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1. ABSTRACT

Fusion of GLUT4 vesicles with the plasma
membrane is a key terminal step in insulin-regulated
glucose transport. This fusion event is mediated by SNARE
proteins, syntaxin 4, SNAP23 and VAMP2, through a
process regulated by accessory proteins whose roles are
still unclear. Munc18c is a key regulatory protein of
syntaxin, and possibly of whole-SNARE complex cycling.
Rab GTPases, through interactions with tethering
molecules and SNAREs, provide targeting specificity in the
GLUT4 secretory pathway. We review here insulin-
mediated signaling of glucose transport, and particularly
the role played by SNAREs and their accessory proteins.

2. INTRODUCTION

The maintenance of blood glucose at the
homeostatic concentration is essential to whole-body well
being, and is a major physiological activity of insulin and
glucagon.  After a meal, and in response to elevated blood
sugar levels, pancreatic β- cells secrete insulin that, in a
healthy individual, suppresses hepatic glucose output
(gluconeogenesis) and stimulates glucose uptake in the
insulin-responsive tissues, skeletal muscle and fat. Non-
insulin dependent diabetes mellitus (NIDDM) develops
from insensitivity of these tissues to insulin, and resultant
chronic and abnormally high levels of blood glucose. This
impairment contributes significantly to the complications of
the disease that include renal failure, retinopathy, and nerve

and microvascular tissue damage. The partitioning of
glucose out of blood and into cells is therefore critical, and
is the job of a family of facilitative glucose transporters
(GLUTs); integral membrane proteins with predicted
twelve membrane-spanning helices. Of particular
importance to insulin action is GLUT4, a transporter
largely restricted to the insulin-responsive tissues, fat, and
skeletal and cardiac muscle (1, 2).  Under basal conditions,
GLUT4 is localized mainly to intracellular membrane
compartments. After a meal, and in response to cellular
insulin stimulation, GLUT4 is rapidly redistributed from
intracellular compartments to the plasma membrane (2,3,4)
where it facilitates uptake of glucose into the cell.

 The correct delivery of GLUT4-containing
vesicles to the plasma membrane and the recycling of
GLUT4 through intracellular membrane compartments
relies, in part, on the recognition of target membranes by
the vesicle and correct couplings of proteins that direct the
fusogenic process. These proteins, called SNAREs (Soluble
NSF attachment protein receptors), form a class of coiled-
coil proteins associated with the fusing membranes and, in
the case of GLUT4 exocytosis, are exemplified by VAMP2
(vesicle-associated membrane protein 2) on GLUT4
vesicles, and by syntaxin 4 and SNAP23 on the plasma
membrane (Table 1). Animal models such as the Zucker
fatty rat that expresses abnormal SNARE levels (5), and
syntaxin 4 heterozygous mice that develop muscle insulin
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Figure 1. Insulin signaling pathways mediating glucose transport. Two discrete pathways have been implicated in insulin-
stimulated glucose transport.  One is mediated via IRS and PI 3-kinase activation (left side), and the other by c-Cbl/CAP (right
side).  Both pathways are needed to stimulate GLUT4 translocation in adipocytes.  Insulin binding to its receptor causes a
conformational change in the receptor leading to activation and autophosphorylation of its cytosolic tyrosine kinase.   Tyrosine
960 acts as a docking site for IRS which is phosphorylated by the receptor and binds a number of substrates including PI 3-
kinase. PI 3-kinase phosphorylates inositol phospholipids in the 3’ position enabling recruitment, phosphorylation and activation
of PDK1 and its associated substrates PKB and atypical PKC’s zeta and lambda (aPKC) via association of its PH domain.
Downstream targets of these kinases resulting in GLUT4 translocation are unclear.  On the right hand side, insulin-stimulated
phosphorylation of CAP/Cbl  triggers its association with lipid rafts via flotillin, where phosphorylated Cbl recruits the adaptor
protein CrkII and C3G.  C3G is a guanine nucleotide exchange factor for the GTPase, TC10. The terminal signaling steps of this
GTPase activity mediating GLUT4 translocation are not yet known.

resistance (6) underscore the importance of SNAREs to
glucose homeostasis.

In this review we briefly recapitulate the itinerary
of insulin signaling events that lead to GLUT4 vesicle
mobilization and the compartmentalization of GLUT4
itself. Particular attention is then paid to the development of
the SNARE hypothesis, to the major players relating to the
final stages of GLUT4 vesicle exocytosis and to molecules
that may regulate this event.

3. INSULIN RECEPTOR SIGNALING TO GLUT4

Insulin exerts its action on a wide variety of
responsive tissues both as a growth factor and as a
metabolic regulator, affecting carbohydrate, lipid and
protein metabolism (7). The cellular response to insulin is

mediated by its cell-surface insulin receptor (IR), a
disulphide-linked, homodimeric glycoprotein consisting of
two extracellular alpha-subunits, and two membrane-
spanning beta-subunits that possess intracellular tyrosine
kinase activity (Figure 1) (8, 9,10). Insulin binding to the
alpha-subunit activates the tyrosine kinase domain by
inducing autophosphorylation, in trans, of Tyr1162,
Tyr1163 and Tyr1158 in the juxtaposed activation loop
(11), as well as other tyrosines. Some of these,
phosphotyrosine960 in particular, serve as recognition
signals for binding of a range of adaptor proteins, including
the insulin receptor substrate family (IRS1-4), Cbl, Gab1
and Shc. When these proteins are phosphorylated by the
insulin receptor kinase, they act as docking sites for
downstream effectors that contain SH2 or PTB binding
sites, such as phosphatidylinositol 3-kinase (PI 3-kinase)
and Grb2/SOS.
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 Table 1.  SNAREs and accessory proteins 
Protein Description Example yeast

homologues
Key
Reference

NSF N-ethylmaleimide-sensitive factor, soluble ATPase involved in fusion Sec18p 104,124
SNAP Soluble NSF attachment protein, binds NSF, three isoforms Sec17p 104,124
t-SNARE Target membrane soluble NSF attachment protein receptor   
v-SNARE Vesicle membrane soluble NSF attachment protein receptor   
syntaxin t-SNARE enriched on target membranes, many isoforms.

Syntaxin 4 is GLUT4 plasma membrane t-SNARE also involved in other
fusion events

Sso1p, Sso2p,
Sed5p, Tlg2p

6,111, 181

SNAP23 t-SNARE enriched on target membranes, t-SNARE for GLUT4 and other
fusion events, three isoforms,

Sec9p 111,181

VAMP v-SNARE, vesicle associated membrane protein, many isoforms.
VAMP2 is insulin-responsive GLUT4 vesicle SNARE also involved in
other fusion events

Sec22p, Snc1p,
Bet1p

111,181

Munc18 Syntaxin binding protein implicated in fusion, three isoforms.
Munc18c binds syntaxin 4, involved in GLUT4 trafficking and other
fusion events.

Sec1p,
Vps45p, Sly1p,
Slp1

187

Rabs Low molecular weight GTPases involved in vesicle traffic and possibly
tethering, many isoforms

Sec4p, Ypt1 210

Synip Syntaxin 4 interacting protein  169
Pantophysin Synaptophysin homologue, binds VAMPs  159
VAP-33 VAMP-associated protein  157

 Recruitment of PI 3-kinase by IRS leads to its
activation (12) and facilitates the phosphorylation of
phosphatidylinositol(4,5)bisphosphate (PI(4,5)P2) to
PI(3,4,5)P3. Reagents that block this step, such as the
fungal metabolite wortmannin (13) or LY294002, also
block insulin-stimulated GLUT4 translocation (14) and
glucose transport in adipocytes (15) and muscle (16, 17,
18). The effect of wortmannin on insulin-stimulated cells
can be overcome by the addition of membrane-permeant
esters of PI(3,4,5)P3, suggesting that the activity of PI 3-
kinase is essential to the metabolic function of insulin (19).

