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The Glut4 glucose transporter undergoes complex insulin-
regulated subcellular trafficking in adipocytes. Much effort has
been expended in an attempt to identify targeting motifs within
Glut4 that direct its subcellular trafficking, but an amino acid
motif responsible for the targeting of the transporter to insulin-
responsive intracellular compartments in the basal state or that
is directly responsible for its insulin-stimulated redistribution
to the plasma membrane has not yet been delineated. In this
studywe define amino acid residues within the C-terminal cyto-
plasmic tail of Glut4 that are essential for its insulin-stimulated
translocation to the plasmamembrane. The residues were iden-
tified based on sequence similarity (LXXLXPDEXD) between
cytoplasmic domains of Glut4 and the insulin-responsive amin-
opeptidase (IRAP). Alteration of this putative targeting motif
(IRM, insulin-responsive motif) resulted in the targeting of the
bulk of themutantGlut4molecules to dispersedmembrane ves-
icles that lacked detectable levels of wild-type Glut4 in either
the basal or insulin-stimulated states and completely abol-
ished the insulin-stimulated translocation of themutant Glut4
to the plasma membrane in 3T3L1 adipocytes. The bulk of the
dispersed membrane vesicles containing the IRM mutant did
not contain detectable levels of any subcellularmarker tested. A
fraction of the total IRMmutantwas also detected in awild-type
Glut4/Syntaxin 6-containing perinuclear compartment. Inter-
estingly,mutation of the IRMsequence did not appreciably alter
the subcellular trafficking of IRAP. We conclude that residues
within the IRM are critical for the targeting of Glut4, but not of
IRAP, to insulin-responsive intracellular membrane compart-
ments in 3T3-L1 adipocytes.

The Glut4 glucose transporter (1–4) is responsible for the
insulin-mediated increase in glucose uptake into skeletal mus-
cle, heart, and fat cells that occurs in response to elevated insu-
lin levels in the postprandial state. The transport step is rate
limiting for glucose metabolism in these cell types, and there-
fore the appropriate regulation of Glut4 is critical to the main-
tenance of normal whole body glucose homeostasis (5). Dys-

regulation of insulin-stimulatedGlut4 activity appears to be the
proximal cause of insulin resistance associated with type 2 dia-
betes (6, 7), and thus there has been an intensive effort to under-
stand the molecular mechanisms involved in insulin-stimu-
lated Glut4 function.
Under basal conditions, the bulk of Glut4 molecules in

adipocytes are present in intracellular membrane compart-
ments (8, 9). Morphologically, these compartments appear
as tubular-vesicular elements clustered in the perinuclear
region of the cell and as small spherical vesicles dispersed
throughout the cytoplasm (10–12). Insulin stimulates the
recruitment of Glut4 from intracellular compartments to the
plasma membrane (8, 9), and the increased level of the trans-
porter at the cell surface appears to largely account for the
concomitant increase in transport activity (12, 13). The pre-
cise itinerary of Glut4 trafficking in the basal and insulin-
stimulated states is still the subject of controversy. For exam-
ple, it remains unclear to what extent Glut4 recycles through
the plasma membrane in the basal state or whether it is
sequestered in one or more “static” intracellular membrane
compartments (14–16).
Much effort has been expended on identifying the amino acid

motifs in Glut4 that are responsible for its insulin-regulated
subcellular trafficking (reviewed in Ref. 17). Early studies often
appeared to yield contradictory results, most likely because of
differences in the cell systems and/or the techniques employed.
A phenylalanine motif (FQQI) within the cytoplasmic N termi-
nus of Glut4 (18, 19) appears to function as an endocytic signal
in cultured cell lines (20), primary rat adipocytes (21), and in
cultured 3T3L1 adipocytes (22). Interestingly, this motif
appears to play little if any role in the steady-state distribution
of Glut4 in L6 myocytes (23), consistent with other evidence
that Glut4-targeting motifs may be cell-type specific (17). Con-
versely, a dileucinemotif within theC-terminal cytoplasmic tail
of Glut4 appears to act as an endocytic motif in cultured cell
lines expressing ectopic Glut4 (24, 25) and in L6myocytes (23),
but does not appreciably affect the steady-state distribution of
the protein in 3T3L1 adipocytes (22, 26) or in primary rat adi-
pocytes (21).
In L6 myocytes, the C-terminal 25-amino acid residues of

Glut4 appear to be both necessary and sufficient for its insu-
lin-responsive subcellular trafficking (23), a result consistent
with earlier studies conducted in Chinese hamster ovary
cells (27) and in Xenopus oocytes (28) implicating the
extreme C terminus of the protein in Glut4 trafficking.
Appropriate trafficking in L6 myocytes was shown to be

* This work was supported by the American Diabetes Association and by
National Institutes of Health Grants R01 DK067229 and R01 DK043695. The
costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1 To whom correspondence should be addressed: Dept. of Cell Biology, Wash-
ington University Medical School, 660 Euclid Ave., Campus Box 8228, St.
Louis, MO 63110. Tel.: 314-362-4160; Fax: 314-362-7463; E-mail:
mmueckler@wustl.edu.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 18, pp. 12571–12585, May 2, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

MAY 2, 2008 • VOLUME 283 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 12571



dependent on the dileucine motif as well as additional uni-
dentified residues downstream of this motif. Birnbaum and
colleagues (22) reported that the C-terminal 30 residues of
Glut4 are both necessary and sufficient for targeting of the
protein to an insulin-responsive intracellular compartment
in 3T3L1 adipocytes but that the dileucine motif does not
play a role in this targeting behavior. Subsequently, James
and colleagues (29) identified a sequence motif in the C-ter-
minal tail of Glut4 that is similar to a motif in the N-terminal
cytoplasmic tail of the insulin-responsive aminopeptidase
(IRAP)2 (30, 31), a protein whose intracellular trafficking
closely resembles that of Glut4 (17). This acidic motif
(TELEY) was reported to be responsible for the movement of
Glut4 from the general endosomal recycling pathway to a
Syntaxin 6/16-containing post-endosomal compartment
that was proposed to constitute a subcompartment of the
trans-Golgi network (16, 32). Mutations in this motif
increased the level of Glut4 in a plasma membrane-enriched
subcellular fraction in the basal state but did not abrogate
insulin-stimulated movement of Glut4 to the plasma mem-
brane fraction. The importance of this motif in the overall
steady-state distribution of Glut4 in the basal and insulin-
stimulated states is unclear, because data in which wild-type
Glut4 was colocalized morphologically with TELEY mutants
have not been published. Other residues within the C-termi-
nal tail of Glut4 have been shown to influence the subcellular
trafficking of the transporter in various cell types (33, 34),
however, a specific motif responsible for the trafficking of
Glut4 to an insulin-sensitive membrane compartment or
that is directly responsible for insulin-stimulated accumula-
tion of Glut4 in the plasma membrane has not yet been iden-
tified. Thus, although the C terminus of Glut4 appears to
contain one or more motifs that are necessary for trafficking
of the protein to an insulin-sensitive subcellular compart-
ment, the specific amino acids comprising these motifs have
not yet been clearly defined.
In the present study, we identify a putative targeting motif in

