
Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 15169–15173, December 1996
Cell Biology

Insulin-stimulated translocation of GLUT4 glucose transporters
requires SNARE-complex proteins

BENTLEY CHEATHAM*†, ALLEN VOLCHUK‡, C. RONALD KAHN*, LOIS WANG*, CHRISTOPHER J. RHODES*,
AND AMIRA KLIP‡

*Research Division, Joslin Diabetes Center and the Department of Medicine, Harvard Medical School, Boston, MA 02215; and the ‡Division of Cell Biology, The
Hospital for Sick Children, Toronto, ON Canada M5G 1X8

Communicated by Harvey F. Lodish, Whitehead Institute, Cambridge, MA, October 28, 1996 (received for review March 2, 1996)

ABSTRACT A major physiological role of insulin is the
regulation of glucose uptake into skeletal and cardiac muscle
and adipose tissue, mediated by an insulin-stimulated trans-
location of GLUT4 glucose transporters from an intracellular
vesicular pool to the plasma membrane. This process is
similar to the regulated docking and fusion of vesicles in
neuroendocrine cells, a process that involves SNARE-complex
proteins. Recently, several SNARE proteins were found in
adipocytes: vesicle-associated membrane protein (VAMP-2),
its related homologue cellubrevin, and syntaxin-4. In this
report we show that treatment of permeabilized 3T3-L1 adi-
pocytes with botulinum neurotoxin D, which selectively
cleaves VAMP-2 and cellubrevin, inhibited the ability of
insulin to stimulate translocation of GLUT4 vesicles to the
plasma membrane. Furthermore, treatment of the permeabil-
ized adipocytes with glutathione S-transferase fusion proteins
encoding soluble forms of VAMP-2 or syntaxin-4 also effec-
tively blocked insulin-regulated GLUT4 translocation. These
results provide evidence of a functional role for SNARE-
complex proteins in insulin-stimulated glucose uptake and
suggest that adipocytes utilize a mechanism of regulating
vesicle docking and fusion analogous to that found in neu-
roendocrine tissues.

One of the best characterized systems for analysis of function
of SNARE-complex proteins is the transport, docking, and
regulated fusion of synaptic vesicles with presynaptic mem-
branes in neuroendocrine tissues (1–4). In these systems, the
synaptic vesicle-associated SNARE (v-SNARE) proteins, such
as the vesicle-associated membrane proteins (VAMPs) (also
known as synaptobrevins) form high-affinity complexes with
their cognate target membrane proteins (t-SNARE), such as
syntaxins and SNAP-25 proteins (synaptosome-associated
protein of 25 kDa), present on the presynaptic membrane (4).
Neurosecretory vesicle docking and fusion events share

similarities with the process involved in insulin-stimulated
glucose uptake, in which intracellular vesicles containing
GLUT4 glucose transporters are translocated and fuse with
the plasma membrane allowing increased glucose entry into
the insulin-sensitive tissues: skeletal and cardiac muscle and
adipose (5, 6). Recently, a number of protein components
associated with immunopurified GLUT4-containing vesicles
have been identified. These include a novel aminopeptidase
(gp160), secretory carrier-associated membrane proteins
(SCAMPs), low molecular weight GTP-binding proteins, and
two members of the synaptobrevin family of proteins:
VAMP-2 and cellubrevin (7–13). The function of all of these
proteins in adipocytes remains unknown. VAMP-2 expression
was initially thought to be restricted to neuroendocrine cells
and associated with synaptic vesicles as described above. In
contrast, the highly homologous protein, cellubrevin, shows a

wide tissue distribution, is associated with endosomes, and is
thought to be involved in constitutive recycling of vesicles (14,
15). The association of VAMP-2 and cellubrevin with immu-
nopurified GLUT4 vesicles and their redistribution following
stimulation with insulin (8) suggest that adipocytes may utilize
similar molecular machinery and perhaps an analogous mech-
anism for GLUT4–vesicle docking and fusion as observed for
synaptic vesicles in neuroendocrine cells. In addition, syn-
taxin-4 (a cognate t-SNARE for VAMP-2 in neuroendocrine
cells) has also been reported to be expressed in 3T3-L1
adipocytes (16). The purpose of the present study was to
determine whether these molecules play a functional role in
insulin-stimulated GLUT4–vesicle translocation to the plasma
membrane in 3T3-L1 adipocytes.

