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Insulin and guanosine-5'-O-(3-thiotriphosphate) (GTPvS) both stimulate glucose transport and
translocation of the insulin-responsive glucose transporter 4 (GLUT4) to the plasma membrane in
adipocytes. Previous studies suggest that these effects may be mediated by different mechanisms.
In this study we have tested the hypothesis that these agonists recruit GLUT4 by distinct
trafficking mechanisms, possibly involving mobilization of distinct intracellular compartments.
We show that ablation of the endosomal system using transferrin-HRP causes a modest inhibition
(~30%) of insulin-stimulated GLUT4 translocation. In contrast, the GTP+S response was signifi-
cantly attenuated (~85%) under the same conditions. Introduction of a GST fusion protein
encompassing the cytosolic tail of the v-SNARE cellubrevin inhibited GTPvyS-stimulated GLUT4
translocation by ~40% but had no effect on the insulin response. Conversely, a fusion protein
encompassing the cytosolic tail of vesicle-associated membrane protein-2 had no significant effect
on GTPvyS-stimulated GLUT4 translocation but inhibited the insulin response by ~40%. GTPyS-
and insulin-stimulated GLUT1 translocation were both partially inhibited by GST-cellubrevin
(~50%) but not by GST-vesicle-associated membrane protein-2. Incubation of streptolysin O-
permeabilized 3T3-L1 adipocytes with GTP+S caused a marked accumulation of Rab4 and Rab5
at the cell surface, whereas other Rab proteins (Rab7 and Rab11) were unaffected. These data are
consistent with the localization of GLUT4 to two distinct intracellular compartments from which
it can move to the cell surface independently using distinct sets of trafficking molecules.

INTRODUCTION

Insulin stimulates glucose transport in muscle and adipose
cells by virtue of the expression of a unique glucose trans-
porter, GLUT4. Unlike other GLUT isoforms, in the absence
of insulin >95% of GLUT4 is intracellularly sequestered but
translocates rapidly to the cell surface in response to insulin

* Present address: Department of Clinical Biochemistry, Adden-
brooks Hospital, University of Cambridge, Hills Road, Cam-
bridge, UK.

§ Corresponding author. E-mail address: G.Gould@bio.gla.ac.uk.
Abbreviations used: DAB, diaminobenzidine; deGlc, 2-deoxy-p-
glucose; DMEM, Dulbecco’s modified Eagle’s medium; GLUT,
glucose transporter; GSV, GLUT4 storage vesicle; GTPyS,
guanosine-5'-O-(3-thiotriphosphate); SLO, streptolysin O, Tf-
HRP, transferrin-HRP conjugate; TfR: transferrin receptor;
VAMP?2, vesicle-associated membrane protein-2; v-SNARE, ves-
icle-associated soluble N-ethylmaleimide-sensitive factor-at-
tached protein receptor.

©1999 by The American Society for Cell Biology

stimulation (Rea and James, 1997). Although other mole-
cules such as the transferrin receptor (TfR) and GLUT1 also
undergo insulin-dependent movement to the cell surface,
the magnitude of these effects is much smaller than that of
GLUT4 (~2-fold increase compared with ~15- to 20-fold,
respectively) (Tanner and Lienhard, 1987; Calderhead et al.,
1990). This difference appears to be due to a unique intra-
cellular trafficking event involving the sorting of GLUT4
from other endosomal traffic.

Although a proportion of GLUT4 is found in endosomes
and the trans-Golgi network (Slot et al., 1991, 1997) a signif-
icant proportion (~60%) is localized to a discrete vesicle
pool (Herman et al., 1994; Livingstone et al., 1996; Martin et
al., 1996; Malide et al., 1997). Two models have emerged to
explain these data. The first suggests that this additional
pool (termed Glut4 storage vesicles [GSVs]) is a specialized
secretory compartment perhaps analogous to synaptic ves-
icles that fuses directly with the plasma membrane, an event
that is somehow accelerated by insulin (Rea and James,

3675


https://core.ac.uk/display/15050845?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

C.A. Millar et al.

1997). The second model suggests that GLUT4 is in dynamic
equilibrium between a slowly recycling and a more rapidly
recycling compartment and that insulin influences one of the
sorting steps that regulates the entry into or exit out of this
compartment (Kandror and Pilch, 1998). Hence, an impor-
tant distinction between this model and the first is that there
is in fact no specialized insulin-sensitive secretory compart-
ment (Pessin ef al., 1999). Distinguishing between these mod-
els has been limited by the difficulty in segregating these
different compartments. Although GLUT4 is enriched in this
separate vesicular compartment, it is not excluded from
endosomes and the trans-Golgi network (Slot et al., 1991,
1997, Martin ef al., 1994). In fact most molecules in the
endosomal system are widely distributed between multiple
organelles making it difficult to define these compartments.
Here, we have sought to dissect these different compart-
ments by establishing conditions that would enable us to
regulate the trafficking through one of these compartments
without effecting the other.

The concept of two distinct intracellular GLUT4 secretory
compartments has been suggested from studies involving
exercise and insulin in skeletal muscle, because these two
agonists appear to trigger GLUT4 translocation from dis-
crete intracellular sites (Coderre et al., 1995; Aledo et al.,
1997; Ploug et al., 1998). GLUT4 translocation in adipocytes
can also be triggered by a variety of agonists, such as hy-
perosmolarity (Chen ef al., 1997) and guanosine-5'-O-(3-thio-
triphosphate) (GTPvS) (Baldini et al., 1991; Robinson ef al.,
1992). Like exercise-stimulated GLUT4 translocation in mus-
cle, these agonists differ in their mode of action compared
with insulin, raising the possibility that adipocytes also con-
tain two separate routes to the cell surface that can be
regulated independently. Consistent with this, we and oth-
ers have shown the involvement of two different vesicle-
associated soluble N-ethylmaleimide-sensitive factor-at-
tached protein receptors (v-SNAREs) in the insulin
regulation of membrane trafficking in adipocytes (Volchuk
et al., 1995; Martin et al., 1996; Olson et al., 1997; Martin et al.,
1998). We have shown that the majority of cellubrevin is
localized to endosomes and a significant portion of vesicle-
associated membrane protein-2 (VAMP2) is localized to
GSVs (Martin et al., 1996) and demonstrated that a peptide
corresponding to the unique N terminus of VAMP2 inhibits
insulin-stimulated GLUT4 translocation by ~35% but was
without effect on insulin-stimulated GLUT1 translocation
(Martin et al., 1998).

