cells were infected with adenovirus encoding B-galactosidase (LacZ) or K44A/
dynamin (K44A). Forty-eight hours following infection, the cells were incubated
in the absence (stippled box) or presence (solid box) of 100 nM insulin for 15 min
at 37°C. Whole-cell extracts were prepared, immunoprecipitated with an Akt
antibody, and subjected to in vitro kinase assay as described in Materials and
Methods. The results represent averages and standard errors of the mean from
three independent determinations.
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FIG. 8. Expression of K44A/dynamin enhances the basal rate of amino acid
transport but has no effect on DNA synthesis. (A) H4IIE cells were infected with
adenovirus encoding B-galactosidase (LacZ) or K44A/dynamin (K44A). Forty-
eight hours following infection, the cells were incubated in the absence (control
[C]) or presence (insulin [I]) of 100 nM insulin for 4 h at 37°C. The amount of
['*C]AIB uptake was determined as described in Materials and Methods. (B)
HAIIE cells were infected with adenovirus encoding B-galactosidase (LacZ) or
K44A/dynamin (K44A). Forty-eight hours following infection, the cells were
incubated in the absence (C) or presence (I) of 100 nM insulin for 20 h, and
[*H]thymidine incorporation into DNA was determined as described in Materi-
als and Methods. The results represent averages and standard errors of the mean
from three independent determinations.

(Fig. 7B). Thus, the K44A/dynamin-induced 50% reduction in
insulin activation of PI 3-kinase is not sufficient to impair the
activation of the Akt protein kinase.

Expression of K44A/dynamin enhances basal AIB uptake,
glycogen synthesis, and lipogenesis. In the H4IIE hepatoma
cell line, insulin stimulates amino acid uptake, which can be
determined using the amino acid analog AIB as a measure of
system A transport (38). Consistent with previous findings (34),
insulin stimulation resulted in an approximate twofold increase
of AIB uptake in the LacZ adenovirus-infected cells (Fig. 8A).
However, expression of K44A/dynamin resulted in an approx-
imate twofold increase in AIB uptake in the basal unstimulated
state (Fig. 8A). Nevertheless, insulin stimulation induced a
further increase which appeared to be additive with the effect
of K44A/dynamin (Fig. 8A). Thus, the AIB system A amino
acid transporter appears to accumulate on the H4IIE cell sur-
face to higher steady-state level in the absence of dynamin-
dependent endocytosis. In contrast, insulin stimulation of
DNA synthesis as determined by thymidine incorporation was
not significantly different between the LacZ- and K44A/dy-
namin-infected cells (Fig. 8B).

Under our experimental conditions, we have not be able to
observe a significant insulin stimulation of glycogen synthesis
or lipogenesis in the H4IIE cell line. We therefore examined
the effect of K44A/dynamin on the insulin responsiveness in
3T3L1 adipocytes. As for the H4IIE cells, adenovirus infection
of 3T3L1 adipocytes resulted in cells which were morphologi-
cally indistinguishable from uninfected cells (data not shown).
In addition, expression of K44A/dynamin in 3T3L1 adipocytes
did not have any significant effect on insulin-stimulated -sub-
unit autophosphorylation or IRS1 tyrosine phosphorylation
(data not shown). However, in the absence of insulin, there was
a twofold elevation in glucose transport without any significant
effect on the extent of insulin stimulation (Fig. 9A). The ex-
pression of K44A/dynamin also resulted in enhanced glycogen
synthesis compared to the LacZ adenovirus-infected cells (Fig.
9B). In addition, insulin was fully capable of stimulating gly-
cogen synthesis in both the Lac and K44A/dynamin adenovi-
rus-infected cells (Fig. 9B). Furthermore, expression of K44A/
dynamin in the 3T3L1 adipocytes resulted in increased basal
lipogenesis which remained fully responsive to insulin stimu-
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FIG. 9. Expression of K44A/dynamin enhances the basal rate of glucose transport, glycogen synthesis, and lipogenesis in 3T3L1 adipocytes. Differentiated 3T3L1
adipocytes were infected with adenovirus encoding -galactosidase (LacZ) or K44A/dynamin (K44A). Forty-eight hours following infection, the cells were incubated
in the absence (control [C]) or presence (insulin [I]) of 100 nM insulin for 15 min at 37°C. The amounts of 2-[?H]deoxyglucose uptake (A) and incorporation of
[**C]glucose into glycogen (B) and lipid (C) were determined as described in Materials and Methods. The results represent averages and standard errors of the mean

from three independent determinations.