EXPERIMENTAL PROCEDURES

Cell Culture and Permeabilization with Streptolysin O
(SLO). 3T3-L1 fibroblasts were maintained in DMEM con-
taining 10% calf serum. Adipogenesis was induced with
DMEM containing 10% fetal bovine serum, dexamethasone,
isobutylmethylxanthine, and insulin as described (17). Fully
differentiated 3T3-L1 adipocytes were permeabilized with
SLO for 5 min at 378C in intracellular buffer (20 mM Hepes,
pH 7.4y140 mM K1-glutamatey5 mM MgCl2y5 mM EGTAy5
mMNaCly1mMDTT) (18). AnATP-regenerating systemwas
included in this buffer and consisted of 0.1 mgyml creatine
kinase, 5 mM creatine phosphate, and 1 mM ATP. Based on
guanosine 59-[g-thio]triphosphate-stimulated GLUT4 translo-
cation, 80–90% of the cells were permeabilized by this tech-
nique.
Treatment of Permeabilized Cells with Clostridial Botulinum

Neurotoxins (BoNTs), IgA Protease, and Glutathione S-
transferase (GST) Fusion Proteins. BoNTs were obtained
from Sigma. IgA protease was purchased from Boehringer
Mannheim. Before incubation with permeabilized cells, the
BoNTs were reduced with 20 mM DTT for 30 min at 378C.
Permeabilized cells were treated with buffer alone, 100 nM
BoNT D, 100 nM BoNT C, or 940 nM IgA protease for 20–30
min at 378C. In experiments using GST fusion proteins, the
permeabilized cells were incubated for 10 min in the absence
of GST protein or in the presence (10 mM) of GST alone, a
soluble form of GST–VAMP-2 fusion protein (amino acids
1–94 of rat VAMP-2 sequence, which lacks the transmembrane
domain), or a soluble form of GST–syntaxin-4, which lacks the
C-terminal 25 amino acids encoding the transmembrane do-
main (kind gift of Richard H. Scheller, Stanford University
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Medical Center). The cells were then incubated for a further
10 min in the absence or presence of insulin (100 nM), and
plasma membrane sheets or membrane proteins were pre-
pared as described below.
Immunofluorescence of Plasma Membrane Sheets. Trans-

location of GLUT4 to the cell surface was assessed using an
immunofluorescence staining of plasma membrane sheets
(19). 3T3-L1 cells were grown and differentiated on glass
coverslips. Following the indicated treatments, the coverslips
were washed in ice-cold buffer containing 50 mM Hepes (pH
7.4) and 100 mM NaCl. The cells were then subjected to
sonication in buffer containing 20 mM Hepes (pH 7.4), 100
mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1 mgyml leupeptin, 10
mgyml aprotinin, and 2 mM phenylmethylsulfonyl f luoride
(PMSF). The plasma membrane sheets were incubated with a
rabbit antisera raised against a C-terminal GLUT4 peptide
(East Acres Biologicals, Southbridge, MA) followed by a
secondary incubation with a rhodamine-conjugated anti-rabbit
IgG. Images were obtained using a Zeiss confocal microscope.
Preparation of Subcellular Membrane Fractions and Anal-

ysis of Proteins by Immunoprecipitation and Immunoblotting.
Subcellular membrane fractions were prepared as described
(7). Briefly, 3T3-L1 cells were harvested in HES buffer (20
mM Hepes, pH 7.4y250 mM sucrosey1 mM EDTAy10 mg/ml
aprotininy1 mg/ml leupeptiny2 mM PMSF) and homogenized
using a Teflon pestle in a glass homogenizer. The supernatant
from a 19,000 3 g centrifugation was centrifuged at 48,000 3
g to obtain a high-density membrane pellet. The 48,000 3 g
supernatant was centrifuged at 210,000 3 g to obtain the low
density microsomal (LDM) pellet. Equal amounts of protein
from LDM fractions were solubilized, separated by SDSy
PAGE, transferred to nitrocellulose or poly(vinylidene diflu-
oride), and immunoblotted with antisera against GLUT1,
GLUT4 (East Acres Biologicals), SCAMP (kind gift from
David Castle, Charlottesville, VA), VAMP-2 (8), or cellubre-
vin (kind gift from Pietro De Camilli, New Haven, CT).
Immunoreactive material was detected by incubation with
[125I]-labeled protein A or by incubation with a secondary IgG
coupled to horseradish peroxidase followed by chemilumines-
cence detection. In vitro IgA protease reactions were carried
out using 20 mg of LDM protein incubated in the absence or
presence of IgA protease (240 nM) for 60 min at 378C. The