To test the hypothesis that there are two separate regulat-
able exit pathways for GLUT4 in adipocytes, we have stud-
ied the role of different v-SNARE proteins and the effects of
treatments that disrupt endosomal function on GTP+S and
insulin action. We show that a GST fusion protein encom-
passing the cytosolic tail of cellubrevin inhibited GTP+S-
stimulated GLUT4 translocation by ~40%, whereas GST-
VAMP2 had no significant effect on GTPyS action.
Conversely, the VAMP2 fusion protein inhibited insulin-
stimulated GLUT4 translocation by ~40%. Ablation of the
recycling endosomal system caused almost quantitative in-
hibition of GTP+yS-stimulated GLUT4 translocation but only
partially reduced insulin-stimulated translocation. These
data suggest that GTPvS selectively stimulates recycling of
GLUT4 via the endosomal system in a process that is regu-
lated by cellubrevin. In addition to regulating this pathway,
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insulin also stimulates the exocytosis of GLUT4 from a sep-
arate compartment (GSVs), which can be functionally dis-
tinguished by the unique role of VAMP2.

MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle’s medium (DMEM), Myoclone-Plus fetal
calf serum, and antibiotics were from Life Technologies (Paisley,
United Kingdom). [**I]Transferrin and [**C]sucrose were from Am-
ersham International (Bucks, United Kindgom). a-Toxin and GTP+S
were from Calbiochem (Nottingham, United Kingdom). Streptoly-
sin O (SLO) was the generous gift of Dr. Robin Plevin (University of
Strathclyde, Strathclyde, United Kingdom). All other reagents were
as described (Livingstone et al., 1996, Martin et al., 1996, 1998).

Cell Culture

3T3-L1 fibroblasts were grown and differentiated as described
(Frost and Lane, 1988) and used 8-12 d after differentiation and
between passages 4 and 12. Before use, monolayers were washed
once with serum-free DMEM and then incubated with serum-free
DMEM for 2 h.

Permeabilization of 3T3-L1 Adipocytes

3T3-L1 adipocytes were washed twice with IC buffer (10 mM NaCl,
20 mM HEPES, 50 mM KCl, 2 mM K,HPO,, 90 mM potassium
glutamate, 1 mM MgCl,, 4 mM EGTA, 2 mM CaCl,, pH 7.4) at 37°C
and then incubated with 500 ul ICR buffer (IC buffer plus 4 mM
MgATP, 3 mM sodium pyruvate, 100 ug/ml BSA, pH 7.4) contain-
ing a-toxin at 250 hemolytic units/ml for 5 min. The medium was
removed, and the cells were covered with 500 wl of ICR buffer
containing GTPvS, insulin, or vehicle (Herbst et al., 1995). SLO
permeabilization was performed exactly as outlined for a-toxin,
except SLO was used at 0.5 ug/ml and incubated with the cells for
10 min at 37°C. After washing with ICR buffer, cells were then
incubated with GTPS, insulin, and the test proteins as indicated in
the figure legends.

Deoxyglucose Transport Measurements

The effect of GTPyS on [*H]2-deoxy-D-glucose (deGlc) transport
(final concentration 50, uM and 0.5 uCi/well) was measured in
a-toxin-permeabilized cells as described (Herbst et al., 1995). Uptake
was carried out for 3 min. Nonspecific association of radioactivity
(determined by simultaneous assay of ["*C]sucrose association with
the cells) amounted to <20% of the specific uptake under these
conditions.

Plasma Membrane Lawn Assays for
GLUT Translocation

After experimental manipulations, coverslips of adipocytes were
rapidly washed in ice-cold buffer for the preparation of plasma
membrane lawns exactly as described by Martin et al. (1998). Trip-
licate coverslips were prepared at each experimental condition, and
10 random images of plasma membrane lawns were collected from
each. These were quantified using MetaMorph (Universal Imaging,
West Chester, PA) software on a DAN personal computer (Noran
Instruments, Surrey, United Kingdom).

Subcellular Fractionation of Adipocytes

Adipocytes were subjected to a differential centrifugation procedure
as described previously (Martin ef al., 1994; Martin et al., 1996).
Briefly, cells were scraped and homogenized in ice-cold HES (20
mM HEPES, 1 mM EDTA, 250 mM sucrose, pH 7.4; 5 ml/10-cm
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plate) containing protease inhibitors (1 ug/ml pepstatin A, 0.2 mM
diisopropylfluoro-phosphate, 20 uM L-transepoxysuccinyl-leucyl-
amido-4-guanidinio-butane, 50 uM aprotinin). The homogenate
was subjected to a differential centrifugation procedure to produce
plasma membrane, low-density microsomes, high-density micro-
somes, and soluble protein as described (Martin et al., 1998). All
fractions were snap frozen and stored at —80°C before use.