Attractive candidates for mediating the effects of
PI(3,4,5)P3 in insulin-responsive cells are members of the
AGC superfamily of serine kinases: phosphoinositide
dependent protein kinase-1 (PDK1) and its substrates,
protein kinase B (PKB, also known as Akt), and the
atypical protein kinase Cs (aPKC), zeta and lambda (20, 21,
22,23)(Figure 1).

PDK1 is activated upon binding of its PH domain
to PI(3,4,5)P3  (20).  This kinase, in turn, phosphorylates
and activates PKB/Akt isoforms as well as aPKCs. Recent
data suggests that PKB is localized to the plasma
membrane for activation by its association with PDK1 (24),
although both PKB and aPKCs have pleckstrin homology
(PH) domains that may also participate in directing their
membrane association. PKB exists in three isoforms that
appear to be differentially expressed in different tissues.
Both 3T3L1 and rat adipocytes preferentially express
PKBbeta (25, 26), whereas PKBalpha is more highly
expressed in rat hepatocytes (27).  Insulin-stimulated
translocation of PKBbeta to the plasma membrane has been
demonstrated in several studies (28, 26).  Two further
studies have reported the association of PKBbeta with
GLUT4 vesicles (29, 30), suggesting that PKBbeta can link
insulin signaling with glucose transport. Consistent with
this suggestion, it has been demonstrated that targeting

kinase-inactive PKB to GLUT4 vesicles markedly inhibits
GLUT4 translocation (31), and overexpression of
constitutively active PKB or PDK1 stimulates GLUT4
translocation (32, 33), whereas microinjection of cells with
antibodies directed against PKB, or with a substrate
peptide, inhibits insulin-stimulated GLUT4 translocation
(26). Finally, PKBbeta-knockout mice, but not those
ablated in PKBalpha, display insulin resistance and defects
in insulin action in liver and muscle (34,35).

In addition to activating PKB, PDK1 also
phosphorylates the activation loop of the atypical PKCs
zeta and lambda (23), proteins implicated by several studies
as effectors of insulin-stimulated GLUT4 translocation.
Overexpression of aPKCs in human or rat adipocytes
(33,36), in rat skeletal muscle (37) or in 3T3-L1 adipocytes
(38) stimulates plasma membrane association of GLUT4
and glucose uptake. Impaired activity of aPKC is also
associated with insulin resistance and reduced glucose
uptake in skeletal muscle of obese patients (39) as well as
impaired GLUT4 translocation in fat-fed rats (40). A clear
understanding of the relative roles of PKB and PKC in
insulin-stimulated glucose transport is yet to emerge,
however a recent study has provided some evidence that
PKB and aPKCs are able to form signaling complexes (41).

While these PI(3,4,5)P3 -mediated kinase
activities are clearly necessary for the metabolic effects of
insulin, several lines of evidence suggest that they alone are
not sufficient to elicit the full metabolic response.  For
instance, the very same esters of PI(3,4,5)P3 that can
substitute for PI 3-kinase activity cannot, in the absence of
insulin stimulation, induce glucose uptake (19). Similarly,
neither PI 3-kinase activation by PDGF (42) nor
overexpression of constitutively active PI 3-kinase results
in glucose uptake to levels achieved by insulin stimulation
(43), pointing to additional pathways regulating insulin-
stimulated glucose uptake.
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One potential pathway involves the small
GTPase, TC10 (Figure 1). In adipocytes, activated insulin
receptor directly phosphorylates Cbl complexed with CAP
(the Cbl-associated adaptor protein) and the adaptor protein
APS (44), whereupon the complex is recruited by flotillin
and relocates to caveolin-enriched lipid rafts (45).
Activated Cbl then recruits the CrkII-C3G complex to lipid
rafts, where the nucleotide exchange factor C3G
specifically activates the small GTP-binding protein TC10
(46). This pathway is independent of the PI 3-kinase
pathway, but insulin-stimulated glucose transport can be
arrested by expression of CAP N-terminal domain (45) or
of the dominant-negative T31N mutant of this GTPase (46,
47), indicating the potential importance of this pathway in
insulin-stimulated glucose transport in adipocytes.
Interestingly, studies in our laboratory have not been able
to demonstrate this pathway in skeletal muscle (Wadley,
unpublished data). TC10 may exert its activity through the
cytoskeleton, since the inhibitory TC10/T31N mutant that
inhibits insulin stimulated GLUT4 translocation and
glucose transport also inhibited insulin-induced cortical
localization of N-WASP and F-actin formation (48).
Furthermore, expression of a constitutively active mutant,
TC10/Q75L, which causes perinuclear actin
polymerization, also disrupted cortical actin polymerization
and GLUT4 trafficking, similar to the TC10/T31N mutant
(49).  Consistent with these data, treatment of cells with the
actin stabilizer, jasplakinolide, resulted in a dose-dependant
inhibition of insulin-stimulated GLUT4 translocation,
suggesting that actin remodeling is necessary for GLUT4
translocation (50). The TC10-interacting protein CIP4/2
(51) has been reported to interact with WASP and to
mediate its interaction with microtubules in COS cells (52).
However, the interaction between CIP4/2 and WASP could
not be detected in adipocytes (51). A novel caveolin-
associated actin structure “cav-actin” has been observed in
adipocytes and proposed to play a role in the TC10
pathway (53). However, these novel structures have also
been interpreted as large invaginations or “caves”
containing all elements of the plasma membrane, including
caveolae, clathrin-coated pits and an associated cortical
actin network (54). Notably, GLUT4 is recruited to these
structures in response to the insulin stimulus.

In addition to the PI 3-kinase and TC10 pathways
that mediate GLUT4 translocation, several studies suggest
that GLUT4 requires additional activation, further to its
translocation to the plasma membrane, to make it fully
competent to transport glucose into the cell. This activation
may involve p38 MAP kinase, as an inhibitor of p38
MAPK inhibits glucose transport into adipocyte and muscle
cells without affecting GLUT4 translocation (55).
Furthermore, a differential   dose dependency of the effect
of wortmannin on insulin-stimulated glucose transport and
GLUT4 translocation has been detected in 3T3-L1
adipocytes and L6 myotubes (56, 57). Translocation of
GLUT4 is inhibited at concentrations of wortmannin that
also inhibit PKB and aPKC, whereas glucose transport, but
not GLUT4 translocation, is inhibited at much lower
concentrations (57). The biochemical mechanism
underlying this aspect of GLUT4 activation is unclear.

How these various PI 3-kinase-dependent and -
independent signaling pathways converge on GLUT4
translocation and glucose transport remains an open
question.  Notwithstanding, this bifurcation may impose a
higher level of specificity and acuity of response than any
single pathway; for example, the PI 3-kinase pathway,
which can also be activated by receptors other than the
insulin receptor.

4. GLUT4 TRAFFICKING COMPARTMENTS

The biochemical basis of GLUT4 translocation is
as much a function of cellular localization as it is of the
signaling cascades discussed above. In this context it is
important to consider the nature of the cellular
compartments to which GLUT4 is localized, and the
proteins that characterize them.

Immunocytochemical analysis suggests that in
adipocytes and myocytes under basal conditions, most of
the GLUT4 pool is localized to small vesicles, to tubulo-
vesicular structures associated with the trans-Golgi
network (TGN), near the plasma membrane, and scattered,
or in clusters, throughout the cytoplasm (58,59,60), as well
as to vacuoles (61). Insulin stimulation leads to a reduction
of GLUT4 from the small vesicle population, with a ~10-
40-fold increase in the level found in plasma membrane, a
small increase within recycling structures such as early
endosomes and coated vesicles in adipocytes (59, 62, 61),
and a translocation to the T-tubule system and the
sarcolemma in muscle (59, 63, 60).