the C-terminal cytoplasmic tail of Glut4. This motif LXXLXP-
DEX(D/E), designated IRM (insulin-responsive motif), is
sharedwith a conserved amino acid sequence in theN-terminal
cytoplasmic domain of IRAP, but the sequence similarity is
based on a different amino acid alignment than that used by
James and colleagues (29) to identify the acidic (TELEY) motif.
Unlike other putative Glut4-targeting motifs that have been
examined in a native, insulin-responsive cell-type, altering the
IRM results in a targeting phenotype that radically differs from
that of wild-type Glut4 in both the basal and insulin-stimulated
states.Wedemonstrate thatmutations in the IRMabolish insu-
lin-stimulated redistribution ofGlut4 to the plasmamembrane.
Additionally, in the basal state, the bulk of the IRM mutant
accumulates in subcellular compartments that do not contain
detectable levels of wild-type Glut4 or any other subcellular
marker tested. Interestingly, mutation of the IRM does not

appear to appreciably change the targeting of IRAP. These data
indicate that the IRM is critical for the appropriate insulin-
sensitive subcellular trafficking of Glut4, but not of IRAP, in
3T3L1 adipocytes.

EXPERIMENTAL PROCEDURES

Materials—DMEM and calf serum were purchased from
Invitrogen. Fetal calf serum was obtained from HyClone. BCA
protein assay kits were purchased from Pierce. All other chem-
icals were obtained fromSigma-Aldrich. Polyclonal rabbit anti-
bodies against the hemagglutinin (HA) epitope was purchased
from Abcam (Cambridge, MA). Monoclonal HA antibody and
Giantin polyclonal antibodies were obtained from Covance
(Berkeley, CA). The monoclonal antibody against Syntaxin 6
was from BD Transduction Laboratories. Trap� (translocon-
associated protein-�) polyclonal antibody was a gift fromMau-
rine Linder (Washington University School of Medicine, Saint
Louis,MO). LysoTracker was obtained fromMolecular Probes.
The GLUT4 rabbit polyclonal antiserum was raised against a
synthetic peptide corresponding to the C-terminal 15 amino
acid residues of rat GLUT4 (35). Anti-endosome-associated
antigen-1 antibody was a gift from Dr. Marvin J. Fritzer (Uni-
versity of Calgary). Fluorescent secondary antibodies were
purchased from Molecular Probes (Eugene, OR). The
pcDNA3-GLUT4/eGFP plasmid was a kind gift from Jeffrey E.
Pessin (State University of New York, Stoneybrook).
Cell Culture—3T3L1 fibroblasts (from American Tissue

Type Culture Collection) were cultured on plastic dishes in
DMEM supplemented with 20% calf serum, 100�g/ml strepto-
mycin, 10 units/ml penicillin, 2 mM L-glutamine, in a 5% CO2,
37 °C incubator. 2 days after achieving confluence, cells were
incubated in differentiation medium (DMEM containing 10%
fetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin,
100�g/ml streptomycin supplementedwith 670 nM insulin, 0.5
mM 1-isobutyl 3-methylxanthine, and 25 nM dexamethasone)
for 48 h. The cells were then placed in the same medium con-
taining 670 nM insulin but lacking additional supplements for
an additional 2 days. Afterward, cells were maintained in the
same medium lacking insulin until adenovirus infection 6 days
post-differentiation.
Adenovirus Production and Infection—The pShuttle-

CMV constructs were linearized with PmeI and cotrans-
formed with pAdeasy-1 into Escherichia coli BJ5183. Recom-
binants were selected and amplified in E. coli DH5�. The
clones were then linearized with PacI and transfected into
HEK 293A cells (Q. BIOgene) using Lipofectamine 2000 kits
(Invitrogen) for the production of recombinant adenovi-
ruses. The large scale amplification of virus was achieved as
described previously (36). 3T3L1 adipocytes were infected
with adenovirus in serum-free DMEM containing 0.5%
bovine serum albumin at day 6 after differentiation. Follow-
ing overnight infection, the medium was replaced with
DMEM containing 10% fetal bovine serum, and the infected
cells were used for experiments 48 h later.
Subcellular Fractionation—Subcellular fractionation was

conducted using minor modifications of previously pub-
lished procedures (37, 38). 3T3-L1 adipocytes on 10-cm
dishes were serum-starved overnight, incubated in the

2 The abbreviations used are: IRAP, insulin-responsive aminopeptidase; IRM,
insulin-responsive motif; PM, plasma membrane; MPR, mannose 6-phos-
phate receptor; GSV, Glut4 storage vesicle; PBS, phosphate-buffered
saline.
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absence or presence of 1 �M insulin for 30 min at 37 °C,
washed in cold phosphate-buffered saline, pH 7.4 (PBS), and
then scraped into HES buffer (50 mM Hepes, pH 7.4, 0.25 M
sucrose, 1 mM EDTA) containing a protease inhibitor mix-
ture (1 �g/ml leupeptin, 1 �g/ml benzamidine, 1 �g/ml anti-
pain, 1 �g/ml chymostatin, 1 �g/ml pepstatin A, 5 �g/ml
trypsin inhibitor, 0.082 trypsin inhibitory units/ml aproti-
nin). All of the following procedures were carried out at 4 °C.
The cells were passed through a Yamato SC homogenizer 12
times at 1,200 rpm. After removing unbroken cells by
centrifugation in a Sorvall H6000A rotor at 2,000 rpm for 5
min, the supernatant was centrifuged for 20 min at 12,500
rpm in a Sorvall SS-34 rotor. The resulting supernatant was
then centrifuged at 18,500 rpm in a Sorvall SS-34 rotor for 20
min, and the pellet was designated the high density micro-
somal fraction. The 18,500 rpm supernatant was further cen-
trifuged at 44,000 rpm in a Beckman SW55.2 rotor for 2 h,
the pellet was defined as the low density microsomal frac-
tion, and the supernatant was defined as the cytoplasmic
fraction. The 12,500 rpm pellet was resuspended in HES
buffer, layered onto a sucrose cushion (1.12 M sucrose, 1 mM
EDTA, 50 mMHepes, pH 7.4), and then centrifuged at 25,000
rpm for 1 h in a Beckman SW41 rotor. The mitochondrial/
nuclear fraction corresponded to the resulting pellet. The
fluffy band at the sucrose cushion interface was collected and
resuspended in HES buffer, and then pelleted by centrifuga-
tion at 17,500 rpm in a Sorvall SS-34 rotor for 20 min to
obtain the plasma membrane (PM) fraction.
Western Blotting—Infected 3T3L1 adipocytes were rinsed