Fusion Protein Expression and Purification

The expression and purification of GST-cellubrevin and GST-
VAMP?2 were performed exactly as described (Martin et al., 1998)

Preparation and Use of HRP-conjugated Transferrin

TfHRP was prepared, purified, iron loaded, and used exactly as
described (Livingstone et al., 1996; Stoorvogel et al., 1987, 1988).
Briefly, after 2-h incubation in serum-free DMEM, adipocytes were
incubated with 20 ug/ml TfHRP for 1 h. Cells were chilled by
washing in ice-cold isotonic citrate buffer (150 mM NaCl, 20 mM
sodium citrate, pH 5.0) to remove cell surface-attached TfHRP and
kept on ice to prevent vesicle trafficking during the diaminobenzi-
dine (DAB) cytochemistry reactions. The monolayer was washed in
ice-cold PBS and DAB (2 mg/ml stock; 0.22 um filtered) added at
100 ug/ml to all wells and H,O, added to 0.02% (vol/vol) to one of
each pair of wells. After a 1-h incubation at 4°C in the dark, the
reaction was stopped by washing in PBS containing 5 mg/ml BSA.
This was then aspirated, and the cells were used in experiments as
outlined in the figure legends. In all experiments, duplicate plates
were used, one of which was exposed to DAB and H,O,, the other
only to DAB as a negative control.

To verify that the incubation conditions described above did not
compromise the ability of the cells to respond to insulin, we performed
similar experiments but selectively omitted TfHRP, DAB, or peroxide.
At the end of the incubations, cells were warmed to 37°C, and insulin-
stimulated glucose transport was assayed. The maximal rate of insulin-
stimulated glucose transport was unaffected by any of the incubations
used during this procedure (Table 1). However, and consistent with
previous studies, the low-temperature incubation resulted in a slight
elevation of basal transport rate (~2- to 2.5-fold), such that the fold
increase in response to insulin is diminished. It is important not to
confuse this with blunted insulin responsiveness in these cells, because
the extent of insulin-stimulated GLUT4 translocation was not reduced.
Moreover, addition of peroxide alone was also found to slightly raise
basal glucose transport rates, consistent with the partial insulinomi-
metic effect of this compound.

Quantification of Cell Surface TfR Levels

TfRs present at the cell surface were quantified as outlined by Tanner
and Lienhard (1987) and Jess et al. (1996). After washing in ice-cold
buffer, cells were incubated with ~3 nM [*?*[]transferrin for 2 h on ice.
After this time, the monolayers were washed, and cells were solubi-
lized in 1 M NaOH, and the radioactivity associated with each well
was determined. To estimate nonspecific binding, duplicate plates
were incubated exactly as above but in the presence of 1 uM trans-
ferrin. This was between 5 and 10% of the total counts per well.

TfR Externalization Assay

The rate of externalization of the TfR was measured as described
(Tanner and Lienhard, 1987). 3T3-L1 adipocytes were incubated in
serum-free DMEM containing 1 mg/ml BSA for 2 h at 37°C.
[*#I]Transferrin (2.2 pg/ml; 3 pCi) and TfHRP (20 pg/ml) were
added to the media for the final 1 h. Cell surface Tf/TfHRP were
removed by washing with ice-cold isotonic citrate buffer and then
washed with PBS. DAB with or without hydrogen peroxide was
added to each well and incubated on ice for 1 h in the dark. Cells
were then washed in PBS at 4°C and twice in Krebs Ringer phos-
phate (KRP) containing 1 mg/ml BSA at 37°C and then incubated in
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Table 1. Effects of TfHRP ablation on deGlc uptake in 3T3-L1
adipocytes

DeGlc transport rate
(pmol/million cells/min)

Insulin or GTP~S Fold

Basal stimulated increase
Insulin stimulated
Control cells 24 +21 320 = 30 13.3
TfHRP loaded 40 = 3.52 324 + 21 8.1
DAB treated 39 +212 330 = 19 8.5
H,0, treated 45 + 1.62 325 +39 7.2
TfHRP + DAB 41 = 5.12 331 =18 8.0
TfHRP + DAB 46 = 5.12 248 + 24b 5.5
+ H,0,
GTP~S stimulated
Control cells 24+ 2.1 149 = 10 6.2
TfHRP loaded 40 = 3.52 155 + 6 3.9
DAB treated 39 £212 146 = 12 3.7
H,0, treated 45 + 1.67 150 + 4 3.3
TfHRP + DAB 41 = 5.12 148 = 20 3.6
TfHRP + DAB 46 = 5.12 55 + 9c 1.2
+ H,0,

Control cells were assayed after a 2-h incubation in serum-free
media and immediate assay. All other assays were performed after
treatment exactly as outlined for ablation, except that some or all of
the additions were omitted. Thus, TfHRP loaded refers to cells
loaded with TfHRP as outlined, but not incubated with DAB or
peroxide. DAB treated refers to cells washed and treated exactly as
for ablation, except TfHRP loading and peroxide addition were
omitted. H,O, treated cells were washed and treated exactly as for
ablation, except TfHRP loading and DAB addition were omitted.
TfHRP + DAB refers to cells loaded with TfHRP and incubated with
DAB as outlined, except peroxide was omitted. Note that after
ablation, insulin can still elicit a significant increase in deGlc uptake,
whereas GTPyS cannot. Shown are data from a representative ex-
periment (repeated two further times) in which each rate shown is
the mean of triplicate determinations (= SEM). Also shown are the
average fold increases observed in response to insulin from three
separate experiments of this type on separate platings of cells.

2 Statistically significant elevation of basal rate compared with con-
trol cells, manifest in all cells subjected to low-temperature washes.
P Significant reduction compared with control insulin-stimulated
transport (p < 0.05 in this experiment).

¢ Significant reduction in GTPyS-stimulated deGlc transport (p <
0.01 in this experiment).

1 ml of KRP buffer containing unlabeled transferrin (1 uM) with or
without insulin (1 uM) at 37°C for the times indicated on the figures
to allow internalized ['*°I]transferrin to recycle out of the cells. After
the required time, cell-associated radioactivity was determined as
outlined above. Nonspecific binding was determined using dupli-
cate plates that were incubated in the presence of 10 uM unlabeled
transferrin and treated exactly as described above.