reactions were terminated by addition of SDSyPAGE sample
buffer and subjected to immunoblot analysis as described
above. For immunoprecipitation and analysis of syntaxin-4,
membrane preparations from 3T3-L1 adipocytes were solubi-
lized in buffer containing 20 mMHepes (pH 7.8), 0.9% Triton
X-100, 100 mM KCl, 1 mM DTT, 2 mM EDTA, and 1 mM
PMSF. Samples containing equal amounts of protein were
incubated with protein A-Sepharose beads coupled to an
affinity-purified syntaxin-4 antibody (aSynt4) raised against a
syntaxin-4 fusion protein encompassing amino acids 1–274
(20) or nonimmune serum. The immunoprecipitated proteins
on the beads were washed and solubilized in SDSyPAGE
sample buffer, separated by SDSyPAGE, and analyzed by
immunoblotting.

RESULTS AND DISCUSSION

The various serotypes of BoNTs are Zn-dependent endopep-
tidases that have a unique substrate specificity. BoNT B, D,
and F cleave VAMP-2 and cellubrevin; BoNT A and E cleave
SNAP-25; and BoNT C cleaves certain syntaxin isoforms
(21–23). These BoNT proteins have been powerful tools in
defining functional roles for several of the proteins involved in
the docking andyor fusion of synaptic vesicles with presynaptic
membranes (4). To test the hypothesis that VAMP-2 and
cellubrevin are involved in regulated GLUT4–vesicle translo-
cation, we determined the effect of BoNT cleavage of the
known substrate proteins present in adipocytes and examined
their potential functional role in insulin-regulated transloca-
tion of GLUT4.
To introduce the BoNTs into 3T3-L1 adipocytes we estab-

lished a permeabilized adipocyte system using SLO. The
SLO-permeabilized adipocytes maintain the cellular compo-
nents required for insulin-regulated GLUT4 translocation
(18). Thus, treatment of permeabilized 3T3-L1 adipocytes with
insulin resulted in a dramatic increase in the amount of
GLUT4 associated with the plasma membrane as determined
by immunofluorescence of plasma membrane sheets (Fig. 1A).
Pretreatment of the permeabilized cells with 100 nM BoNT D
completely inhibited this insulin-stimulated GLUT4 translo-
cation (Fig. 1A). In contrast, pretreatment with BoNT C

FIG. 1. Treatment of 3T3-L1 adipocytes with BoNT D blocks insulin-stimulated GLUT4–vesicle translocation to the plasma membrane. (A)
SLO-permeabilized 3T3-L1 adipocytes were pretreated for 20 min with buffer alone (control) or buffer containing 100 nM BoNT D or BoNT C,
followed by an additional 10-min incubation with insulin. Plasma membrane sheets were then prepared and GLUT4 was detected by
immunofluorescence. (B) Following treatment of permeabilized cells with buffer alone (2) or BoNTD (1), an LDM subcellular membrane fraction
was prepared and LDM-resident proteins were examined by immunoblot analysis using antisera against the proteins indicated.
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(which cleaves syntaxins-1Ay1B, -2, and -3) did not alter
GLUT4 translocation.
To determine the specificity and extent of cleavage of the

BoNT D target proteins (VAMP-2 and cellubrevin) present in
adipocytes, we prepared a LDM subcellular fraction that
contains the intracellular GLUT4 vesicles and examined sev-
eral resident protein components by immunoblot analysis.
BoNT D treatment of permeabilized 3T3-L1 adipocytes re-
sulted in an 80% decrease in immunodetectable levels of both
VAMP-2 and cellubrevin (Fig. 1B), indicative of the specific
cleavage by BoNT D. As expected, other LDM-resident pro-
teins, such as GLUT1, GLUT4, and SCAMPs, were unaffected
by BoNT D. In addition, the Coomassie blue staining pattern
of proteins from control and BoNT D-treated samples was
identical (data not shown), suggesting the absence of any
global effect by the toxin.
VAMP-2 and cellubrevin share extensive sequence homol-