with cold PBS buffer and then lysed in TENET buffer (1% Tri-
ton, 0.5 M EDTA, 20 mM MTris, pH 8.0, 0.15 M NaCl) contain-
ing the protease inhibitor mixture described above. The solu-
bilized lysate was cleared by centrifugation at 12,500 rpm for 15
min in an Eppendorf microcentrifuge. Equal amounts of total
proteinwere then subjected to SDS-PAGE, transferred to nitro-
cellulose membrane, incubated in 5% milk in TBST buffer (10
mM Tris, pH 7.6, 150 mMNaCl, 0.5% Tween 20) for 1 h at room
temperature, and then subsequently probed with primary anti-
body overnight at 4 °C. After washing with TBST buffer for 30
min, the membranes were incubated with horseradish peroxi-
dase-conjugated secondary antibody for 1 h at room tempera-
ture. The proteins were detected using the enhanced chemilu-
minescent substrate kit (Amersham Biosciences). The
chemiluminescent bands were quantified using NIH Image
software version 1.62.
Glycosylation Assays—Cell lysates were solubilized in 1%

SDS and incubated at 37 °C for 1 h. For endoglycosidase H
digestion (RocheDiagnostics, Germany), 20�l of cell lysatewas
digested with 2.5 milliunits enzyme at 37 °C for 1 h after the
addition of 0.5 �l 3 M sodium acetate, pH 5.5. For N-glycanase
digestion (New England Biolabs), 25�l of the 1% SDS cell lysate
was adjusted to a final concentration of 0.25% SDS by the addi-
tion of 1.9% Nonidet P-40, 30 mM Tris-HCl, pH 8.0, and then
digested with 1.5 �l of enzyme at 37 °C overnight.
Laser Confocal Immunofluorescence Microscopy—In-

fected 3T3-L1 adipocytes expressing Glut4 constructs were
serum-starved at 37 °C for 2 h, treated with or without 1 �M
insulin for 30min, washed with cold PBS three times, fixed in

4% paraformaldehyde in PBS for 15 min at room tempera-
ture or in methanol at �20 °C for 10 min, and then perme-
abilized with 0.5% Triton for 15 min. After blocking with
2.5% bovine serum albumin and 2.5% goat serum in 0.1%
Triton for 1 h at room temperature, cells were incubated
with primary antibodies for 1 h, washed with PBS three times
and then incubated with Alexa-488 or Alexa-594-conjugated
secondary antibodies at room temperature for 1 h. After
extensive washing with PBS, the coverslips were mounted in
Vectashield mounting medium (Vector, Burlingame, CA) on
glass slides. The fluorescent staining of the cells was imaged
using a 63�/1.4 numerical aperture oil immersion objective,
equipped with an MRC 1024 laser confocal image system
(Bio-Rad). The quantification of fluorescence intensity was
carried out using Zeiss LSM 5 software, version 3.2 SP2 (Carl
Zeiss, Thornwood, NY).
Labeling of Cell Surface Glut4 in Living Cells—3T3-L1 adipo-

cytes expressing Glut4/DsRed or IRM/DsRed were serum-
starved for 2 h at 37 °C. The cells were then incubated with
Alexa 488-conjugated monoclonal HA antibody for 3 h in the
presence or absence of 1�M insulin, rinsed in ice-cold PBS, and
then fixed in 4% paraformaldehyde for 20 min. The cells were
then processed and imaged by confocal microscopy as
described above.

RESULTS

Fig. 1 (upper alignment) shows a sequence alignment
between the extreme cytoplasmic C-terminal tail of Glut4
and the cytoplasmic N-terminal domain of IRAP. A con-
served motif (IRM) is shared between these two proteins
corresponding to the amino acid sequence LXXLXPDEX(D/
E), where X is any amino acid. To determine whether resi-
dues within this shared sequence are involved in the regu-
lated subcellular trafficking of Glut4, a mutant was
constructed in which the six conserved residues were all
changed to alanine residues, and the mutant was tagged with
a HA epitope in the first exofacial loop (HA-IRM) (Fig. 2).
Additionally, we constructed HA-tagged mutants within the
previously characterized N-terminal cytoplasmic FQQI
motif, the C-terminal dileucine motif, a mutant containing
substitutions in both of these motifs, and two mutants at
Ser-488, the only known site of phosphorylation in Glut4
(39). The Ser-488mutants involved changes to either alanine
or aspartate (see Fig. 2) to abrogate phosphorylation at this
site or to mimic constitutive phosphorylation, respectively.
Recombinant adenoviruses were constructed that encode

each of the HA-tagged Glut4 mutants illustrated in Fig. 2, and

FIGURE 1. Sequence alignments between the N-terminal cytoplasmic tail
of IRAP and the C-terminal cytoplasmic tail of Glut4. The upper alignment
identifies the shared targeting motif characterized in the present study, and
the lower alignment identifies the motif characterized by Shewan et al. (29).

Glut4 Insulin-responsive Targeting Motif

MAY 2, 2008 • VOLUME 283 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 12573



the various constructs were used to infect 3T3L1 adipocytes. In
the following experiments, eGFP-tagged wild-type Glut4
(Glut4/eGFP) and the various HA-tagged mutants were coex-
pressed in the same cell population, so that the extent of colo-
calization or mistargeting of the mutants compared with wild-
type Glut4 could be directly assessed. The coexpression of an
internal wild-type control also circumvented the possibility

that the differential targeting behavior of a mutant compared
with wild-type Glut4 might be caused by the saturation of nor-
mal trafficking mechanisms (26). It was not possible to directly
compare the targeting of the tagged, ectopically expressedwild-
type Glut4 construct with endogenous Glut4, because all avail-
able antibodies against native Glut4 also recognize the tagged
wild-type controls. However, we did assess the targeting behav-

FIGURE 2. Schematic diagrams and nomenclature of the Glut4 mutants examined in this study. Amino acid residues are designated by the single-letter
code.
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ior of the ectopically expressed wild-type Glut4/eGFP by com-
paring its subcellular distribution to that of endogenous IRAP, a
protein that appears to target very similarly, if not identically, to
Glut4 in the basal and insulin-stimulated states (40). Fig. 3A
demonstrates that the targeting of Glut4/eGFP under basal and

insulin-stimulated conditions was virtually indistinguishable
from that of endogenous IRAP at four different levels of expres-
sion that encompass the range of expression obtained through-
out the current study. Fig. 3B shows that the expression of
Glut4/eGFP did not significantly affect the expression of