Cell Surface TfR Internalization and
Externalization Assays

An adaptation of the above method was used to determine whether
internalization of the TfR is observed after endosomal ablation.

Duplicate wells of 3T3-L1 adipocytes were incubated with serum-
free DMEM containing 1 mg/ml BSA for 2 h at 37°C. TfHRP was
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added for the final 1 h of this incubation, and ablation was carried
out as described. The cells were washed once with KRP buffer at
37°C and then incubated with 3 nM ['?*I]transferrin in KRP con-
taining 1 mg/ml BSA at 37°C for the times indicated. After this time,
cell surface transferrin was removed, and cell-associated transferrin
was determined as outlined above.

A further adaptation of the assay was used to determine whether
constitutive recycling of the TfR could be observed after endosome
ablation. Duplicate wells of 3T3-L1 adipocytes were incubated in
serum-free DMEM and BSA for 2 h at 37°C. For the last hour of this
incubation the cells were loaded with TfHRP only, and ablation was
carried out as described above. The cells were then washed once
with KRP buffer at 37°C and incubated in 1 ml of 3 nM ['?[]trans-
ferrin in KRP buffer containing 1 mg/ml BSA at 37°C for 20 min
(this period was shown to be sufficient for maximal loading of the
intracellular TfR pool). Cells were washed in ice-cold citrate buffer
and PBS as described above. Subsequently, cells were washed once
with KRP buffer containing 1 mg/ml BSA at 37°C and then incu-
bated in 1 ml of KRP containing unlabeled transferrin (1 uM) at
37°C for the times shown. Thereafter, cell-associated radioactivity
and nonspecific Tf-binding were measured as described above.

Electrophoresis and Immunoblotting

Proteins were electrophoresed on SDS-polyacrylamide gels and
transblotted onto nitrocellulose as described (Martin et al., 1998).
Immunolabeled proteins were visualized using either *I-labeled
goat anti-rabbit or HRP-conjugated secondary antibody and quan-
titated by y counting or densitometry.

Antibodies

Rabbit polyclonal antibodies specific for Rab proteins were from Dr.
P. Chavrier (INSERM-CNRS, Marseille, France; Rab5 and Rab?7), Dr.
Peter van der Sluijs (University of Utrecht, Utrecht, The Nether-
lands; Rab4), and Dr. Rob Parton (University of Queensland;
Rab11). The anti-vp165 antibodies were kindly provided by Dr. S.
Keller (Dartmouth Medical School, Hanover, NH). The anti-Syn-
taxin 4 antibody has been described previously (Tellam ef al., 1997).

RESULTS

In this study we have compared the ability of insulin and
GTP+S to stimulate glucose transport and GLUT4 translocation
in 3T3-L1 adipocytes (Figure 1, A and B). The magnitude of the
GTP+S effect was consistently less than that of insulin (Figure
1A), in agreement with previous studies (Baldini ef al., 1991;
Robinson et al., 1992; Clarke et al., 1994). We observed a max-
imal effect of GTP+5 on glucose transport at a concentration of
100 uM (our unpublished data). At this concentration, the fold
increase in glucose transport was ~40% of that induced by
insulin (Figure 1A). The PI3 kinase inhibitor wortmannin (100
nM) inhibited insulin-stimulated glucose transport but was
without effect on GTP+S-stimulated deoxyglucose uptake (Fig-
ure 1A), consistent with previous studies (Clarke et al., 1994).
Quantitatively similar results were observed using the plasma
membrane lawn assay to quantify cell surface GLUT4 levels
(Figure 1, B and C).

To determine the role of the endosomal system on GTPvS
versus insulin-stimulated GLUT4 translocation, we allowed
adipocytes to internalize a TfHRP conjugate and then ab-
lated the endosomes using the DAB polymerization tech-
nique (Livingstone et al., 1996; Stoorvogel et al., 1987, 1988).
We then stimulated the cells with either insulin or GTPyS
and measured either glucose transport or cell surface
GLUT#4 levels (Figure 1, A and B, and Table 1). This exper-
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imental regimen caused an approximately twofold increase
in basal deGlc transport compared with control cells (Table
1). This is likely due to incubation of the cells at 4°C during
the incubation with TfHRP rather than peroxide treatment,
because there was no difference in deGlc transport between
cells incubated with TfHRP and cells incubated with TfHRP
plus hydrogen peroxide (Table 1). This is consistent with
other studies in adipocytes, which have shown stimulatory
effects of low temperature on glucose transport (Gibbs et al.,
1991). The increase in transport caused by preincubation of
the cells at low temperatures was relatively small (~2-fold;
Table 1) compared with that observed with insulin (~13-
fold) or GTPS (~6-fold) (Table 1). Ablation of the recycling
endosomal system almost completely attenuated GTPvyS-
stimulated deGlc transport and GLUT4 translocation (Figure
1, A and B, and Table 1). This effect was specifically related
to the endosomal ablation, because we only observed this
inhibition in cells incubated with the combination of TfHRP,
DAB, and hydrogen peroxide (Table 1). In contrast, a robust
insulin effect on glucose transport and GLUT4 translocation
was still evident after endosomal ablation (Figure 1, A and
B, and Table 1). Intriguingly, the absolute magnitude of the
ablation-inhibitable deGlc transport response was similar in
the case of insulin and GTPyS (~90-100 pmol/min per
million cells; Table 1), consistent with the possibility that
both insulin and GTPyS stimulate exit from endosomes,
whereas only insulin stimulates GLUT4 translocation from
GSVs.
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Figure 1. DeGlc uptake and GLUT4 translocation in response to
insulin and GTPyS: effects of ablation and wortmannin. In these
experiments, 3T3-L1 adipocytes were incubated with TfHRP for 1 h
and transferred to ice. After removal of cell surface TTHRP, DAB
with or without hydrogen peroxide was added, and the DAB cyto-
chemistry reaction progressed as outlined in MATERIALS AND
METHODS. After ablation, cells were washed once in ice-cold PBS
and twice in IC buffer at 37°C and then permeabilized with a-toxin
as outlined. Cells were stimulated with GTPvS (100 uM) or insulin
(1 uM) for 15 min before assay of deGlc uptake (A) or GLUT4 levels
in plasma membrane lawns (B and C). In A, each point is the mean
of triplicate determinations (= SEM) expressed as fold increase over
basal transport rate. (B) Result of a typical experiment assaying
GLUT4 levels by plasma membrane lawns. (C) Results of three
experiments of this type, quantified as outlined in MATERIALS
AND METHODS. In experiments examining the effect of wortman-
nin, this was added at 100 nM for 5 min before the addition of
insulin or GTP~S.