Considerable evidence suggests the existence of a
specialized insulin-sensitive compartment - the GLUT4
storage vesicle (GSV) - which is morphologically separate
from the general endosomal system, and is characterized by
the vesicular colocalisation of the cargo proteins GLUT4
and IRAP (insulin-responsive aminopeptidase) as well as
the v-SNARE, VAMP2 (Figure 2). The GSV forms a
subset of the low-density microsomal (LDM) fraction
obtained from differential centrifugation of adipocyte
homogenates (64). Immunocytochemical analysis (61), and
chemical ablation of the LDM (65, 66) demonstrate the
existence of a population of vesicles that comprise about
60% of the GLUT4 pool, and which also contain VAMP2.
This GSV pool is largely devoid of markers of early and
late endosomes as well as of lysosomal markers, and is
readily mobilized to the plasma membrane in response to
insulin (67). Conversely, a significant proportion of
GLUT4 is colocalized with cellugyrin (68) and with the
mannose 6-phospate receptor (MPR), a marker of
TGN/endosomal cycling. This pool largely excludes
VAMP2 (61). Surface-labeling  experiments suggest that
the GLUT4/MPR pool does not exocytose extensively
under basal conditions (69), while cellugyrin maintains
intracellular localization both in the presence and absence
of insulin (68).  It thus appears that cellugyrin is excluded
from the insulin-responsive GLUT4 pool but is represented
on vesicles trafficking between early endosomes and
recycling endosomes, while MPR may penetrate the
GLUT4 compartment non-specifically (68).
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Figure 2. A possible trafficking itinerary for GLUT4. GLUT4 occurs in an insulin-responsive pool, and also as a
constituent of M6PR- and TfR-containing vesicles. Under basal conditions, the GSV appears to be relatively static and excludes
markers of constitutive recycling. The non-GSV GLUT4 pool may cycle between the TGN and endosomal systems, and is
exposed to recycling markers. Insulin stimulates trafficking from all GLUT4 compartments including both the VAMP2- and
VAMP3-positive pools. GLUT4 recycles in a clathrin-dependent fashion from the plasma membrane to the early endosomes. It is
uncertain whether the GSV arises from the TGN or from the recycling endosomes, though its formation is subject to a Rab11-
dependent step. It is also unclear if the GSV compartment represents a population of tethered vesicles or a compartment in
dynamic communication with the endosomal or TGN system.

 The genesis of the GSV remains unresolved. It
has been proposed that this specialized compartment arises
from the TGN, cycling to the recycling endosome
compartment under basal conditions, but to the cell surface
upon insulin stimulation (Figure 2) (70). The presence of
the MPR marker on GLUT4 vesicles supports this model,
however only a small proportion of this pool contains
VAMP2 (61). Moreover, treatment of cells with brefeldin
A, which destroys Golgi compartments, does not prevent
the genesis of the GSV compartment (71). An alternative
model has been developed that is consistent with the
observation that GSVs are a post-endosomal compartment
(72). This model suggests that GSVs derive from recycling
endosomal compartments (73), and is supported by a study
showing that a dominant-negative Rab11 inhibitor blocks
formation of the GSV, and withdraws GLUT4 into a

concentrated perinuclear endosomal compartment which
also contains the transferrin receptor (73).

 Interestingly, GLUT4 itself may be a
determinant of the formation of the GSV. One study has
shown that homozygous GLUT4-knockout mice fail to
sequester and traffic IRAP in the same way as in wild-type
mice. Rather, IRAP is trafficked constitutively and in an
insulin-independent fashion through the endosomal system
(74). This is noteworthy because IRAP and GLUT4
normally co-habit the same vesicle and traffic together in
an indistinguishable manner (75, 76). The failure of
GLUT4-knockout mice to develop an insulin-regulated
IRAP compartment suggests the possible existence of a
molecular signature on the GLUT4 protein that is essential
for the formation of the GSV/IRAP compartment.
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Conversely, IRAP knockout mice do not exhibit an altered
sub-cellular localization of GLUT4, but the levels of
expressed GLUT4 are diminished (77). However, while
GLUT4 may be necessary for GSV formation, it is not by
itself sufficient, since C2C12 cells, which express both
GLUT4 and IRAP, lack this compartment (78).

On exposure to insulin, GLUT4 in adipocytes and
muscle is translocated to the plasma membrane. GLUT4 on
the plasma membrane is not distributed in a random fashion
(58), and the nature of this uneven disposition, as well as
the mechanism of GLUT4 internalization on removal of the
insulin stimulus have been the subject of considerable
investigation. Several functional studies suggest that
GLUT4 endocytosis from the plasma membrane is
mediated by a dynamin- and clathrin-dependent process
(79, 59,80, 81), but these studies appear to be at odds with
the proposed association of GLUT4 with caveolae and a
suggested caveolae-mediated internalization mechanism
(82, 83). However, recent microscopical studies dispute the
morphological basis for a specific GLUT4-caveolae
association (58, 54). Internalized GLUT4 traffics rapidly to
the early endosome (84) before progressing to the
perinuclear recycling endosome. Interestingly, insulin
treatment hastens the passage of GLUT4 through the
recycling system, without affecting the rate of transferrin
receptor endosomal cycling (84). Aside from the
involvement of Rab GTPases and molecular targeting
motifs on GLUT4 itself (85), studies of the molecular basis
of the endomembrane traffic of GLUT4 remain poorly
developed.

A number of studies have examined the
involvement of the microtubule network in directing
trafficking of GLUT4. Studies with the microtubule
depolymerizing drug, nocodazole, show that treatment of
cells with concentrations which completely depolymerize
microtubules and which disperse the Golgi apparatus and
perinuclear localized GLUT4, has no effect on insulin-
stimulated glucose uptake or GLUT4 translocation (86,87).
In contrast, and at elevated concentrations of nocodazole,
glucose uptake but not GLUT4 translocation is inhibited
(86,87). Microtubule depolymerization also restricts newly
endocytosed GLUT4 to a domain just below the plasma
membrane and from which it is unable to undergo further
sorting (86). These data are consistent with a role for
dynein and the microtubular network in the internalization
of GLUT4 to the perinuclear compartment in a Rab5- and
PI 3-kinase-dependent manner (88). Thus, while
internalization and sorting of GLUT4 through to the
perinuclear region of the cell may involve the microtubular
network, it does not appear necessary for the rate-limiting
step in exocytosis of GLUT4 or the early stages of
endocytosis.  Real-time confocal studies have shown
insulin to stimulate long-range movement of GLUT4
vesicles along linear tracks in adipocytes (89). It would be
of interest to repeat these studies in the presence of
nocodazole as this may shed light on the rate-limiting
exocytic localization of GLUT4.

As has been discussed, the cortical actin
cytoskeleton appears to be a target of signaling by the

TC10 pathway. However, it is also clear that GLUT4 itself
colocalizes with regions of cortical actin assembly.
Consistent with a role for the actin cytoskeleton in Glut4
trafficking, actin depolymerizing agents inhibit GLUT4
exocytosis, but interestingly, not endocytosis (90, 91).

5. VESICLE TARGETTING AND FUSION

5.1. Development of the SNARE Hypothesis
While the details of the regulatory mechanisms

involved in translocating GLUT4 to the plasma membrane
remain unclear, much has been learned about the fusogenic
process, and this forms the major focus of the remainder of
this review.  Thus far, much of our current understanding of
the process, and the machinery involved, has come from
the delineation of membrane trafficking processes in other
cells types, particularly of neurotransmitter release from
neuronal cells and secretion in yeast. Indeed, the seminal
work of Rothman, Scheller, Schekman and co-workers has
provided a basis for understanding regulated trafficking of
transport vesicles through the compositionally distinct
membrane compartments of the cell. This regulation
enables the correct sorting of cargo destined for traffic, the
targeting of nascent vesicles carrying this cargo, and
recognition and fusion of these vesicles at their correct
destinations.   It is therefore of value to consider first the
development of our current understanding of the process of
regulated vesicle fusion and protein trafficking, and then to
consider the proteins that are involved in GLUT4
trafficking.