FIGURE 3. Adenoviral-expressed Glut4/eGFP colocalizes with endogenous IRAP. 3T3L1 adipocytes were infected with increasing quantities of recombi-
nant adenoviruses expressing Glut4/eGFP reflecting the range of ectopic expression obtained in these studies. Two days after infection, adipocytes were either
maintained under basal conditions or treated with insulin for 30 min. A, the cells were then fixed in 4% paraformaldehyde, permeabilized in Triton X-100,
incubated with anti-IRAP antibodies, and then imaged by laser confocal microscopy. B, cells were lysed and subjected to SDS-PAGE followed by immunoblot-
ting with antibodies against Glut4 or IRAP. Scale bars represent 10 �m.
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endogenous Glut4 or of endogenous IRAP. Additionally, the
targeting behavior of the tagged wild-type Glut4 constructs in
the following experiments strongly suggests that normal Glut4
subcellular trafficking patterns were not disrupted by the levels
of ectopic protein expression attained. Specifically, the tagged
wild-type Glut4 constructs exhibited the characteristic Glut4
perinuclear and dispersed cytoplasmic distribution in the basal
state (41). The wild-type constructs were excluded from the
plasma membrane in the basal state and robustly redistributed
to the plasma membrane after insulin stimulation. Thus, the
subcellular trafficking behavior of the tagged wild-type Glut4
constructs was qualitatively indistinguishable from that of
endogenous Glut4 in 3T3L1 adipocytes (41), in agreement with
numerous studies demonstrating that wild-type Glut4 con-
structs containing the HA epitope in the first exofacial loop
and/or with GFP protein fused to the C terminus target very
similarly, if not identically, to native Glut4 (see a recent careful
analysis by McGraw and colleagues (42)).
Typical relative expression levels of the variousmutantGlut4

proteins, using antibodies against either the HA epitope or the
C terminus of Glut4, are shown in Fig. 4 (note that the IRM
mutant is not recognized by antibodies directed against the C
terminus of Glut4). Similar levels of coexpression were
observed for the wild-type control and the mutants, and the
colocalization results did not vary with the expression levels
attained in numerous independent experiments. The nearly
identical subcellular targeting behavior of HA-Glut4 and
Glut4/eGFP in the basal and insulin-stimulated states is shown
by dual-label immunofluorescence laser confocal microscopy
in Fig. 5 (A and B, panels 1–3), demonstrating that the differ-
ential tagging did not affect subcellular targeting. In the

remaining panels, adipocytes were co-infected with recombi-
nant adenoviruses expressing wild-type Glut4 tagged with GFP
as an internal control and with one of the targeting motif
mutants tagged with the HA epitope (see Fig. 2). The tagged
wild-type Glut4 labeling is shown in green in the center panels,
the labeled mutants are shown in red in the left panels, and
merged labeling is shown in the far right panels with colocal-
ization between the two ectopically expressed proteins pre-
sented in yellow. Mutations in the N-terminal FQQI motif
(panels 4–6), the C-terminal di-leucine motif (panels 7–9), in
both of these motifs (panels 19–21), or at serine-488 (panels
13–18), resulted in steady-state distributions under basal (Fig.
4A) and insulin-stimulated (Fig. 4B) conditions that were very
similar to that of GFP-tagged wild-type Glut4. Notably, none of
these mutations discernibly affected translocation of Glut4 to
the plasmamembrane in response to insulin. Thus, none of the
amino acid residues within these putative targeting motifs
appear to be critical for the targeting of Glut4 to an insulin-
responsive compartment in 3T3L1 adipocytes or for the insu-
lin-stimulated steady-state redistribution of Glut4 to the
plasma membrane. Strikingly, however, converting the six res-
idues shared by the cytoplasmic N terminus of IRAP and the C
terminus of Glut4 (LXXLXPDXEXD) to alanine residues in the
HA-IRM mutant resulted in dramatically different subcellular
distributions compared with wild-type Glut4 in both the basal
and insulin-stimulated states (panels 10–12). Under basal con-
ditions (Fig. 5A), HA-IRM was largely present in dispersed
vesicular structures throughout the cytoplasm that lacked
detectable levels of the wild-type Glut4/eGFP control. These
dispersed HA-IRM-containing structures also differed qualita-
tively from the dispersed Glut4/eGFP-containing structures in
that the former were much larger than the latter. Extensive
examination of Z-sections throughmany infected cells demon-
strated that there was a relatively small degree of colocalization
between total HA-IRM and wild-type Glut4 under basal condi-
tions and that this was primarily confined to a perinuclear com-
partment, although a fraction of small vesicles lying just
beneath the plasma membrane appeared to contain both pro-
teins (see arrows in panels 10–12). After insulin stimulation
(Fig. 5B), the wild-type Glut4/eGFP control and all of the
mutants except for HA-IRM exhibited robust redistribution to
the plasma membrane and diminished levels in the cytoplasm.
In sharp contrast, HA-IRM did not discernibly translocate to
the plasma membrane after insulin stimulation but remained
primarily in structures dispersed throughout the cytoplasm.
Some colocalization between HA-IRM and Glut4/eGFP was
again observed in small vesicles that appeared to lie just beneath
the plasma membrane (see arrows in panels 10–12). Quantifi-
cation of the targeting of HA-IRM and Glut4/eGFP to the
perinuclear region, to dispersed cytoplasmic compartments,
and to within �500 nm of the cell surface (encompassing the
plasma membrane) is shown in Fig. 5C. The targeting of HA-
IRM to dispersed cytoplasmic compartments was significantly
enhanced relative to that of Glut4/eGFP, whereas its targeting
to the perinuclear region was reduced. Importantly, the redis-
tribution ofHA-IRMto the surface of the cell after insulin treat-
ment was dramatically reduced relative to that of Glut4/eGFP,
and most of the labeling of HA-IRM near the cell surface