Insulin- and GTPvyS-stimulated Translocation Uses
Distinct v-SNAREs

To further dissect the unique effects of GTPyS on GLUT4
trafficking, we studied the role of VAMP2 versus cellubre-
vin. It has previously been shown that v-SNARE cytosolic
domains act as dominant negative inhibitors of trafficking
(Volchuk et al., 1995; Olson et al., 1997, Martin et al., 1998).
Thus, we incubated permeabilized adipocytes with either
GST-VAMP2 or GST-cellubrevin and studied the effects of
these agents on GTPyS versus insulin-stimulated deGlc
transport. GST-cellubrevin inhibited GTPyS-stimulated
GLUT4 translocation by 40-50%, whereas GST-VAMP2 had
no significant effect (Figure 2, A and B). Conversely, GST-
VAMP2 inhibited insulin-stimulated GLUT4 translocation
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by ~40%, whereas GST alone or GST-cellubrevin had no
significant effect on insulin action (Figure 2, A and B), con-
sistent with previous findings (Martin ef al., 1998).

To determine how specific these effects were with regard
to GLUT4, we also performed similar experiments in which
we assayed cell surface levels of GLUT1 (Figure 2C). Insulin
and GTP~S stimulated cell surface GLUT1 levels by approx-
imately three- and twofold, respectively. GST-cellubrevin
inhibited both insulin- and GTP~S-stimulated GLUT1 trans-
location by ~45%, whereas GST-VAMP2 and GST alone had
no significant effect (Figure 2C). Collectively these data sug-
gest that GTP9S has a selective effect on endosomal protein
trafficking in adipocytes and that the docking and fusion of
recycling endosomes with the cell surface is regulated by
cellubrevin.

Effect of Insulin and GTPvyS on the Subcellular
Distribution of Rab Proteins in 3T3-L1 Adipocytes

Recycling through the endosomal system may occur either
via early endosomes or recycling endosomes (Ullrich et al.,
1996; Sheff et al., 1999). These different organelles have been
delineated based on the presence of unique Rab proteins at
each location. Rabs 4 and 5 are predominantly localized to
early endosomes (Bottger ef al., 1996; Daro et al., 1996; Rybin
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Figure 2 (cont).

et al., 1996; McLauchlan et al., 1998), whereas Rab 11 is
targeted to recycling endosomes (Ullrich et al., 1996). To
determine which of these organelles may be involved in the
GTP+S response in adipocytes, we examined the subcellular
distribution of these proteins with the view that GTPyS may
cause the accumulation of different Rabs at their respective
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INSULIN

GTPyS

target organelles (Figure 3, A and B). In the absence of
insulin, Rab4 and Rab5 were predominantly localized to
intracellular (Iwo-density microsome) membrane fractions,
with much lower levels evident at the plasma membrane.
Rab7 and Rab 11 were approximately equally distributed
between the plasma membrane and intracellular mem-
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Figure 2 (cont). Effects of GST-v-SNARE fusion proteins on insu-
lin- and GTPyS-stimulated GLUT4 and GLUT1 translocation. SLO-
permeabilized 3T3-L1 adipocytes were incubated for 10 min with
buffer containing GST alone or GST-VAMP2 or GST-cellubrevin
fusion proteins, all at a concentration of 15 pug/ml. Cells were then
stimulated with GTP+S (100 uM) or insulin (1 uM) for a further 15
min (still in the presence of fusion proteins) before preparation of
plasma membrane lawns. (A) Effects of GST fusion proteins on
GLUT#4 translocation. (B) Representative experiment of this type. In
B, cells were stimulated with GTPvS (100 uM) or insulin (1 pM) in
the presence of GST alone (GST), GST-cellubrevin (GST-Ceb), or
GST-VAMP2 or in the absence of any recombinant protein (—). (C)
Effects of the same fusion proteins on GLUT1 translocation. In A
and C, data are mean *= SEM of three independent experiments.
" No significant difference compared with insulin alone. Significant
inhibition is indicated: * p < 0.05; ** p ~ 0.01.

branes. In response to insulin, levels of Rab4, Rab7, and
Rabl1l at the plasma membrane were not significantly al-
tered. By contrast, and in agreement with previous studies,
Rab5 levels at the plasma membrane increased approxi-
mately sixfold (Figure 3, A and B) (Cormont et al., 1996). In
response to GTP+S, the levels of both Rab4 and Rab5 were
dramatically increased at the plasma membrane (~7- and
~10-fold, respectively). These data are consistent with the
suggestion that GTPvS stimulates the fusion of vesicles de-
rived from the early sorting endosome with the cell surface
but not vesicles derived from the late endosome or the
perinuclear recycling endosome.
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Insulin and GTPvyS Regulation of TfR Levels at the
Cell Surface

As well as stimulating GLUT4 translocation in adipocytes,
insulin also causes an approximately twofold increase in cell
surface TfR levels in 3T3-L1 adipocytes (Tanner and Lien-
hard, 1987). We have compared the effects of insulin and
GTP+S on cell surface TfR levels. GTPvS induced a smaller
increase in cell surface TfR levels (~135%, average of two
experiments) than insulin (185%, average of two experi-
ments) (Figure 4).