lation (Fig. 9C). These data demonstrate that increased glyco-
gen synthesis and lipogenesis induced by K44A/dynamin ex-
pression result from the elevation of glucose transport, which
is the rate-limiting step under basal conditions. More impor-
tantly, inhibition of insulin receptor internalization by K44A/
dynamin expression did not impair the signal transduction
pathways leading to any of these biological responses.

DISCUSSION

Similar to many cell surface receptors, the insulin receptor is
internalized into intracellular vesicular compartments follow-
ing ligand binding and tyrosine kinase activation (3, 28, 35, 37).
Recent studies have begun to examine the structural determi-
nants required for insulin receptor endocytosis (2, 4, 5, 7, 8, 13,
24, 25). It is generally accepted that insulin receptor kinase
tyrosine autophosphorylation in conjunction with the dileucine
motif located in the juxtamembrane domain of the B subunit is
essential for insulin-mediated endocytosis (5, 25). However,
the identification of the functional tyrosine autophosphoryla-
tion sites involved in this process has been enigmatic. Multiple
studies expressing various insulin receptor mutants in the jux-
tamembrane domain have provided evidence both for and
against the involvement of consensus GPLY and NPEY ty-
rosine-based internalization motifs (2, 5, 7, 8, 13). Similarly,
several studies have reported evidence both for and against
clathrin-mediated endocytosis of the insulin receptor (40, 50,
51).

To address these issues, we examined the role of dynamin in
insulin receptor internalization. Previous studies have demon-
strated that dynamin plays a critical role in clathrin-mediated
endocytosis. Dynamin appears to associate with clathrin-
coated pits through its association with the adapter protein
amphiphysin and the AP2 adapter complex (59). Once local-
ized to coated pits, dynamin forms a ring structure or collar
which is thought to pinch off coated vesicles (61). Although it
is not clear whether dynamin itself is the so-called pinchase,
dynamin GTPase activity is essential for the subsequent for-
mation of clathrin-coated vesicles (60). Thus, expression of a
GTPase-defective dynamin mutant results in a dominant-inter-
fering phenotype by competing with endogenous dynamin and
thereby preventing formation of the endocytic coated vesicles
(57).

Using a dominant-interfering mutant of dynamin I (K44A/
dynamin), we have observed an inhibition of both insulin and
transferrin receptor endocytosis. This finding is consistent with
previously published results which demonstrate that the trans-
ferrin receptor is internalized through a dynamin- and clathrin-

dependent mechanism (16). Our observation that K44A/dy-
namin inhibits insulin receptor internalization in the same
manner as the transferrin receptor is consistent with both re-
ceptors utilizing a dynamin- and clathrin-dependent pathway.

In addition to the sequestration of the insulin receptor into
clathrin-coated pits, the physiological role of ligand-mediated
endocytosis has long been debated in the field of insulin re-
ceptor signaling. Controversy has centered around whether the
endocytic process is primarily a means for inactivating the
insulin receptor and/or for localizing the kinase-activated in-
sulin receptor to appropriate signaling molecules (12, 18, 26,
31, 35). Therefore we examined the ability of the cell surface
insulin receptors to interact with a variety of established down-
stream effectors. Our data demonstrate that inhibition of in-
sulin receptor endocytosis had no significant effect on the over-
all extent of B-subunit autophosphorylation or IRS1 tyrosine
phosphorylation. These results are consistent with those of two
previous studies in which inhibition of insulin receptor inter-
nalization inhibited by reduced temperature had no effect on
either receptor autophosphorylation or IRS1 tyrosine phos-
phorylation (9, 26).