FIGURE 4. Expression levels of tagged Glut4 constructs. 3T3L1 adipocytes
were solubilized in TENET buffer 48 h after infection with recombinant adeno-
viruses expressing the various HA-tagged Glut4 constructs. 10 �g of total
protein was then analyzed by SDS-PAGE followed by immunoblotting with
primary antibodies against either the HA epitope (upper panel) or against the
C terminus of Glut4 (lower panel).
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appeared to be in small vesicles lying just beneath the plasma
membrane (see Fig. 5B).
To more precisely define this putative Glut4 targeting motif,

two additional mutants were constructed in which either the
threeN-terminal shared residues (LLP) or the three C-terminal
shared residues (DED) of the IRMmotif were converted to ala-
nine residues (see Fig. 2). These constructs were tagged within
the first exofacial loop with the HA epitope and at their C ter-
mini with DsRed fluorescent protein. Fig. 6 (panels 1–3) shows
that wild-type Glut4 tagged with both the HA epitope and
DsRed exhibited a nearly indistinguishable steady-state distri-
bution compared with Glut4/eGFP in either the basal or insu-
lin-stimulated state (Fig. 6A). The steady-state distributions of
HA-Asp506-Glu507-Asp509/DsRed in the basal and insulin-
stimulated states also could not be distinguished from the coex-
pressed wild-type Glut4/eGFP control (Fig. 6B). However,
HA-Leu500-Leu503-Pro505/DsRed exhibited subcellular distri-
bution patterns very similar to the parental IRM mutant and
displayed much less overlap with wild-type Glut4/eGFP under
basal or insulin-stimulated conditions. Like the parental IRM
mutant, HA-LLP/DsRed exhibited no discernible translocation
to the plasma membrane in response to insulin. We conclude
that Leu500, Leu503, and Pro505 comprise three critical amino
acid residues within a putative targeting motif that is responsi-
ble for the insulin-mediated accumulation of Glut4 in the
plasma membrane in 3T3L1 adipocytes.
Next, we attempted to identify the distinct subcellular com-

partment or compartments to which the IRMmutant was con-
fined in the basal state. In this series of experiments, HA-IRM
and HA-Glut4 were expressed in different adipocyte popula-
tions, and the infected cells were then stained with an antibody
against the HA tag and a series of antibodies against marker
proteins for various subcellular membrane compartments. In
Fig. 7 the HA-tagged transporters are shown in red and the
marker proteins are shown in green (except in the panelswhere
the transporter-expressing cells were stained with LysoTracker
to identify acidic membrane compartments where the coloring
is reversed). Colocalization in merged images is shown in yel-
low. Enlargements of regions of the merged images are shown
in the extreme right hand panels.

As expected, both wild-type Glut4 and HA-IRM showed a
small degree of colocalization with markers for early biosyn-
thetic compartments, including the rough endoplasmic reticu-
lum (trap �, panels 1–6) and the cis and medial Golgi (Giantin,
panels 7–12). A smaller fraction of HA-IRM appeared to colo-
calize with these compartments compared with wild-type
Glut4. These data indicate that the IRM mutant was not being
trapped in an early biosynthetic compartment due to misfold-
ing. Supporting this conclusion, the IRM mutant was resistant
to digestion with endoglycosidase H, but its N-linked oligosac-
charides were removed by N-glycanase, indicating that the
mutant protein traversed at least the cis-Golgi complex (Fig. 8).
A previous study demonstrated that Glut4 partially colocalizes
with Syntaxin 6 in the perinuclear region of 3T3L1 adipocytes,
which was suggested to represent a subdomain of the trans-
Golgi network involved in the intracellular sorting of Glut4
(32). Fig. 7 shows that both the wild-type control and the IRM
mutant partially colocalized with Syntaxin 6 (panels 13–18).

This probably corresponds to the degree of colocalization of
wild-type Glut4 and the IRM mutant in the perinuclear region
evident in Fig. 5. However, the major fraction of HA-IRM was
present in dispersed vesicles and not in the Syntaxin 6 compart-
ment (Fig. 5C). TodeterminewhetherHA-IRMwas localized to
the general endosomal recycling pathway, we employed anti-
bodies against endosome-associated antigen-1, a standard
marker for early endosomes and antibodies against the man-
nose 6-phosphate receptor, a marker for late endosomes. The
tagged wild-type control exhibited a very small degree of colo-
calization with endosome-associated antigen-1 (panels 25–27)
and mannose 6-phosphate receptor (panels 19–21). In con-
trast, HA-IRM exhibited minimal, if any, colocalization with
either mannose 6-phosphate receptor (panels 22–24) or endo-
some-associated antigen-1 (panels 28–30). This indicates that
HA-IRM is largely or completely excluded from the general
endosomal recycling pathway, consistent with its complete lack
of insulin responsiveness.Wild-typeGlut4 partially colocalized
withCellugyrin (panels 31–33), a protein proposed to represent
a marker for an intermediate compartment between endo-
somes and Glut4 storage vesicles (GSVs) (43). However, HA-
IRM did not colocalize with Cellugyrin (panels 34–36). Finally,
we determined that neither wild-type Glut4 nor HA-IRM
noticeably colocalized with LysoTracker (panels 37–42), a
marker for acidic compartments including lysosomes.
Next, we examined the behavior of coexpressed Glut4/eGFP

and the HA-IRM mutant during the traditional subcellular
fractionation procedure used for adipocytes. Fig. 9 shows that
the relative level of the Glut4/eGFP fusion protein increased in
the plasmamembrane fraction and decreased in the lowdensity
microsomal fraction after insulin stimulation, although the lat-
ter change did not quite achieve statistical significance. How-
ever, the level of HA-IRM did not increase in the plasma mem-
brane fraction after insulin stimulation. Because the previous
morphological analyses clearly demonstrated that HA-IRM is
not detectable in the plasma membrane under basal or insulin-
stimulated conditions, these data suggest that HA-IRM par-
tially accumulates in a subcellular membrane compartment
that cofractionates with plasma membranes. This compart-
ment may represent the fraction of total HA-IRM that was
observed in vesicles lying just beneath the plasma membrane
(see Fig. 5, A and B, panels 10–12).