 The first major inroad in elucidating the
molecular machinery responsible for membrane fusion
came with the development of in vitro assays that sought to
reconstitute traffic between two populations of discreet
Golgi cisternae deficient in characteristic
glycosyltransferases. By following the pattern of
glycosylation of a secreted viral protein, it was
demonstrated that correct oligosaccharide processing could
only occur by enzymatic complementation between the two
sets of Golgi.

This series of studies provided compelling
evidence that trafficking between cisternae was a process
involving a diffusible transport vesicle, allowed the
resolution of sequential intermediate steps in the process,
and shed light on the requirements for cytosolic factors (92,
93, 94, 95).

The inhibition of fusion by N-ethyl maleimide
(NEM), and the ability to reconstitute it by the addition of
cytosolic fractions, allowed the catalytic NEM-sensitive
fusion protein (NSF) to be isolated and characterized (96,
97). Remarkably, NSF was shown to be a homologue of
yeast Sec18p (98), a protein known to be essential in ER-
to-Golgi traffic and identified from a screen of yeast
secretory mutants. However, NSF alone was insufficient to
reconstitute membrane fusion, but extending this
reconstitution approach led to the isolation of the family of
Soluble NSF Attachment Proteins (alpha-, beta- and
gamma-SNAPs) (99), functional homologues of the yeast
secretory protein Sec17p (100). In yeast strains in which
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Figure3. Schematic representation of SNAREs. The SNARE motifs for syntaxin 4 are shown in orange, for SNAP23 in yellow
and green, and for VAMP2 in salmon.  Transmembrane (TM) regions for each SNARE protein are shown in red.  The syntaxin
N-terminal regulatory domain is structured at all times. Formed SNARE complexes are well structured and extraordinarily stable,
forming helical bundles that are resistant to disassembly by heat or detergent. Individual motifs are color-coded throughout. The
SNAP23 geranylgeranyl groups are represented by the blue “springs” Molscript graphic schematic of SNAREs modified from
(113, 166).

either of these genes was present as a temperature-sensitive
mutant, culturing at the non-permissive temperature
blocked trafficking to the Golgi and led to the accumulation
of vesicles (101). These two molecules thus appear to be
functionally and structurally conserved in eukaryotes,
suggesting a common apparatus for membrane trafficking.

Correct fusion of a vesicle to its destination
membrane is implicit in all membrane trafficking events.
The notion that specificity is intrinsic to the fusing
membranes themselves is supported by studies in both
mammals (102) and yeast (100), which established that the
association of NSF/sec18 and SNAP/sec17 with
membranes required an integral membrane SNAP receptor.
A large, detergent-stable 20S complex which dissociates in
an ATP-dependent manner and which consists of NSF,
SNAP and putative membrane receptors was subsequently
identified (103). This complex was purified from the gray
matter of bovine brain using tagged NSF and recombinant
alpha- and gamma-SNAP  (104), and four SNAP receptors
(SNAREs) were characterized (104). These SNAREs had
previously been identified as synaptosomal proteins:
syntaxins A and B (105) as plasma membrane-anchored
docking proteins for synaptic vesicles,
VAMP/synaptobrevin (106, 107) as an integral membrane
protein of small synaptic vesicles, and SNAP25 - the 25kD
synaptosomal-associated protein (108). Thus, the 20S
particle provided a nexus between these three classes of
synaptosomal proteins as well as with the catalytic activity
of NSF/SNAPs. These receptors were classified on the
basis of their membrane of origin (vesicle) v-SNARE or
(target membrane) t-SNARE.

Underpinning the idea that SNAREs may lie at
the heart of most membrane trafficking events, including

that of GLUT4, was the discovery of a large family of
related SNARE molecules, including SNAP23 (109) and
syntaxins 2-5 (110, 111), as well as the earlier
identification of VAMP as a constituent of GLUT4 vesicles
isolated from 3T3-L1 adipocytes (112).

5.2. The Structure And Function of SNAREs
SNAREs are a structurally variable class of

proteins ranging in size from ~17 kDa for VAMPs to ~40
kDa for syntaxins (Figure 3). A unifying and evolutionary
conserved feature of SNAREs, which is central to their
function, is the possession of a ~60 residue SNARE motif
capable of forming quaternary coiled-coil complexes with
other SNARE motifs (113, 114, 115). In most cases of
vesicle fusion at endomembranes, the four SNARE motifs
are drawn from four individual SNARE molecules to form
the quaternary complex. However, for exocytic SNARE
complexes formed at the plasma membrane, two of the four
motifs are contributed by SNAP23 or equivalent isoforms
(111). An interesting exception is homotypic vacuole
fusion in yeast, which appears to require five SNAREs to
form a pentameric complex (116). In all instances thus far
examined, at least two SNARE molecules, one contributed
by each fusing membrane, reside as integral membrane
proteins with the SNARE motif proximal to the lipid
bilayer and the residual N-terminal domain extending
further into the cytoplasm.

With the exception of members of the
SNAP23/25 family, a common fold for the N-terminal
domain of t-SNARES appears to be a three-helix bundle,
the Habc domain, (117,118) (Figure 3). The Habc domain
of exocytic syntaxins 1 and Sso1p can fold back on the
SNARE motif and form a “closed” conformation, whilst
endomembrane t-SNAREs syntaxin 8, vti1b and VAM3p
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Figure 4. Hypothetical steps mediating GLUT4 vesicle fusion.  1. Insulin stimulates the recruitment of GLUT4 vesicles to the
plasma membrane, as well as the dissociation of Munc18c from syntaxin 4. 2. Rab proteins may tether the vesicle to the plasma
membrane, possibly via syntaxin 4.  3. SNARE motifs on opposing membranes nucleate to form a trans-SNARE complex, and
“zippering-up” is favoured thermodynamically. SM proteins may possibly play a “proof-reading” or other facilitatory role at this
late stage. 4.  Sufficient free-energy may be released during SNARE complex formation to drive membrane fusion. 5.
Dissociation of the resultant cis-SNARE complex is energy-dependent and carried out by NSF.

have been observed only in the open conformation (119,
120, 115).  The closed conformation of syntaxin may be a
regulatory mechanism to limit the availability of the
SNARE motif for trans complex formation with the v-
SNARE, but the mechanism by which syntaxin opens to
expose the SNARE motif is not understood. It is thought
that the formation of the quaternary SNARE complex, in
trans, between SNARE motifs bridges the opposing
membranes, and the free energy released as they “zip up”
to form a parallel bundle (113, 114) may be sufficient to
force fusion by driving the membranes together (Figure 4).
However, some reports suggest that SNARE complex
formation does not lead directly to membrane fusion. For
instance, yeast Sec1p (the Munc18 homologue) is reported
to associate with pre-formed SNARE complexes prior to
fusion (121) and homotypic fusion of the yeast vacuole is
insensitive to trans-SNARE complex disassembly (122),
suggesting that other factors may operate downstream of
SNARE complex formation.

The SNARE complex, as isolated by Sollner and
colleagues (104), consists of syntaxin 1, VAMP and
SNAP25 and appears to represent the low-energy form of

the SNARE complex. In this form, SNAREs are
extraordinarily stable, with high melting temperatures and, to
varying degrees, are resistant to denaturation by SDS (123). In
order for the molecules in the cis-SNARE complex to be
functionally competent to undergo further rounds of fusion, the
individual components must dissociate and be recycled to their
correct membrane population. Thus, it is the low-energy
SNARE complex that constitutes the physiological target of
NSF/SNAP, as indicated by its ATP-dependent disassembly in
the presence of this catalytic complex (124).