Is the Endosomal System Involved in Insulin-
stimulated GLUT4 Translocation?

Whereas the effects of GTPyS on GLUT4 translocation were
almost completely attenuated by endosome ablation, a ro-
bust effect of insulin was still observed under these condi-
tions (Table 1 and Figure 1). The most likely interpretation of
these data is that insulin stimulates the direct movement of
GLUT4 to the plasma membrane from an intracellular com-
partment (such as GSVs) that is distinct from the endosomal
system. However, it is also conceivable that new endosomes
are regenerated during the incubation with insulin, and the
GSVs may first fuse with this compartment en route to the
cell surface. In an attempt to determine whether endosome
regeneration could occur under the present experimental
conditions, we performed the experiments outlined in Fig-
ure 5. We have previously shown (Martin et al., 1998) that
endosome ablation inhibits subsequent recycling of the TfR
in adipocytes (Figure 5A). However, a proportion of the total
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Figure 3 (facing page). Effects of insulin and GTP+S on the sub-
cellular distribution of Rab proteins in 3T3-L1 adipocytes. 3T3-L1
adipocytes were stimulated with GTPyS (100 uM) or insulin (1 uM)
for 15 min and subjected to subcellular fractionation as outlined in
MATERIALS AND METHODS. Aliquots (10 ug of protein) of iso-
lated plasma membrane (PM) and low-density microsomes (LDM)
were separated by SDS PAGE, transferred to nitrocellulose, and
immunoblotted with antibodies against vp165, GLUT4, Rab4, Rab5,
Rab7, or Rab11 and Syntaxin 4 as indicated. Shown are representa-
tive immunoblots from three experiments of this type. Quantifica-
tion of this data is presented in B.

cellular TfR remains at the plasma membrane and thus will
be unaffected by ablation. These receptors may be internal-
ized and thus can be used as a marker for newly formed
endosomes. To test this possibility, we determined 1)
whether TfR present at the cell surface could internalize
effectively after ablation, and 2) if so, whether these recep-
tors could recycle back to the cell surface. The data pre-
sented in Figure 5B clearly show that internalization of TfR
from the plasma membrane of 3T3-L1 adipocytes is essen-
tially unaffected by endosome ablation and that the internal-
ized receptors can subsequently recycle back to the plasma
membrane (Figure 5C). Hence, it is not possible to use this
experimental strategy to definitively rule out a role for the
endosomal system in mediating at least some of the effects of
insulin on GLUT4 translocation in these cells.

DISCUSSION

In the present study we provide evidence demonstrating
that adipocytes contain at least two regulatory recycling
pathways that can be used to differentially regulate the
composition of the cell surface. The first of these pathways
represents the endosomal system, and the second is a non-
endosomal pool of GLUT4, which we have referred to as
GSVs. These pathways appear to be distinct in three major
ways. First, they exhibit unique regulatory properties. Al-
though insulin appears to stimulate both pathways, other
agonists, in this case GTP®S, selectively regulate only one of
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Figure 4. Effects of insulin and GTP+S on cell surface TfR levels.
3T3-L1 adipocytes were permeabilized with a-toxin as outlined in
MATERIALS AND METHODS and incubated for 5 min before
addition of insulin (1 uM) or GTP»S (100 uM) for 15 min at 37°C.
Cells were then rapidly transferred to ice-cold buffer for assay of cell
surface TfR levels. Shown are data from a representative experi-
ment; each point is the mean of triplicate determinations (+ SEM).

these pathways. Second, these pathways appear to have
distinct points of origin within the cell. The GTP+S-sensitive
pathway is predominately derived from the endosomal sys-
tem, whereas, in addition to this pathway, insulin also stim-
ulates the movement of GLUT4 from a compartment that is
distinct from the recycling endosomal system. Finally each
pathway appears to carry a subset of unique cargo in that
molecules such as GLUT1 appear to selectively use the en-
dosomal route, whereas other proteins, such as GLUT4,
appear to use both.

Insulin and GTPyS Access Distinct Intracellular
GLUT4 Compartments

We present three lines of evidence to suggest that GTPvS
selectively stimulates recycling via the endosomal system.
First, it is almost completely blocked by endosomal ablation,
whereas by contrast there is only a partial block of insulin
action (Figure 1, A and B, and Table 1). Second, we have
shown that GTPyS-stimulated GLUT4 translocation is selec-
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Figure 5. TIR recycling in ablated cells indicates de novo endosome
formation. (A) 3T3-L1 adipocytes were incubated with 2.2 ug/ml
[***T]transferrin (3 pCi) together with TfHRP at 20 pg/ml. Subse-
quently, cell surface-attached Tf/TfHRP was removed, and cyto-
chemistry using DAB with or without hydrogen peroxide was per-
formed at 4°C as outlined. After incubation at 4°C for 1 h to complete
the ablation reaction, cells were rewarmed to 37°C and incubated for
the times shown to allow assay of the release of radiolabeled trans-
ferrin from the cells. Cell-associated transferrin was measured at the
time shown in control (open circles) and ablated (filled circles) cells.
Each point is the mean of three determinations, and data from a
representative experiment are shown. (B) In these experiments, cells
were loaded with TfHRP as outlined and then transferred to ice-cold
buffer to stop membrane trafficking. Subsequently, cell surface-at-
tached Tf/TfHRP was removed, and cytochemistry using DAB with
or without hydrogen peroxide was performed at 4°C as outlined.
After incubation at 4°C for 1 h to complete the ablation reaction, cells
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incubated at 37°C with 3 nM ['?’[Jtransferrin for the times shown.