To confirm thatHA-IRMdoes not traffic through the plasma
membrane, we studied the exoplasmic accessibility of the HA
epitope in a HA-IRM construct tagged at its C terminus with
DsRed (IRM/DsRed) and an identically tagged wild-type Glut4
molecule (Glut4/DsRed). 3T3L1 adipocytes expressing the
constructs were incubated in the presence or absence of insulin
for 3 h in serum-freemedium containing Alexa 488-conjugated
antibodies against the HA epitope. The red channel (left panels
in Fig. 10) shows the steady-state subcellular distribution of the
total IRM/DsRed or Glut4/DsRed, and the green channel (cen-
ter panels) shows the distribution of those molecules that were
inserted into the plasma membrane at some point during the
3-h incubation period and reacted with the HA antibody in the
medium. The panels on the right show the merged channels
with colocalization between the two labels in yellow. Fig. 10
demonstrates that a significant amount of the tagged, wild-type
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Glut4 reached the plasma membrane under both basal and
insulin-stimulated conditions. However, labeling of the HA
epitope was virtually undetectable for tagged IRM/DsRed
under either condition, indicating that the mutant is largely or
completely excluded from the plasma membrane under both
basal and insulin-stimulated conditions.
Next, we examined whether the IRM sequence is important

for the subcellular trafficking of IRAP, because its initial iden-
tification was based on sequence conservation between cyto-
plasmic domains of Glut4 and IRAP. The subcellular distribu-
tion under basal and insulin-stimulated conditions of an IRAP
construct tagged at its N terminus with eGFP and containing
alanine substitutions at the 6 IRM residues (see Fig. 2) is shown
in Fig. 11. The eGFP/IRAP/IRMconstruct (center panels, green)
was colocalized with endogenous Glut4 (left panels, red) with
merged images presented in the right panels. Unexpectedly, the
data indicate that the IRMmutations hadminimal affect on the
targeting of IRAP, in sharp contrast to their affect on Glut4. In
particular, eGFP/IRAP/IRM showed robust translocation to
the plasma membrane in response to insulin (panels 10–12)
similar to that of tagged, wild-type IRAP (panels 4–6).
James and colleagues (29, 32) have characterized the subcel-

lular targeting behavior of mutant Glut4 molecules (TELEY or
Glu499-Glu501-Tyr502 mutants) containing amino acid substi-
tutions within a region of the C-terminus of Glut4 that partially
overlaps with the IRM sequence described in the present study,
but is based on a different sequence alignment between Glut4
and IRAP (see Fig. 1, bottom alignment). The TELEY or EEY
mutants were reported to be defective in trafficking between
the general endosomal recycling pathway and a Syntaxin 6/16-
containing intracellular compartment but still exhibited insu-
lin-stimulated redistribution to the plasma membrane. To
determine whether the IRM-targeting sequence is functionally
distinct from the EEY motif, we compared the subcellular dis-
tributions of the EEY mutant and tagged wild-type Glut4 (Fig.
12). These data demonstrate that, under basal conditions (pan-
els 1–3) or after 30 min of insulin stimulation (panels 4–6), the
EEY mutant and tagged wild-type Glut4 exhibited substantial
colocalization. Most notably, the EEY mutant accumulated in
the plasma membrane after insulin stimulation to a similar
extent as taggedwild-typeGlut4. Thus, the targeting phenotype
of the EEY mutant was very distinct from that of the IRM
mutant.

DISCUSSION

Many studies over the past decade have attempted to identify
amino acidmotifs in Glut4 that regulate its subcellular traffick-

FIGURE 5. Colocalization of GFP-tagged wild-type Glut4 and HA-tagged targeting mutants by dual-label immunofluorescence laser confocal microscopy.
3T3L1 adipocytes were co-infected with recombinant adenoviruses encoding the GFP-tagged wild-type Glut4 and one of the HA-tagged mutants. 48 h later the cells
were serum-starved for 2 h, either exposed to insulin for 30 min or maintained in the basal state, and then prepared for imaging as described under “Experimental
Procedures.” Tagged wild-type Glut4 is shown in the middle panels in green, the tagged mutants are shown in the left panels in red, and the merged images are shown
in the right panels with colocalization between the two coexpressed proteins presented in yellow. A, localization of ectopically expressed proteins in 3T3L1 adipocytes
under basal conditions. B, localization of ectopically expressed proteins in 3T3L1 adipocytes 30 min after insulin stimulation. C, quantification of the localization of
Glut4/eGFP and HA-IRM in the perinuclear region, in dispersed cytosolic compartments (Cyt), and within �0.5 �M of the outermost periphery of the cell (PM). The PM
fractional intensity includes labeling in the plasma membrane as well as in membrane vesicles that may lie just beneath the plasma membrane. Quantification of the
fraction in dispersed cytosolic compartments was determined by subtracting the fluorescence intensity in the PM and perinuclear compartments from total cellular
fluorescence intensity. The data are expressed as the mean � S.E. from four independent experiments. **, p � 0.01 compared with basal conditions for the same
construct; *, p�0.05 compared with basal conditions for the same construct; ##, p�0.01 compared with the same wild-type control fraction; #, p�0.05 compared with
the same wild-type control fraction. The scale bars represent 10 �m.

FIGURE6.The N-terminal three residues of the IRAP/Glut4 shared amino acid
sequence motif are critical for the altered targeting behavior of the IRM
mutant. 3T3L1 adipocytes were co-infected with recombinant adenoviruses
encoding the GFP-tagged wild-type Glut4 and either HA-Glut4/DsRed (A) or the
alanine mutants HA-Asp506-Glu507-Asp509/DsRed or HA-Leu500-Leu503-Pro505/
DsRed (B). 48 h later the cells were serum-starved for 2 h, either exposed to insulin
for 30 min or maintained in the basal state, and then prepared for imaging as
described under “Experimental Procedures.” Tagged wild-type Glut4 is shown in the
middle panels in green, thetaggedmutantsareshowninthe left panels in red, andthe
merged images are shown in the right panels with colocalization between the two
coexpressed molecules presented in yellow. The scale bars represent 10 �m.
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FIGURE 7. The bulk of HA-IRM does not colocalize with known subcellular markers in 3T3L1 adipocytes. 3T3L1 adipocytes were infected with recombi-
nant adenovirus encoding either HA-Glut4 or HA-IRM. 48 h later the cells were serum-starved for 2 h and then processed for imaging as described under
“Experimental Procedures.” The left panels show the localization of either HA-Glut4 or HA-IRM in red, the center panels show the localization of various
subcellular marker proteins in green, and the right panels show merged images with colocalization presented in yellow. The color scheme is reversed in cells
stained with LysoTracker. Enlarged images of the colocalization panels are shown in the far right panels. Scale bars represent 10 �m.
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ing (for a review, see Ref. 17). Because of technical difficulties
involved in achieving ectopic expression of proteins in native
Glut4-expressing, insulin-responsive cell-types, initial studies
were conducted using cultured cell lines that were not derived
from fat or muscle cells and do not normally express Glut4.
These early studies identified two distinct amino acid motifs
that altered the steady-state distribution of ectopically
expressed Glut4. The first motif identified was FQQI in the
cytosolic N-terminal domain of Glut4 (19). The second motif
identified was a dileucine sequence in the cytosolic C-terminal
domain of Glut4 (24). Subsequent experiments in which Glut4
proteins containing mutations in these motifs were expressed
in 3T3L1 adipocytes demonstrated that neither of these motifs
is responsible for the targeting ofGlut4 to an insulin-responsive
compartment (22, 26).However, bothmotifs appear to function
as cell-surface internalization signals in adipocytes andmay act
to decrease the steady-state level of Glut4 molecules in the

FIGURE 8. The bulk of HA-IRM is not trapped in early biosynthetic mem-
brane compartments. 3T3L1 adipocytes were solubilized 48 h after infection
with recombinant adenovirus expressing HA-IRM or HA-Glut4. The protein
lysate was then either left untreated or digested with endoglycosidase H or
with N-glycanase as described under “Experimental Procedures.” 10 �g of
total protein was then analyzed by SDS-PAGE followed by immunoblotting
with primary antibodies against the HA epitope.