In contrast, we did observe a small reduction in Shc tyrosine
phosphorylation which correlated with a reduction in the ex-
tent of ERK1 and ERK2 activation. There was an approximate
50% diminution in the insulin-stimulated association of PI
3-kinase with IRS1 which directly correlated with a 50% re-
duction in both IRS1- and phosphotyrosine-immunoprecipi-
tated PI 3-kinase activity. It is possible that this was a result of
differences in specific sites of IRS1 tyrosine phosphorylation,
as there was no significant change in the total levels of either
IRS1 or p85 expression. In any case, these data suggest that
endocytic compartmentalization of the insulin receptor, and
possibly IRS1, is a prerequisite for maximal PI 3-kinase acti-
vation.

Nevertheless, insulin was still capable of inducing a substan-
tial activation of the PI 3-kinase in the absence of insulin
receptor endocytosis. In this regard, several studies have indi-
cated that Akt activation is mediated through a PI 3-kinase-
dependent pathway (10, 11, 17, 53). The ability of insulin to
fully activate the Akt kinase in the K44A/dynamin-expressing
cells further suggests that the inhibition of insulin-stimulated
PI 3-kinase activity was a functionally minor event. Although
less likely, it remains possible that a specific subcellular pool of
PI 3-kinase is directly responsible for Akt activation, and it is
this pool of PI 3-kinase that is not affected by K44A/dynamin
expression.

Ultimately, insulin signaling leads to increases in the cellular
storage of energy in the form of protein, lipid, and carbohy-
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drate. Since the proximal insulin signaling events were only
marginally altered by the inhibition of insulin receptor endo-
cytosis, we anticipated that these endpoint biological responses
would also be essentially unaffected. As predicted, insulin was
fully capable of stimulating amino acid uptake and DNA syn-
thesis in the K44A/dynamin adenovirus-infected H4IIE cells.
Unexpectedly, inhibition of dynamin-dependent endocytosis
resulted in an enhanced basal uptake of AIB, suggesting an
increased number of AIB transporters at the cell surface under
these conditions. To determine if this was a more general
phenomenon, we attempted to determine the effect of K44A/
dynamin on insulin-stimulated glycogen synthesis and lipogen-
esis. However, in our hands the H4IIE cells displayed a neg-
ligible insulin stimulation of these activities. Therefore, we
used the differentiated 3T3L1 adipocytes which are markedly
responsive to insulin and also are quantitatively infected by
adenovirus (reference 21 and data not shown). In addition,
essentially identical effects of K44A/dynamin on insulin recep-
tor B-subunit autophosphorylation, IRS1 and Shc tyrosine
phosphorylation, and PI 3-kinase and Akt kinase activation
were observed (data not shown). In any case, insulin was also
fully effective in the stimulation of glucose transport, glycogen
synthesis, and lipogenesis. Expression of K44A/dynamin in-
creased the basal rate of glucose uptake, glycogen synthesis,
and lipogenesis. The increases in glycogen synthesis and lipo-
genesis are most likely due to the increased glucose uptake,
which is the rate-limiting step in the basal state. Consistent
with this hypothesis, we have also observed that expression of
K44A/dynamin resulted in the cell surface accumulation of the
GLUT4 glucose transporter (unpublished data).

In summary, the data presented in this report demonstrate
that insulin-stimulated insulin receptor internalization occurs
through a dynamin-dependent, and hence clathrin-mediated,
endocytic pathway. Although the insulin-stimulated kinase-ac-
tivated insulin receptor was unable to localize to endosomes,
there was only minor effects on substrate tyrosine phosphory-
lation and association/activation of several downstream effec-
tors. Our results demonstrate that neither amino acid trans-
port, DNA synthesis, glucose transport, glycogen synthesis, nor
lipogenesis is dependent on insulin receptor endocytosis and
that each is fully responsive when the insulin receptor remains
localized to the plasma membrane.
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