5.3. Specificity of SNARE Coupling
The specific pairing of SNAREs has been proposed

to be essential for the fidelity of membrane recognition and
fusion (104). However, an exhaustive in vitro analysis of the
couplings of isolated mammalian SNARE motifs has shown
that these interactions, rather than being selective, are quite
promiscuous (123), suggesting that membrane fusion
specificity is not encoded by SNARE molecules. Indeed, the t-
SNAREs that mediate GLUT4 exocytosis, syntaxin 4 and
SNAP23, form more stable and SDS-resistant complexes
with VAMP4 and VAMP7 than with the cognate VAMP2
(123).
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 This apparent lack of specificity may hold
advantages for an organism by providing redundancy; for
example, in cases where a particular SNARE is no longer
functional. In support of this notion, yeast v-SNARE Ykt6p
is upregulated in, and can compensate for the loss of
Sec22p function in deletion mutants (125); VAMPs in
Drosophila are functionally interchangeable (126); and
Vti1p in yeast functions in two different pathways (127).

 Notwithstanding the potential for a certain
degree of redundancy, a series of studies of in vitro
membrane fusion mediated by specific SNARE pairs have
provided evidence that, for some yeast SNAREs at least,
and probably in general, specificity may be largely
preserved if SNAREs are membrane-bound and in very
specific combinations, reflecting the pattern of membrane
flow found in the cell (128, 129). Clearly, elements of the
above studies are in contradiction and the extent to which
in vitro assays accurately reflect SNARE pairings in vivo is
not yet clear.

Vesicles that traffic to sites of secretion appear to
be tethered prior to, and independent of, SNARE complex
formation.  This process may affect both specificity of
docking and favor SNARE pairing. Peripheral membrane
factors such as the sec6/sec8 complex (130),
p115/giantin/GM130 (131, 132) and EEA1 have all been
implicated as tethering agents (133). A common feature of
many of these tethering systems is their interaction with,
and possible regulation by, Rab GTPases and their effectors
(134).

5.4 SNAREs Mediating GLUT4 Traffic
5.4.1 VAMP

Two late-acting v-SNARES, VAMP2 (135) and
VAMP3/cellubrevin (136), are enriched in GLUT4 vesicles
immunoadsorbed from the LDM fractions of either rat fat
or 3T3-L1 adipocytes (112, 137).  Both VAMP2 and
VAMP3 redistribute to the plasma membrane in response
to insulin (112,137), and both bind syntaxin 4 in vitro (138,
139). Consistent with this, syntaxin 4 mediates the
formation of NSF-containing SNARE complexes with both
VAMP2 and VAMP3 in in vitro membrane reconstitution
assays (140, 141), and heterologous expression of the
cytoplasmic domain of either VAMP2 or VAMP3
suppresses insulin-stimulated GLUT4 translocation in 3T3-
L1 adipocytes, perhaps by sequestering syntaxin 4 (142).
Similarly, treatment of cells with botulinum neurotoxin D
or tetanus toxin, which cleave both VAMP2 and VAMP3,
leads to the impairment of GLUT4 translocation and
glucose transport (143, 144).

Notwithstanding the apparent redundant behavior
of VAMPs 2 and 3, disparate roles have emerged for these
two isoforms that appear to relate to compartmental and
functional segregation. VAMP2 and VAMP3 appear to
define distinct GLUT4 pools, since immunopurified
VAMP3-containing GLUT4 vesicles from 3T3-L1
adipocytes do not contain discernible amounts of VAMP2
(137). Consistent with the observation that VAMP3 is
involved in constitutively recycling pathways (136), it has
been shown that transferrin-HRP ablation of recycling

endosomes in 3T3-L1 adipocytes eliminates VAMP3 from
the low-density microsomal (LDM) fraction together with a
proportion of GLUT4 as well as transferrin receptors, while
the residual, non-ablated LDM is markedly enriched in
VAMP2-containing GLUT4 vesicles (66). Moreover, this
depletion of VAMP3 does not restrict the translocation of
the VAMP2-enriched GLUT4 pool in an insulin-dependent
manner (67). Similarly in muscle, VAMP2, but not
VAMP3, is found in insulin-responsive GLUT4 vesicles
(145, 146), while VAMP3 appears to be restricted to
endosomal pathways in this tissue (146). Consistent with
these findings, insulin-dependent GLUT4 translocation
could be rescued by expression of a toxin-resistant form of
VAMP2, but not VAMP3, in L6 cells depleted in
endogenous VAMPs by tetanus toxin (147).  Finally,
VAMP3-null mice display normal whole-body glucose
metabolism, and normal insulin- and contraction-stimulated
glucose transport (148).

It seems then, that VAMP2 plays a central role in
trafficking the insulin-responsive GLUT4 pool.
Interestingly, VAMP2 is also the operative v-SNARE for
other regulated secretory systems such as aquaporin
translocation in the kidney duct cells (149), acid secretion
from gastric parietal cells (150), insulin secretion from
pancreatic islet cells (151) and neurosecretion (135).

At least three classes of accessory molecules
have been proposed to play a role in regulating the activity
of VAMP2.

5.4.1.1. Prenylated Rab acceptor
Prenylated Rab acceptor (PRA1) was

characterized as a molecule that binds both Rab GTPases
and VAMP2 in an isoform-specific fashion (152).
However, the binding of Rab and VAMP2 to PRA1 is
mutually exclusive (153). A role for this protein in GLUT4
trafficking is yet to be established.

VAP-33 (VAMP-associated protein of 33kDa) is
an integral membrane VAMP2-interacting protein that has
been shown to be broadly expressed across a range of taxa
and appears to play a role in exocytosis (154, 155, 156).
Manipulating the availability of VAP-33 by overexpression
or by microinjection of antibodies to VAP-33 in insulin-
responsive cell models modulates GLUT4 exocytosis
(157), suggesting that this molecule may be a regulator of
VAMP2 in GLUT4 trafficking. However, a definite role for
VAP-33 has yet to be established.

5.4.1.3. Pantophysin
Pantophysin is a ubiquitously expressed

homologue of neuronal synaptophysin (158). In 3T3-L1
cells it was shown to be upregulated during adipogenesis,
was resident as a phosphoprotein on a subpopulation of
GLUT4 vesicles basally, and was depleted from vesicles
upon insulin treatment (159). Only a fraction of the vesicles
containing pantophysin also contain GLUT4, consistent
with other roles for this protein in addition to GLUT4
traffic. Nevertheless, pantophysin was found to associate
with vesicles containing VAMP2 but not VAMP3 in 3T3-



SNAREs directing GLUT4 trafficking

629

L1 adipocytes, consistent with a role in the insulin-
regulated pathway (159). Synaptophysin, the neuronal
homologue of pantophysin, interacts with VAMP and
prevents it from binding syntaxin (160). Thus, it is possible
that the pantophysin/VAMP interaction may have a
regulatory role in SNARE interaction. A specific role for
pantophysin in regulating GLUT4 trafficking is yet to
emerge, but these studies show it to be an attractive
candidate for a role in regulated trafficking.

5.4.2. Syntaxin 4
Amongst the plasma membrane-localized

syntaxins in non-neuronal tissues (110), only syntaxin 4
interacts with VAMP2 (138), the v-SNARE implicated in
insulin-stimulated trafficking of GLUT4 to the plasma
membrane. Syntaxin 4 is expressed in muscle and fat (161,
140, 162), and is upregulated in 3T3-L1 cells upon
differentiation into adipocytes (163). In 3T3-L1 adipocytes,
a significant proportion of syntaxin 4 is localized to the
low-density microsomal fraction, and partially redistributes
to the plasma membrane in response to insulin (164).
Microinjection, or treatment of permeabilised 3T3-L1
adipocytes with antibodies against syntaxin 4 (139, 164), or
with a soluble syntaxin 4 molecule (143, 142) or a syntaxin
4 peptide (144), specifically and significantly reduced
insulin-dependent stimulation of GLUT4 translocation and
glucose transport, consistent with syntaxin 4 being the
major t-SNARE in GLUT4 trafficking.