FIGURE 9. Localization of the HA-IRM Glut4 mutant in adipocyte subcellular fractions. 3T3L1 adipocytes were co-infected with recombinant adenoviruses
encoding HA-IRM and wild-type Glut4/eGFP. 48 h post-infection the cells were serum-starved overnight and then either maintained in the basal state or
treated with insulin for 30 min. The cells were then subjected to subcellular fractionation as described under “Experimental Procedures,” and the fractions were
subjected to SDS-PAGE and immunoblotting using primary antibodies against either eGFP (A) or the HA epitope (B). Representative immunoblots are shown,
and the quantification of four independent experiments is shown below each immunoblot. Panel C directly compares the relative ratios of the two proteins
present in the PM fractions under basal or insulin-stimulated conditions. Panel D shows the ratios of the two proteins present in PM or high density microsomal
versus low density microsomal. *, p � 0.05; **, p � 0.01 compared with basal.
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plasmamembrane that recycle via the general endosomal path-
way in the basal state.
Shortly after these initial studies, two studies were published

demonstrating that the extreme C terminus of Glut4 was both
necessary and sufficient for its targeting to insulin-responsive
intracellular compartments. The results of one study indicate
that the C-terminal 25 amino acid residues of Glut4 are neces-
sary and sufficient for the targeting of Glut4 to an insulin-sen-
sitive intracellular compartment in L6 myocytes (23). The data
presented in this study included immunofluorescence confocal
microscopy, semi-quantitative immunogold-labeling electron
microscopy, and functional analysis. Birnbaum and colleagues
(22) published a study that demonstrated that the C-terminal
30 residues of Glut4 are necessary and sufficient for the target-
ing of Glut4 to insulin-sensitive subcellular compartments in
3T3L1 adipocytes. Amajor difference in the results reported in
these two studieswas the role of theC-terminal dileucinemotif.
In L6myocytes, the dileucinemotif appears to be necessary, but
not sufficient, for the targeting of Glut4 to an insulin-sensitive
subcellular compartment. In contrast, in 3T3L1 adipocytes, the
dileucine motif appears to be superfluous to this targeting
event. This apparent contradiction may be due to cell-type-
specific targeting or to the limitations in the techniques used to

assess subcellular distribution. It is notable that the role of
Glut4 trafficking signals has never been studied in native skel-
etal muscle fibers, which possess architecture distinct from any
other cell type and is not mimicked by any muscle-derived cell
line. A large fraction of Glut4 in skeletal muscle is associated
with transverse tubules and with vesicles closely associated
withmuscle triads (44–46). These structures are not present in
muscle-derived cell lines.
James and colleagues (29) reported the identification of an

acidic motif (TELEY) in the C-terminal cytoplasmic tail of
Glut4 downstreamof the dileucinemotif that, whenmutated to
alanine residues, causes accumulation of Glut4 in a plasma
membrane-enriched subcellular fraction in the basal state but
does not prevent insulin-stimulated movement of Glut4 to a
plasma membrane fraction isolated from 3T3L1 adipocytes.
The data presented suggested thatmutations in thismotif cause
Glut4 to accumulate in the general endosomal recycling path-
way. A subsequent publication from this group identified the
EEY residues within this shared motif to be essential and dem-
onstrated that mutation of these three residues delayed newly
endocytosed Glut4 from reaching a Syntaxin 6/16-containing
perinuclear compartment (32). This acidic motif in Glut4 was

FIGURE 10. HA/IRM does not recycle through the plasma membrane.
3T3L1 adipocytes were infected with recombinant adenoviruses encoding
Glut4/DsRed or IRM/DsRed. 48 h post infection, cells were serum starved for
2 h and then incubated in the presence or absence of insulin and in the
presence of Alexa 488-conjugated anti-HA antibody for 3 h. Cells were then
imaged for laser confocal microscopy as described under “Experimental Pro-
cedures.” The distribution of total DsRed-tagged Glut4 and IRM are shown in
the left panels in red, molecules that reached the cell surface and reacted with
the HA antibody are shown in green in the center panels, and merged images
are shown in the right panels. Scale bars represent 10 �m.

FIGURE 11. eGFP/IRAP/IRM colocalizes with endogenous Glut4 and does
not exhibit aberrant subcellular targeting. 3T3L1 adipocytes were
infected with recombinant adenovirus encoding either eGFP/IRAP or eGFP/
IRAP/IRM. 48 h post-infection the cells were serum-starved for 2 h and then
incubated in the presence or absence of insulin for 30 min. The cells were
fixed, permeabilized, stained with Glut4 antibody, and then processed for
imaging as described under “Experimental Procedures.” All images represent
optical sections approximately midway through the depth of the cell. Endog-
enous Glut4 is shown in red in the left panels, and eGFP/IRAP and eGFP/IRAP/
IRM are shown in green in the middle panels. Merged images are shown in the
right panels with colocalization in yellow. Scale bars represent 10 �m.
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originally identified based on sequence similarity with the
N-terminal cytoplasmic domain of IRAP, a protein whose
intracellular trafficking closely resembles that of Glut4.
A unique aspect of the current study is that mutant Glut4

molecules corresponding to most of the previously proposed
subcellular targetingmotifs were examined in the same insulin-
responsive cell type using the same expression system, and that
all of the mutants were directly assessed for colocalization with
wild-type Glut4 by coexpression of differentially tagged con-
structs in the same cells. Based on a different alignment
between the sequences of the N terminus of IRAP and the C
terminus of Glut4, we identified a different sequence similarity
between the two proteins that overlaps with the acidic motif
identified by James and colleagues (32). Mutation of three res-
idues (Leu500-Leu503-Pro505) within this putative motif shared
between Glut4 and IRAP resulted in a much more dramatic
phenotype than that demonstrated by mutations within the
acidic motif or any other previously characterized Glut4-traf-
fickingmotif. The IRMor LLPmutant protein targeted primar-
ily to relatively large, dispersed membrane compartments that
were devoid of wild-typeGlut4 in the basal state, and both basal
and insulin-stimulated recycling through the plasma mem-