ogy; however, VAMP-2 contains an IgA protease recognition
motif (PPXP, where X is alanine, threonine, or serine), located
within its N terminus, that is not present in cellubrevin (24). To
assess the relative contribution of VAMP-2 vs. cellubrevin in
GLUT4–vesicle translocation, we pretreated permeabilized
3T3-L1 adipocytes with IgA protease. As indicated in Fig. 2A,
IgA protease blocked the majority of insulin-stimulated trans-
location of GLUT4 to the plasma membrane. As predicted,
analysis of LDM-resident proteins following an in vitro IgA
protease reaction revealed that VAMP-2 was cleaved to a
lower ('14 kDa) form, while cellubrevin, GLUT4, and the
37-kDa SCAMP isoform were unaffected (Fig. 2B). IgA
protease did cleave the 39-kDa form of SCAMP protein, and
this protein was more sensitive than VAMP-2 to cleavage by
IgA protease. However, at lower concentrations of IgA pro-
tease, when the 39-kDa SCAMP protein was cleaved and no
VAMP-2 cleavage was observed, there was no effect on
insulin-stimulated GLUT4 translocation to the plasma mem-
brane (not shown), suggesting that this form of SCAMP is not
required for insulin-regulatedGLUT4–vesicle translocation or
that in its cleaved form its function is not affected by prote-
olysis.
In neurosecretory cells, the VAMP proteins present on

synaptic vesicles can form complexes with syntaxins and
SNAP-25 present on presynaptic membranes (4, 25). Syntax-
ins-1Ay1B and the neuronal form of SNAP-25 are not de-
tected in 3T3-L1 adipocytes; however, they do contain syn-
taxin-4 (16). BoNT C can block exocytosis by cleavage of

syntaxins-1Ay1B, -2, and -3 (2, 22); however, syntaxin-4 is
resistant to cleavage by BoNT C (26), perhaps explaining the
lack of effect of BoNTC onGLUT4–vesicle translocation (Fig.
1A). To show whether, in 3T3-L1 adipocytes, VAMP-2 has the
potential SNARE–protein–protein interactions with syn-
taxin-4, we used an antibody against syntaxin-4 and observed
coprecipitation of VAMP-2 with syntaxin-4 in detergent ex-
tracts prepared from intact cells (Fig. 3A). These results
indicate that the endogenous complements of these proteins
are able to form stable complexes in these cells. In an attempt
to further define a functional role for both VAMP-2 and
syntaxin-4 in GLUT4 translocation, we pretreated permeabil-
ized adipocytes for 10 min with soluble forms (lacking the
transmembrane region) of GST-syntaxin-4 or GST-VAMP-2
(Fig. 3B). Both the GST–VAMP-2 protein and the GST–
syntaxin-4 protein inhibited the insulin-stimulated transloca-
tion of GLUT4. In contrast, GST alone had no effect. Thus, by
interacting with their cognate t-SNARE or v-SNARE, GST–
VAMP-2 and GST–syntaxin-4, respectively, interfere with the
GLUT4–vesicle translocation to the plasma membrane. Each
protein, in this way, attests the involvement of the other and
further supports the hypothesis that SNARE-complex proteins
are necessary components in insulin-regulated GLUT4 trans-
location in adipocytes.
The above data provide compelling evidence for a func-

tional role for VAMP-family proteins in insulin-regulated
GLUT4–vesicle translocation. BoNT D cleaves both VAMP-2
and cellubrevin and blocks regulated GLUT4–vesicle translo-
cation. While IgA protease is not as selective as the BoNTs, its
proteolysis of VAMP-2 and not cellubrevin also leads to a
significant, although not complete, inhibition of GLUT4–
vesicle translocation. Furthermore, GST–VAMP-2 effectively
inhibits insulin’s ability to stimulate translocation of GLUT4,
presumably by competing for formation of functional SNARE
complexes. From these results, it appears that VAMP proteins
are required functional components for insulin-regulated
GLUT4 docking andyor fusion with the plasma membrane.
The exact functional distinction between VAMP-2 and

cellubrevin is unclear. In fibroblasts, cellubrevin is localized to
endosome-derived vesicles and cleavage of cellubrevin pre-
vents constitutive recycling of these vesicles (14, 15). In
addition, cellubrevin-containing vesicles immunopurified
from adipocytes contain GLUT4 but do not contain detectable
levels of VAMP-2 (8). Furthermore, Martin et al. (27) have
recently shown that ablation of endosomes in 3T3-L1 adipo-

