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Abstract

In this study, we investigated the relative participation of N-ethylmaleimide-sensitive factor (NSF) in vivo in a complex multistep
vesicle trafficking system, the translocation response of GLUT4 to insulin in rat adipose cells. Transfections of rat adipose cells dem-
onstrate that over-expression of wild-type NSF has no effect on total, or basal and insulin-stimulated cell-surface expression of
HA-tagged GLUT4. In contrast, a dominant-negative NSF (NSF-D1EQ) can be expressed at a low enough level that it has little
effect on total HA-GLUT4, but does reduce both basal and insulin-stimulated cell-surface HA-GLUT4 by ~50% without affecting
the GLUT4 fold-translocation response to insulin. However, high expression levels of NSF-D1EQ decrease total HA-GLUT4. The
inhibitory effect of NSF-DI1EQ on cell-surface HA-GLUT4 is reversed when endocytosis is inhibited by co-expression of a domi-
nant-negative dynamin (dynamin-K44A). Moreover, NSF-D1EQ does not affect cell-surface levels of constitutively recycling
GLUT!1 and TfR, suggesting a predominant effect of low-level NSF-D1EQ on the trafficking of GLUT4 from the endocytic recy-
cling compared to the intracellular GLUT4-specific compartment. Thus, our data demonstrate that the multiple fusion steps in
GLUT4 trafficking have differential quantitative requirements for NSF activity. This indicates that the rates of plasma and intra-
cellular membrane fusion reactions vary, leading to differential needs for the turnover of the SNARE proteins.
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Insulin stimulates glucose transport in adipose and
muscle cells through the translocation of the GLUT4
glucose transporter isoform [3.,4]. In the basal state,
the majority of GLUT4 resides in an intracellular
GLUT4-specific compartment (GSC). Insulin stimula-
tion induces a rapid redistribution of GLUT4 from the
intracellular pool to the plasma membrane. Studies on
the subcellular trafficking of GLUT4 demonstrate that,
in the insulin-stimulated state, GLUT4 continuously
cycles through multiple intracellular compartments
including early endosomes involved in GLUT4 internal-
ization and GSC from which GLUT4 undergoes rapid
exocytosis to the plasma membrane. The recruitment
of an intrinsic membrane protein such as GLUT4 to
the plasma membrane from an intracellular pool of ves-
icles is conceptually similar to neurosecretion as well as
other regulated secretory processes.

In adipose cells, we and others have previously iden-
tified VAMP-2 and VAMP-3/cellubrevin in GSC, and
two plasma membrane SNAREs, syntaxins 2 and 4
[5,6]. The following observations from previous studies
demonstrate roles for SNARE proteins in GLUT4
translocation [5,7-10]. First, VAMPs are co-localized
with GLUT4 and insulin stimulates the trafficking of
VAMPs to the plasma membrane along with GLUT4
[5]. Second, both inactivation of VAMP-2 and VAMP-
3/cellubrevin with tetanus toxin and inhibition of syn-
taxin 4 block insulin-stimulated GLUT4 translocation
[9]. Finally, interference with the formation of 20S
SNARE complexes by over-expressing SNAP23-A 8§,
which binds to syntaxin 4 but not to VAMP-2, inhibits
insulin-induced translocation of GLUT4 [10]. These
data strongly suggest that SNARE complex proteins
are involved in insulin-stimulated GLUT4 transloca-
tion. However, the role of NSF in the SNARE com-
plex-regulated GLUT4 translocation is assumed, but
largely uncharacterized. Mastick and Falick [11] have
investigated the potential role of NSF in GLUT4 traf-
ficking by examining the association of NSF and SNAPs
with GLUT4 vesicles in rat adipose cells. In their study,
NSF and SNAPs are highly enriched in GLUT4 vesicles
and low-density microsomes in the absence of insulin.
Very little NSF and SNAPs are associated with the plas-
ma membrane fraction. Insulin does not stimulate the
translocation of NSF and SNAPs to the plasma mem-
brane with GLUT4. These data suggest differential
quantitative requirements for NSF activity among the
various membrane fusion reactions comprising the com-
plex multistep GLUT4 vesicle trafficking system, but the
details are unknown.

To investigate the relative participation of NSF in the
multiple fusion reactions comprising the trafficking of
GLUT4, we expressed wild-type and mutant NSF in
rat adipose cells. NSF-DIEQ is a dominant-negative
ATP hydrolysis-deficient mutant, which binds SNARE
complexes, but cannot disassemble them [12]. We have

observed a differential sensitivity of the various fusion
events of GLUT4 vesicle trafficking to disruption by
the NSF mutant. Low-level expression of the NSF-
DI1EQ mutant predominantly influences intracellular
membrane fusion events involved in GLUT4 cycling
from the endocytic recycling compartment (ERC) to
the GSC, but not biosynthesis and plasma membrane
fusion.