brane appeared to be completely abrogated. These observations
suggest that the mutants are excluded from recycling endo-
somes and from GSVs in 3T3L1 adipocytes, because both of
these compartments are insulin-sensitive in this cell line (17).
The major colocalization observed between wild-type Glut4

and theHA-IRMmutant was a fraction of bothmolecules pres-
ent in a perinuclear Syntaxin 6-containing compartment, most
likely the putative trans-Golgi subcompartment previously
identified by James and colleagues (32). The fraction of the total
HA-IRMmutant that localized to this compartment, however,
was less than the total fraction of HA-tagged wild-type Glut4.
Glut4 appears to reach this compartment after movement to
the plasma membrane in response to insulin and subsequent
endocytosis but may also recycle through this compartment in
the basal state (32). One possibility is that Glut4 exits the Syn-
taxin 6 compartment to an intermediate sorting compartment
that subsequently targets a fraction of Glut4 to both the endo-
somal recycling pathway and to specializedGSVs. Both of these
sorting events may be dependent on the IRMmotif. The exist-
ence of this hypothetical post-Syntaxin 6 compartment is con-
sistent with the observations that the IRMmutant is detectable
in the Syntaxin 6 compartment, but that the bulk of the mutant
in the steady-state appears to be present in one ormore subcel-
lular compartments that do not colocalize with any tested sub-
cellular marker, including wild-type Glut4 or the EEY mutant
(32). Additionally, the IRM and LLPmutants appear to be com-
pletely unresponsive to insulin with regard to translocation to
the plasma membrane, suggesting that this mutant does not
reach (or substantially accumulate) in either recycling endo-
somes or the specialized GSVs. Because wild-type Glut4
appears to be absent from the vast bulk of the IRM mutant-
containing dispersed vesicles in the steady state, if wild-type
Glut4 normally transits via this compartment to recycling
endosomes and/or GSVs, then its transit time through this
compartment must be very rapid. Alternatively, the IRM
mutantmay be targeted to an intracellularmembrane compart-
ment that wild-type Glut4 never traverses. If so, then it appears
to be an intracellular compartment that has not been previously
identified or is poorly characterized, because it does not appear
to contain significant quantities of any of the standard subcel-
lular markers that were examined.
Interestingly, the IRM does not appear to be essential for the

targeting of IRAP to insulin-sensitive compartments in 3T3L1
adipocytes, despite the fact that the IRM was originally identi-
fied due to its conservation in both IRAP and Glut4. There are
several possible explanations for this apparent anomaly. IRAP
and Glut4 may reach the same insulin-sensitive intracellular
compartments via different pathways either during initial par-
titioning of nascent molecules or after recycling events, and the
IRM may play only a subtle role in the trafficking of IRAP.
Another possibility is that IRAP has redundant motifs that are
involved in its targeting to insulin-sensitive compartments. A
third possibility is that the IRM is not required for IRAP traf-
ficking in adipocytes but may play an essential role in other cell
types, such as skeletal muscle, heart, or neurons. In this latter
case it is conceivable that in adipocytes IRAP forms oligomers
with another membrane protein on which it “piggy-backs” to
reach insulin-sensitive Glut4 compartments. The initial parti-

FIGURE 12. Colocalization of HA-Glu499-Glu501-Tyr502/eGFP and
HA-Glut4. 3T3L1 adipocytes were co-infected with recombinant adenovi-
ruses encoding HA-Glut4 and Glu499-Glu501-Tyr502/eGFP. 48 h post-infection
the cells were serum-starved for 2 h and then either maintained in the basal
state or treated with insulin for 30 min. The cells were then processed for laser
confocal immunofluorescence microscopy as described under “Experimental
Procedures.” A, the localization of HA- Glu499-Glu501-Tyr502/eGFP is shown in
green in the middle panels. The localization of HA-Glut4 is shown in red in the
left panels. Merged images are shown in the right panels with colocalization
between the two different proteins indicated in yellow. Scale bars represent
10 �m. B, quantification of the fluorescence intensity in different regions of the
cell as a fraction of total cellular fluorescence intensity. The data represent the
mean � S.E. of 5–7 independent experiments. See the legend to Fig. 5 for details
concerning the quantification procedure and the definition of the subcellular
regions. *, p�0.01 relative to the corresponding basal fraction; #, p�0.01 relative
to the corresponding fraction from HA-Glut4.
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tioning of nascent IRAP may be defective in this hypothetical
case, but it may eventually reach subcellular compartments
containing the interacting protein and may subsequently be
redirected to Glut4-containing insulin-sensitive vesicles via
interaction with another protein. The observations, that 1) the
IRM represents the most highly conserved sequence conserva-
tion between the cytoplasmic 25–30 residues of Glut4 that are
known to be critical for its insulin sensitive targeting and the
cytoplasmic N-terminal domain of IRAP; 2) residues within the
IRM are clearly critical in the targeting of Glut4; and 3) the only
unique characteristic shared between Glut4 and IRAP is their
highly similar subcellular targeting, strongly suggest that the
IRM is likely to play an essential role in the subcellular traffick-
ing of IRAP, even though it may be in a cell type other than
adipocytes.
Two recent studies employing total internal reflection

microscopy have examined the insulin-regulated behavior of
Glut4-containing membrane vesicles within �100–250 nm
of the plasma membrane in 3T3L1 adipocytes (47, 48). The
data presented by Bai et al. (47) suggest that insulin has a
minimal affect on the rate of the initial docking of Glut4
storage vesicles with the cytoplasmic face of the plasma
membrane and that the major insulin-regulated step may be
the fusion of docked vesicles with the plasma membrane.
Our data indicate that mutants within the IRM motif colo-
calize with wild-type Glut4 in small vesicles just beneath the
plasma membrane, but the mutants do not discernibly accu-
mulate in the plasma membrane after insulin stimulation.
Either these shared vesicles are not capable of docking or
fusion, or the amount of the IRM mutant that reaches the
shared vesicles is insufficient to detect accumulation of the
mutant protein in the plasma membrane.
The data presented in this study, combined with previously

published data, suggest that there may be multiple overlapping
but functionally distinct targetingmotifs within the C-terminal
cytoplasmic tail of Glut4. The IRM mutant exhibits the most
dramatic targeting phenotype in an insulin-sensitive cell-type
of any putative trafficking motif thus far reported for Glut4.
Our data suggest that the IRM mutant accumulates in a previ-
ously unrecognized or at least poorly characterized intracellu-
lar membrane compartment. Further experiments are clearly
required to identify the precise subcellular compartment(s) to
which the IRM Glut4 mutant is targeted.
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