FIG. 2. IgA protease blocks insulin-stimulated GLUT4–vesicle translocation to the plasma membrane. (A) SLO-permeabilized 3T3-L1
adipocytes were incubated in the absence (control) or presence of 940 nM IgA protease (Boehringer Mannheim) for 30 min at 378C. The cells were
then incubated a further 10 min with insulin (100 nM). Preparation of plasma membrane sheets and GLUT4 immunofluorescence were carried
out as described above. (B) In vitro IgA protease reactions. LDM protein (20 mg) was incubated in the absence (control) or presence of 275 nM
IgA protease for 60 min at 378C. The reactions were terminated by addition of SDSyPAGE sample buffer, and the reaction products were examined
by immunoblot analysis as described in Fig. 1. Full-length VAMP-2 is 18 kDa; its IgA fragment (cleaved) is indicated.
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cytes results in the loss of 90% of the cellubrevin found in
intracellular vesicles but only a 10% loss in VAMP-2 and a 40%
loss in GLUT4. Taken together these data suggest that
VAMP-2 and cellubrevin may be localized to distinct pools of
GLUT4 vesicles (Fig. 4), consistent with the hypothesis that
one pool of GLUT4 vesicles originates from a distinct exocy-
totic compartment and the other is endosomal derived (6, 8, 27,
28). Our data are consistent with this notion since cleavage of
VAMP-2 but not cellubrevin by IgA protease leads to a loss of
insulin-stimulated translocation of GLUT4, suggesting that
cellubrevin-associated vesicles may not be involved in the
acutely regulated translocation of GLUT4. However, further
studies are necessary to clearly define the contribution of each
of these pools to insulin-regulated glucose uptake.
The expression of syntaxin-4 in adipocytes, its association

with VAMP-2, the functional requirement of VAMP-2, and
the observation that a GST–syntaxin-4 protein can block
insulin-stimulated GLUT4 translocation provide strong evi-
dence that syntaxin-4 can serve as a cognate t-SNARE mol-
ecule for VAMP-2 in 3T3-L1 adipocytes (Fig. 4). Thus, the
requirement of syntaxin-4 and VAMP-2 (and perhaps cel-
lubrevin) for insulin-stimulated translocation of GLUT4-
containing vesicles to the plasma membrane in adipocytes
suggests that this process utilizes proteins that are functionally
comparable to those involved in regulated vesicular traffic in
neuroendocrine systems. Furthermore, in neuroendocrine
cells the formation of the heterotrimeric SNARE complex
involves the binding of the vesicle-associated VAMP with
syntaxins and SNAP-25 present on the plasma membrane

(1–4). SNAP-25 is not detected in adipocytes using either a
monoclonal antibody or a polyclonal serum raised against the
C-terminal 12 amino acids of SNAP-25 (16, 29). However, an
antiserum raised against amino acids 33–206 of SNAP-25
detected a protein in adipocytes, suggesting the existence of an
adipocyte homologue (29). Indeed, SNAP-23 (a homologue of
SNAP-25) was recently cloned from human B lymphocytes
(30). Using an antibody to SNAP-23 we have detected this
protein in membrane preparations from 3T3-L1 adipocytes (P.
Wong, W. Trimble, A.K., M. Wilson, P. Roche, and B.C.,
unpublished results). This newly identified protein’s role in the
mediation of SNARE–protein–protein interactions, as well as
its possible role in GLUT4–vesicle translocation in adipocytes,
has not yet been established.
In conclusion, although it has been traditionally thought that

regulated secretory pathways were confined to neuroendo-
crine cells, we find functional elements of these pathways in
adipocytes. While these different cell systems share similar
endo- and exocytotic machinery, the signaling pathways lead-
ing to the regulation of these events appear to be quite
different. In addition, the data presented here indicate that
SNARE-complex proteins are necessary components in insu-
lin-regulated GLUT4–vesicle translocation in adipocytes. The
potential role of SNARE-complex proteins in the regulated
secretion of other proteins found in adipocytes, such as adipsin
(31) and the ob gene product, leptin (32), can now be deter-
mined.
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