GLUT4 trafficking is particularly sensitive to the
levels of syntaxin 4 in muscle. Heterozygous syntaxin 4
mice suffer a 50% decrease in muscle glucose uptake that
parallels a reduction in insulin-stimulated GLUT4
translocation in this tissue, and that renders the animals
insulin resistant (6).  Interestingly, despite the level of
syntaxin 4 being reduced by about 36% in all tissues,
insulin responsiveness and glucose uptake in adipose tissue
are largely unaffected (6).

Structures for several syntaxins including Vam3p
(120), Sso1p (165), syntaxin 7 (118) and syntaxin 1 (166),
have been determined. Remarkably, and despite being quite
divergent in sequence, subcellular localization and
evolution, they are all structurally very similar, consisting
of a three-helical N-terminal domain (Habc domain), a C-
proximal SNARE motif and a C-terminal transmembrane
domain, suggesting that this structural fold is conserved
across most, if not all, syntaxins. Syntaxin 4 shares 46%
amino acid sequence identity with syntaxin 1 (110) and
they share some similar characteristics. VAMP2 is the
cognate v-SNARE for both syntaxins, and both bind their
respective isoforms of the accessory protein, Munc18, to
the exclusion of other SNAREs (139, 167, 168). It is highly
likely therefore, that syntaxin 4 adopts a similar fold to, and
undergoes a similar itinerary of structural changes as
syntaxin 1, dependent on its binding status. Syntaxin 1,
either in complex with Munc18a or free, adopts a “closed”
conformation, with the SNARE motif stabilized in contact
with the N-terminal three-helical domain (119, 166).  This
fold is similar to that of free, yeast Sso1p (165), suggesting
structural conservation that probably extends to syntaxin 4.
However, there are slight differences between the bound

and unbound forms of syntaxin that may have functional
consequences.  When syntaxin is bound to Munc18a, the
largely helical SNARE motif has bends and other
irregularities, and the syntaxin structure does not resemble
a canonical four-helix bundle (166). Nevertheless the
SNARE motif maintains intimate contact with either the N-
terminal Habc domain or with Munc18a across its entire
length. Interestingly, the C-terminus of the SNARE motif
that is structured and buried in the Munc18 binding pocket
(166) is found to be unstructured in free syntaxin (119).
This conformational switch of the motif may provide a
mechanism for the nucleation of the SNARE complex. The
structure adopted by syntaxin 1 in the SNARE complex is
different again to both the free and the Munc-liganded
form, with the SNARE motif participating in a canonical,
parallel, four-helix bundle with the SNARE motifs of
VAMP2 and SNAP25 (113, 114). Clearly, syntaxin 1 can
adopt a number of stable conformations reflecting its
binding status. However, the mechanisms that mediate the
transition from one state to another are not yet clear. By
virtue of their structural and functional similarity, it is
likely that syntaxin 4 adopts a similar itinerary of binding
states, although the detail is yet to be elucidated.

In addition to the key syntaxin regulatory protein
Munc18c, at least three other molecules are reported to
bind to syntaxin 4, possibly as regulators of GLUT4
trafficking. Munc18c and the small GTPase Rab4, which
may be involved in tethering vesicles, are dealt with
separately herein.

5.4.2.1. Synip
Synip, a 557-residue protein expressed

abundantly in skeletal muscle, was isolated from a yeast
two-hybrid screen of a 3T3-L1 adipocyte library using
syntaxin 4 as bait. This molecule was shown to compete
with VAMP2 for syntaxin binding, without affecting the
ability of SNAP23 to bind syntaxin. The association of
synip with syntaxin 4 is down-regulated by insulin
treatment, and insulin-stimulated glucose transport is
attenuated by heterologous expression of Synip truncations
(169). However, since the original description of this
protein, no further detail of its function has emerged for
GLUT4 or for any other trafficking process.

5.4.2.2. Cysteine-string protein
Cysteine-string protein (Csp) has been shown to

associate with syntaxin 4 at the plasma membrane of
adipocytes in an insulin-independent manner (170).  While
the functional implications of this association are unclear,
Csp contains a DnaJ domain, suggesting a possible
molecular chaperone role.

5.4.3. SNAP23
The t-SNARE, SNAP23, is a ubiquitously

expressed homologue of SNAP25 (109,171). SNAP25 and
SNAP23, together with exocytic homologues from a range
of taxa (171), share a similar structural topology, with
SNARE motifs at the N- and C-terminal ends and a cluster
of cysteines centered around residue 83 (172,171) which
mediate membrane binding when palmitoylated  (173,
174). Sequence identity between SNAP-3 and SNAP25 is
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59%, and like SNAP25, SNAP23 interacts in vitro with
syntaxins 1, 2, 3 and 4 with equal efficiency, as it does with
VAMP1 and VAMP2 (109). However, unlike SNAP25 and
its cognate neuronal SNAREs, SNAP23 does not markedly
potentiate binding of VAMP2 to syntaxin 4 (175), and the
formation of SDS-resistant complexes in vitro is only
observed when SNAP23 is immobilized through its
cysteine cluster (176), but not in solution (175, 123).
SNAP25 is not thought to be involved in GLUT4
trafficking, as the protein is largely absent from insulin-
responsive tissue (176), and the translocation of GLUT4 to
the plasma membrane is refractory to the effects of BontA
cleavage (144). In contrast, SNAP23 is present in insulin-
responsive tissues and, in 3T3-L1 adipocytes at least, at a
3-fold excess over syntaxin 4 (177).  The distribution of
SNAP23 in 3T3-L1 fibroblasts appears to be perinuclear,
with a marked redistribution to the plasma membrane upon
differentiation to adipocytes (163). The cysteine-rich region
is essential for palmitoylation and plasma membrane
localization, and mutations in this region redistribute
SNAP23 to the cytoplasm (173, 174).

Interfering with the action of SNAP23, by
microinjection of cells with antibody or peptide, inhibits
insulin-stimulated GLUT4 translocation (176, 178).
Similarly, expression of SNAP23 mutants that bind
syntaxin 4, but not VAMP2, also block GLUT4
translocation (179). In contrast, increasing the intracellular
concentration of SNAP23 by microinjection of protein or
by incubating permeabilised cells with SNAP23, augments
the insulin responsiveness of GLUT4 in 3T3-L1 adipocytes
(178), suggesting a possible concentration-dependent
regulatory role. The binding of SNAP23 to syntaxin 4 is
itself blocked by competition with Munc18c in a dosage-
dependent manner in heterologously expressing COS cells
(168), but in rat adipocytes about 50% of endogenous
SNAP23 and syntaxin 4 form stable complexes at the
plasma membrane in an insulin-independent fashion (141).
Interestingly, complexes consisting of syntaxin 4, SNAP23
and VAMPs could also be isolated from rat adipose cells
using an NSF/α-SNAP affinity-binding technique,
independent of insulin treatment (141). The mechanisms
that favor SNAP23 over Munc18c for binding to syntaxin 4
are unclear, although one report has suggested that binding
may be regulated by phosphorylation of SNAP23 by a
kinase such as SNAK (SNARE kinase) (180).