Time of chase (min) Cells were then transferred to ice-cold buffer, cell surface-associated

[*?*T]transferrin was removed by acid washing, and cell-associated
transferrin was then determined as outlined. Shown are the data from a typical experiment (each point is the mean of triplicate
determina-tions), repeated a further two times. Open circles represent uptake in control cells, and filled circles represent uptake in ablated
cells. There was no detectable difference in the rate of Tf uptake under these conditions. (C) The experiment shown in B indicates that the
TfR that remains at the cell surface after endosome ablation is still capable of binding ligand and internalizing it. This suggests that an
endosomal system may reform de novo. To examine this possibility we next measured TfR recycling under the same conditions. Cells were
loaded with TfHRP as outlined and then transferred to ice-cold buffer to stop membrane trafficking. Subsequently, cell surface-attached
TfHRP was removed, and cytochemistry using DAB with or without hydrogen peroxide was performed at 4°C as outlined. After incubation
at 4°C for 1 h to complete the ablation reaction, cells were rewarmed to 37°C, and 3 nM [**I]transferrin was added to the cells for 30 min
at 37°C. Cells were then transferred to ice-cold buffer, and cell surface-associated ['*I]transferrin was removed by acid washing. The cells
were then rewarmed to 37°C, and the rate of externalization of transferrin was determined. Shown is the result of a typical experiment; each
point is the mean of triplicate determinations at each condition. Open circles represent uptake in control cells, and filled circles represent
uptake in ablated cells. There was no detectable difference in the rate of Tf release under these conditions.
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tively inhibited by GST-cellubrevin but not by GST-VAMP2
(Figure 2, A and B). Finally, other proteins, such as GLUT1,
thought to recycle by the endosomal system are also regu-
lated by GTPvS and are selectively blocked by GST-cellubre-
vin (Figure 2C). Insulin, on the other hand, appears to stim-
ulate GLUT4 translocation from both endosomes and a
separate compartment (GSVs). This separate compartment is
defined on the basis of two experimental criteria. First, a
robust effect of insulin on GLUT4 translocation was still
observed in ablated cells, and second, the cytosolic tail of
VAMP2 inhibited insulin-stimulated GLUT4 translocation
by ~40%.

Collectively, these findings have led us to propose the
following model. We suggest that there are two separate
GLUT4 compartments in adipocytes, one of which is en-
dosomal in origin and the other nonendosomal (GSV).
Both insulin and GTP+yS mobilize the endosomal pool of
GLUT4, but only insulin is capable of translocating
GLUT4 from the GSV compartment. Some proteins, such
as GLUT1 and the TfR, predominantly recycle back to the
plasma membrane via recycling endosomes. This proba-
bly represents a generic pathway that is found in all cell
types. Indeed, many growth factors have been shown to
stimulate cell surface levels of GLUT1, TfR, and other
recycling membrane proteins in a range of cell types (Oka
et al., 1984; Tanner and Lienhard, 1987; Gould et al., 1994;
Kandror and Pilch, 1996, 1998), and many of these pro-
teins have been observed to colocalize in 3T3-L1 adipo-
cytes (Tanner and Lienhard, 1989; Kandror and Pilch,
1998). Thus the endosomal pathway may be regulated via
a variety of agonists to transiently increase generalized
recycling. More specialized molecules, such as GLUT4
and insulin-responsive amino peptidase, may recycle via
the GSVs, and this compartment may be uniquely regu-
lated by insulin. This unique insulin-responsive compart-
ment is likely to be cell type specific, and recent studies in
3T3-L1 adipocytes have provided evidence for the forma-
tion of such a compartment in these cells at an early stage
of differentiation (El-Jack ef al., 1999b). This pathway may
serve two major purposes: 1) to exclude proteins such as
GLUT4 and insulin-responsive amino peptidase from the
recycling pathway in the absence of insulin, and 2) to act
as a reservoir of GLUT4, which is mobilized after insulin
stimulation. Neither of these properties is afforded by the
endosomal pathway. The notion of different intracellular
GLUT4 compartments has also been advanced in the con-
text of exercise- and insulin-stimulated glucose transport
in muscle (Coderre et al., 1995; Yeh et al., 1995; Aledo et al.,
1997; Ploug et al., 1998). The data presented here suggest
that exercise and GTPyS may represent analogous path-
ways of GLUT4 recruitment.

Implications of the Two-Compartment Model for
GLUT#4 Trafficking

One implication of this two-compartment model is that
distinct signal transduction machinery may be involved in
the mobilization of GLUT4 from these different compart-
ments. We suggest that GSVs are uniquely sensitive to
insulin presumably as a consequence of a novel aspect of
intracellular signaling in response to activation of the
insulin receptor. This model also implies that the traffick-
ing machinery may be distinct. In this regard, we have
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shown that GTPyS-stimulated GLUT4 translocation pri-
marily involves the generic endosomal v-SNARE cellubre-
vin (Figure 2) and early endosomal Rab proteins Rab4 and
Rab5 (Figure 3). Conversely, the effect of insulin on GSVs
is mainly regulated by the more specialized v-SNARE
VAMP2 and presumably by a distinct Rab protein that
remains to be identified.

One prediction of this model is that insulin and GTPvS
should be additive for GLUT4 translocation. This is not the
case, at least at maximal doses of these agonists (Robinson et
al., 1992; Elmendorf et al., 1998). The most obvious explana-
tion for this is that insulin and GTPyS may have similar
effects on the endosomal system in these cells, which is
consistent with our model. This highlights one difference
between the model proposed here and that suggested to
explain insulin- and exercise-stimulated GLUT4 transloca-
tion in skeletal muscle. In muscle, insulin and exercise are
additive for GLUT4 translocation, whereas in adipocytes
insulin and GTP~S are not.