5.4.4. Munc18c
The function of the Sec1/Munc18 (SM) family is

closely linked to the activity of syntaxin and, in the case of
some members at least, the formation and activity of the
trimeric SNARE complex. Eukaryotes appear to possess
either three or four early-acting SM proteins operating in
inter-organelle traffic (vps33, vps45 and sly1), and at least
one, late-acting, SM protein that is involved in Golgi-to-
plasma membrane traffic (181). Vertebrates possess three
closely related isoforms, Munc18a, b and c, which operate
at the terminal step of membrane fusion at the plasma
membrane. Of these, Munc18a is largely restricted to
neuronal tissue (182, 183, 184), whilst Munc18b and
Munc18c are more widely distributed (185, 186, 187).
Munc18c was originally isolated from a 3T3-L1 adipocyte

cDNA library (186) and is the only Munc that binds
syntaxin 4 (139, 167). Hence, the apparent role of Munc18c
in GLUT4 trafficking has been the subject of some
scrutiny.

Several genetic studies across a range of taxa
have demonstrated that late-acting SM proteins are
essential to exocytosis. Conditional mutants of yeast Sec1
result in the cessation of secretion and arrest of bud growth
at the non-permissive temperature (188). Mutations in, or
deletion of, unc-18 from Caenorhabditis elegans (189), the
Drosophila Rop gene (190) and the murine Munc18a gene
(191) lead to phenotypes that are characterized by failure of
secretion (190), the accumulation of synaptic vesicles
(191), and paralysis (189) or death at a late embryonic
stage or at birth (190, 191). Although these studies suggest
an essential role for SM proteins in fusion, the mechanistic
basis for these various phenotypes remain elusive.

Various studies suggest that SM molecules may
function in a number of discreet ways, but at all times they
exert their activity through SNARE molecules. Indeed, the
life cycles of syntaxins and Muncs appear to be closely
aligned. Quantitation of the levels of SNARE proteins in 3T3-
L1 adipocytes indicates that syntaxin 4, Munc18c and VAMP2
occur in approximately equal, but slightly ascending,
concentration (177), suggesting that the stoichiometry of these
proteins may somehow be regulated. At least two mechanisms
for this regulation present themselves.  In mammalian cell lines
deficient in endogenous expression of syntaxin 1a or Munc18a,
heterologously expressed syntaxin1A accumulates in the Golgi
complex rather than at the plasma membrane. This results in
disassembly of the Golgi unless rescued by expression of
Munc18a and the subsequent delivery of the complex to the
plasma membrane (192,193). Conversely, heterologously
expressed Munc18c accumulates in the cytoplasmic
compartment, but can be depleted from this compartment and
mobilized to the plasma membrane upon overexpression of
syntaxin 4 (167), a feature in common with Munc18a/syntaxin
1 (194). Curiously, mice that are genetically depleted in
syntaxin 4 also exhibit a tight co-ordinate downregulation of
Munc18c expression (6). Finally, studies of Tlg2p stability in
yeast show that proteasomal degradation of this syntaxin
occurs when the Munc homologue Vps45 is genetically
ablated (195), providing a further mechanism to maintain a
stoichiometric linkage between these two molecules. It appears
that Munc18 and syntaxin biosynthesis are tightly linked, and
that they may be mutually dependent for correct localization to
legitimate sites of vesicle fusion.  This co-ordinate regulation
of Munc18 with syntaxin may also serve to restrict illegitimate
associations of syntaxin in early trafficking compartments, and
in the case of syntaxin 4, to acutely regulate its availability in
skeletal muscle (6). Consistent with these observations, but as
yet untested, is the possibility that the lack of
neurotransmission observed in Munc18a-null mice (191), as
well as the paralytic phenotype of unc18-null C. elegans, may
be due to a failure in Munc-mediated delivery of syntaxin to
sites of secretion.

Notwithstanding this synergistic relationship
between Munc and syntaxin, robust experimental evidence
suggests that late-acting Muncs play a negative regulatory
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role in SNARE complex assembly and vesicle fusion.
Tissue-specific overexpression of Munc18c in muscle of a
transgenic mouse model inhibits GLUT4 translocation to
the transverse tubules without affecting translocation to the
sarcolemma (187), whilst overexpression of Munc18c in
3T3-L1 adipocytes inhibits GLUT4 translocation to the
plasma membrane (196, 167). Similarly, overexpression of
the Drosophila SM protein, Rop, leads to a decrease in
neurotransmitter release (197). Conversely, Drosophila
with mutations in syntaxin that eliminate binding to Rop
display increased neurotransmitter release, suggesting that
Rop inhibits neurosecretion through its interaction with
syntaxin (198). Finally, microinjection of 3T3-L1
adipocytes with antibodies to Munc18c increases plasma
membrane association of GLUT4 under basal conditions,
without affecting the insulin-stimulated translocation of
GLUT4 (199), and administration of Munc18a antibodies
to permeabilised HIT-T15 cells increases insulin secretion
without affecting stimulus-coupled secretion of insulin
(200). These data suggest that Munc18 exerts an inhibitory
tone on vesicle fusion that can be relieved by
immunosequestration of Munc18 under basal conditions
and is independent of physiological stimuli.

These data beg the question as to the molecular
mechanism that underlies this inhibitory effect. Given that
Munc18 seems to operate through its interaction with
syntaxin, the mechanism involved might be as simple as
conformational constriction of syntaxin, regulating the
formation of SNARE complexes.  Evidence favoring this
explanation has come from several sources. In vitro
protein-protein interaction studies have demonstrated that
Munc18c occludes syntaxin 4, thus preventing VAMP2 or
SNAP23 binding to it (139, 167, 168). In vivo studies have
shown that the neuronal homologue, Munc18a, forms
complexes containing syntaxin1a but not SNAP25 or
VAMP2, preventing syntaxin 1a from forming SNARE
complexes (201). Finally, the three-dimensional crystal
structure of the Munc18a/syntaxin 1a complex shows that
syntaxin is bound in a “closed” conformation that precludes
SNARE complex formation (166). A robust mechanism for
the alleviation of this negative regulatory role is yet to
emerge, and yet some interesting observations have been
made in this area.  Insulin stimulation disrupts the
association between Munc18c and syntaxin 4 (167). This
disruption may be mediated through a direct
phosphorylation event, as phosphorylation of Munc18a has
been shown to disrupt its association with syntaxin 1a (202,
203). However, a mutagenesis study of the equivalent
phosphorylation site in Munc18c failed to detect any
difference in behavior between wild-type and mutant
Munc18c with respect to syntaxin 4 binding and glucose
transport (199). Alternatively, alleviation of Munc18c's
inhibitory effects may be mediated through an effector
molecule. In support of this possibility, microinjection of a
Munc18c peptide into 3T3-L1 adipocytes results in the
inhibition of insulin-stimulated plasma membrane fusion of
GLUT4 vesicles and accumulation of vesicles just below
the plasma membrane (204), indicative that trafficking, but
not fusion, has occurred. This peptide maps to a non-
syntaxin binding region of Munc18c and thus may
represent the binding site for an as yet unidentified effector.

While attractive, this negative functional role for
Munc18c may yet prove too simple, as interesting observations
have been made with yeast, as well as early-acting SM
proteins, suggesting additional roles for these proteins. In
yeast, the association between SM protein Sec1p and the t-
SNARE Sso2p is weak (205). Rather, Sec1p is reported to
interact with the pre-assembled trimeric SNARE complex at
sites of secretion. Sec1 possibly shields the SNARE complex
from Sec18p-mediated disassembly or perhaps stimulates
fusion, but in any event it acts at a stage intermediate between
SNARE complex assembly and NSF/sec18-mediated
disassembly (121). It is possible that endomembrane SM
molecules may facilitate SNARE complex assembly. In both
yeast and mammals, early-acting SM molecules, Vps45p and
Sly1p, bind to their respective t-SNARES, Tlg2/syntaxin 16
and Sed5p/syntaxin 18, via short peptide motifs N-terminal to
the Habc regulatory domain of the t-SNARE (206, 207,  208),
whilst the remainder of the t-SNARE molecule, at least in the
case of Tlg2p/syntaxin 16, maintains an open conformation
(205,206). The crystal structure of Sly1p in complex with the
N-terminal, 45 residue, peptide from Sed5p indicates that the
peptide forms two small helices that bind to a novel location on
domain 1 of Sly1p, on the opposite side to the syntaxin 1
interaction site with Munc18a (209). This mode of binding
appears to allow SNARE complex assembly to take place on
the syntaxin while it is still bound to Sly1p, an association that
may impose specificity on SNARE complex formation (208).
These observations are in contrast to the behavior of Munc18a
which binds syntaxin1a in a “closed” conformation (119, 201)
and utilizes multiple contact sites across the whole of syntaxin
(166).  Unfortunately, structural information regarding the
binding conformation of syntaxin 4 and Munc18c is yet to
emerge.

The regulatory effect of Munc18c on insulin-
responsive GLUT4 translocation may therefore act at several
points, ranging from co-translocation with syntaxin 4 to the
plasma membrane and preventing non-specific SNARE
pairings, to regulating the availability of syntaxin 4 for
SNARE-complex formation in response to physiological
stimuli. The proposition that Munc18c cycles through a stage
of binding SNARE complexes, as is the case with yeast Sec1p
(121), cannot be excluded.

 5.4.5. Rab GTPases
The Rab family of small GTPases are key

regulators of membrane traffic. Up to 60 Rab genes have
been recognized in the human genome (181), and specific
isoforms appear to be localized to discreet membrane
compartments. Rabs function as molecular switches,
naturally cycling between the GDP-bound “off” state and
the GTP-bound “on” state at intrinsically slow rates.  These
slow rates of hydrolysis and nucleotide-exchange of Rab
proteins may be dramatically enhanced or suppressed by
nucleotide exchange factors, GDP-dissociation inhibitors
and GTPase activation proteins.  These regulatory
molecules offer further opportunities for temporal control
of Rab-mediated processes by hormones such as insulin,
and other regulatory factors.

By virtue of their organelle distribution, Rabs
confer a degree of spatial and temporal specificity to
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membrane trafficking events (210). They have been
implicated in cargo selection (211, 212), vesicle motility
(213, 214), vesicle tethering (134, 215) and membrane
fusion (216, 217). This wide range of GTP-Rab functions is
mediated by an extraordinary diversity of effector
molecules.

A major role for Rab proteins is in linking the
vesicle to the opposing membrane via tethering proteins
(210). For example, Rab5 binding to EEA1 has been
implicated in linking endocytic vesicles to early endosomes
(218, 219). The reported in vivo binding of Rab4 and
syntaxin 4 (220) may represent a tethering interaction with
physiological relevance to GLUT4 trafficking. This
interaction is dependent on Rab4 being in the GTP-bound
state (220), and the activation of Rab4 is sensitive to
insulin-stimulated guanine nucleotide exchange on the
GTPase in a wortmannin-dependent fashion (221).

Rabs and Rab effectors may also link with the
SNARE machinery through the Sec1/Munc18 proteins. An
initial indication was the discovery of yeast Sly1 as a
genetic suppressor of the loss of Ypt1 function (222).
Currently, the following SM proteins have been reported as
constituent members of Rab effector complexes:  Vps45
with Rabenosyn-5 at the endosome (223), Vps33 at the
vacuole (224, 225) and Vps45 with Vac1 (226). These
effector complexes may play a role in the regulation of
SNARE complex formation (227), in addition to regulating
Rab function by modulating their GTP status (224).

To date, two Rab family members, Rab4 and
Rab11 have been found to colocalize on membranes with
GLUT4 and to re-distribute in an insulin-sensitive manner.
Rab11 is predominantly localized to the perinuclear
recycling endosomes (228). In cardiac muscle it was found
to localize with GLUT4, both in this compartment as well
as to non-endosomal GLUT4 storage vesicles (229). In
response to insulin, Rab11 is reported to relocate to the
plasma membrane, as well as to redistribute from the
endosomal pool to the GLUT4 storage vesicles, suggesting
a role in trafficking GLUT4 to the glucose storage vesicle
(229). Rabphilin-11/Rab11BP is an effector of Rab11
function (230, 231), which binds to a domain bounded by
residues 334 to 504 of the GTPase (230). Expression of this
fragment in adipocytes (73) caused the redistribution of
GLUT4 from a TfR-negative compartment to one which is
TfR-positive, and inhibited insulin-stimulated translocation
of GLUT4 to the plasma membrane (73).   These data
suggest a key role for Rab11 in withdrawing a proportion
of GLUT4 from the general TfR-positive recycling pool to
the specialized GLUT4 storage vesicle pool (73).

Rab4 has been suggested to control traffic
between the plasma membrane and the early endosomal
compartment (232) by regulating the formation of recycling
vesicles (233). In muscle and adipocytes, Rab4 has been
found to colocalize with GLUT4 on immunopurified
vesicles (234, 235) and, to redistribute to the cytosol in
synchrony with the translocation of GLUT4 to the plasma
membrane upon insulin stimulation (234).  This
redistribution can be abolished by wortmannin, suggesting

involvement of the PI 3-kinase pathway (221). Interference
assays have demonstrated that adipocytes that have been
electroporated with a Rab4 C-terminal peptide (236), or
that heterologously overexpress wild-type or hydrolysis-
deficient mutants of Rab4 (237), display decreased GLUT4
translocation and glucose uptake in response to insulin.
Thus Rab4 appears to play a role in GLUT4 translocation
by an undefined mechanism. Interestingly, insulin has been
shown to stimulate the geranylgeranylation of Rab4, a
prerequisite for its membrane localization and GTP
loading/activation (238), providing an additional means for
hormone regulation.

6. PERSPECTIVES AND CONCLUSIONS

Significant inroads have been made in cataloguing
the molecular repertoire and understanding the processes
involved in GLUT4 vesicle translocation and fusion.  Much of
this information has been derived by analogy with other
regulated trafficking events, including neurotransmitter
trafficking in neuronal cells and understanding the basis of
yeast secretion mutants.  It has been established that many of
the underlying principles governing regulated membrane
trafficking and fusion have been conserved through evolution.
Vesicle fusion is directed by the formation of a SNARE
complex between the fusing vesicle SNARE protein and its
target membrane SNAREs to enable fusion. In the case of
GLUT4 vesicle fusion, VAMP2 on the vesicle forms a
SNARE complex with syntaxin 4 and SNAP23 on the plasma
membrane.   These SNAREs are similar, though not identical,
to SNAREs for neuronal vesicle trafficking.  Regulation of the
fusion process involves accessory proteins that include
munc18c, Rabs and several less well characterized proteins
such as synip, pantophysin, VAP-33, but the detail of this
regulation remains poorly understood.  Data to date suggest
that these proteins are involved in regulating the availability
and/or tethering SNAREs for fusion.  How these processes are
linked to the initial insulin signaling events remains an open
question as are the identities of the protein(s) targeted, but
further development in this area can be expected over coming
years.  Additionally, it is possible that subcellular
compartmentalization of the signaling machinery may play a
significant role.  The initial stages of insulin signaling involves
a well established phosphorylation cascade, however data
concerning the phosphorylation of the SNARE proteins
involved in trafficking GLUT4 have provided little evidence to
support this mode of regulation of the fusion process.  The
processes involved in endocytic trafficking of GLUT4 are even
less well understood, however it is possible that the biogenesis
of the insulin-responsive GLUT4 compartment, and
understanding of the SNAREs directing traffic to this
compartment, may offer new targets for therapies directed at
ameliorating insulin resistance.  Further studies of the function
and regulation of these SNARE proteins will provide basic
knowledge that should delineate this process and contribute to
a better understanding of the mechanisms underlying insulin
resistance and type II diabetes.
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