A further prediction of our model is that if insulin stim-
ulates GLUT4 translocation from both endosomes and
GSVs, there should have been at least partial inhibition of
the insulin effect in the presence of GST-cellubrevin. How-
ever, this was not the case (Figure 2A). Cellubrevin clearly
plays a role in insulin-stimulated endosomal trafficking to
the cell surface based on its effect on GLUT1 translocation
(Figure 2C). We cannot exclude a role for cellubrevin in the
insulin-regulated trafficking of GLUT4 in view of the quan-
titative limitations of our assay. GST-cellubrevin inhibited
insulin-stimulated GLUT1 translocation by ~40%. Assum-
ing that all of the GLUT1 is recycling via early endosomes,
this sets an upper limit to the degree of inhibition to be
expected for GLUT4. However, we have estimated that only
~40% of the total intracellular GLUT4 is targeted to endo-
somes (Livingstone et al., 1996). Hence, if GST-cellubrevin
inhibited flux from the endosomal pool of GLUT4 by 40%,
quantitatively this would have resulted in a 16% decrease in
the total insulin response. A change of this magnitude
would not be detected by our assay system.

The TfR is often considered to be the prototypical
marker of the recycling endosomal system, in which case
we would have expected to have observed a similar effect
of insulin and GTP+S on the translocation of this protein
to the cell surface. However, we found that insulin had a
much greater effect than GTPvS on TfR exocytosis (Figure
4). The most likely explanation for this discrepancy is that
a proportion of the TfR may be targeted to the GSVs thus
rendering it more responsive to insulin than to GTPyS. In
fact a recent study by El Jack et al. (1999a) has proposed
that the TfR is targeted to GSVs in 3T3-L1 adipocytes. We
argue that this is a minor fraction of the TfR, because
~85% of the TfR is lost upon endosome ablation (Living-
stone et al., 1996). Nevertheless, the nonablatable TfR may
contribute to the additional effect of insulin observed in
the present studies.

Another question raised by the present experiments is
why GTPvS does not promote translocation of GLUT4 from
the GSVs, thus mimicking insulin action. There may be
several explanations for this. First, GSVs may first fuse with
another compartment en route to the cell surface, and
GLUT4 may accumulate in this compartment in response to
GTP~S. Such a model is attractive because it can account for
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the inhibition of insulin-stimulated GLUT4 translocation ob-
served in response to GDPfSS at low doses of insulin (El-
mendorf et al., 1998). We have attempted to exclude this
possibility, but instead our data definitively show that a new
endosomal compartment can reform after ablation with Tf-
HRP (Figure 5), and so we cannot exclude this model. Fi-
nally, the model we currently prefer is that exit from the
early endosome is a constitutive ongoing process, which is
accelerated by activating a Rab protein, which increases
docking of vesicles derived from this site with the plasma
membrane. However, GSVs have a slow exocytic rate in the
absence of insulin because of some kind of interaction with
a factor that precludes recycling. Thus, to recruit GLUT4
from GSVs it may be necessary to overcome this interaction
as well as to regulate docking of these vesicles at the cell
surface. Insulin may be able to achieve both of these effects,
whereas GTPyS may only activate the latter. This model is
also consistent with the lack of additivity of GTPyS and
insulin on transport.

Rab Proteins and GLUT4 Trafficking in
Response to GTPyS

GTP~S caused an accumulation of both Rab4 and Rab5 in
the plasma membrane, with no effect on either Rab7 or
Rab11 (Figure 3, A and B). This is consistent with a role for
Rab4 in regulating a recycling pathway from early endo-
somes to the cell surface and a role for Rab5 in regulating
internalization from the plasma membrane (McLauchlan
et al., 1998). Insulin stimulation increased Rab5 levels at
the plasma membrane (Figure 3A) (Cormont ef al., 1996)
but had no effect on Rab4. The basis for the differential
effect of insulin but not GTPyS on the accumulation of
these proteins at the plasma membrane is not known. The
prediction is that the Rab proteins will localize either to
their target membrane or the step that defines their rate-
limiting point of function in response to GTPvS. This will
not be the case for insulin, because repeated cycles of GTP
loading and hydrolysis will occur. Our observation that in
response to GTPyS both Rab4 and Rab5 become plasma
membrane localized argues that this is the likely target
membrane for both of these Rabs. This is in contrast to
data obtained in other cell types with GTP-locked mutants
of these Rabs, which do not localize to the plasma mem-
brane (van der Sluijs et al., 1992; Stenmark et al., 1995;
Vitale et al., 1998). The difference may reflect the acute
nature of our experiments in which we have studied the
localization of the Rabs at 15 min after GTPyS loading. It
is conceivable that long-term expression of a GTP-locked
mutant may cause an accumulation at a different stage of
the Rab cycle. As such, this approach is potentially inter-
esting and may shed new light on the function of these
proteins. Based on the data presented here, we propose
that Rab4 and Rab5 regulate trafficking events directly at
the plasma membrane, and that insulin may also regulate
such events.

Limitations of the Two-Compartment Model

Many recent studies, the present one included, have pro-
posed a relatively simple two-compartment model to ex-
plain the insulin-dependent trafficking of GLUT4. A num-
ber of issues remain to be resolved, however, concerning
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the validity of this model. First, do the GSVs move di-
rectly to the plasma membrane? We have tried to answer
this question using endosomal ablation in living cells.
However, we cannot exclude the possibility of endosomal
reformation under the assay conditions used (Figure 5).
Second, what is the communication between the GSVs
and other compartments under basal conditions? At
present, we view the GSVs as a very static compartment
that once formed remains disconnected from the endoso-
mal system; however, this may be an oversimplification,
and these compartments may remain in dynamic equilib-
rium. Nevertheless, there is clearly a separate trafficking
event for GLUT4 that is acutely regulated by insulin and
that involves unique molecules such as VAMP2. Thus, the
present studies suggest that there are at least two separate
pathways via which GLUT4 can travel to the surface.
Insulin appears to stimulate both of these pathways, but
GTP+S only stimulates one of these. It is now of funda-
mental interest to determine the unique molecular char-
acteristics of the insulin-specific pathway.
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