Materials and methods

Plasmid constructs. NSF wild-type and NSF-D1EQ were generated
in the pCIS2 mammalian expression vector. Construction of the
HA-tagged GLUT4, HA-GLUT4-GFP, HA-GLUT]I, and dominant-
negative K44A dynaminl (Dyn-K44A) in pCIS2 has been described
previously [13-16]. The vpTfR construct was a generous gift from
Dr. T.E. McGraw (Weill Medical College of Cornell University). For
transfection experiments, the plasmids were purified using a maxiprep
kit (Qiagen).

Cell culture and transfection of rat adipose cells. Preparation of
isolated rat epididymal adipose cells from male rats (CD strain,
Charles River Breeding Laboratories) was performed as described
previously [13]. Isolated cells were washed twice with Dulbecco’s
modified Eagle’s medium containing 25 mM glucose, 25 mM Hepes,
4 mM L-glutamine, 200 nM N-6-(2-phenylisopropyl)-adenosine, and
75 pg/ml gentamicin, and resuspended in a cytocrit of 40% (5-
6 x 10° cells/ml). Two hundred microliters of the cell suspension was
added to 200 pl of Dulbecco’s modified Eagle’s medium containing
100 pg of carrier DNA (sheared herring sperm DNA, Boehringer
Mannheim) and expression plasmids as indicated. The total concen-
tration of plasmid DNA in each cuvette was adjusted to 2 pg/ml for
HA-GLUT4 and 18 pg/ml for dominant-negative K44A dynaminl. In
time course experiments, HA-GLUT4 and NSF-DIEQ were co-
transfected, and the total concentration of plasmid DNA in each
cuvette was adjusted to 2 ug/ml for HA-GLUT4 and various con-
centrations of 0.4, 2, and 4 pg/ml for NSF-DIEQ. In experiments
where HA-GLUT! or TfR was co-transfected with NSF-DIEQ, the
total concentration of plasmid DNA in each cuvette was adjusted to
2 ug/ml for HA-GLUT1 and TfR, and 0.4 pg/ml for NSF-D1EQ.
Electroporation was carried out in 0.4-cm gap-width cuvettes (Bio-
Rad) using a T810 square wave pulse generator (BTX). After applying
three pulses (12 ms, 200 V), the cells were washed once in Dulbecco’s
modified Eagle’s medium, pooled in groups of 4-10 cuvettes, and
cultured at 37 °C, 5% CO, in Dulbecco’s modified Eagle’s medium
containing 3.5% bovine serum albumin.

Cell-surface antibody-binding assay. Rat adipose cells were har-
vested 20-24 h post-transfection and washed in Krebs—Ringer bicar-
bonate Hepes buffer, pH 7.4, 200 nM adenosine (KRBH buffer)
containing 5% bovine serum albumin. Samples corresponding to the
cells from one cuvette were distributed into 1.5-ml microcentrifuge
tubes. After stimulation with 67 nM (1 x 10* pU/ml) insulin for 30 min
at 37 °C, subcellular trafficking of GLUT4 was stopped by the addition
of 2mM KCN. All of the following steps were performed at room
temperature. A monoclonal anti-HA antibody (HA.ll, Berkeley
Antibody Co.) or anti-TfR antibody (Santa Cruz) was added at a
dilution of 1:1000 or 1:10, respectively, and the cells were incubated for
1 h. Excess antibody was removed by washing the cells three times with
KRBH, 5% bovine serum albumin. Then 0.1 uCi of '*I sheep anti-
mouse antibody (Amersham Pharmacia Biotech) was added to each
reaction, and the cells were incubated for 1 h. Finally, the cells were
spun through dinonylphthalate oil to remove the unbound antibody,
and the cell-surface-associated radioactivity was counted in a
v-counter. The resulting counts were normalized to the lipid weight of
the samples [17]. Unless stated otherwise, the values obtained for
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pCIS-transfected cells were subtracted from all other values to correct
for non-specific antibody binding. Antibody-binding assays were per-
formed in duplicate or triplicate.

Membrane isolation and immunoblotting to detect expression of
HA-GLUTH4. Rat adipose cells were co-transfected with HA-GLUT4
(4 pg/ml) and NSF-D1EQ at the various concentrations of 0.4, 2, and
4 pg/ml. Transfected cells were harvested after 20 h of incubation.
Crude total membrane fractions were prepared essentially as described
previously [18]. Proteins in the crude total membranes were separated
by SDS-polyacrylamide gel electrophoresis and transferred to nitro-
cellulose filters. Immunoblot analysis of HA-GLUT4 was performed
with the monoclonal anti-HA antibody described above (1:1000 dilu-
tion) and 0.2 uCi/ml '*I-protein A. The HA-GLUT4 signals were
quantified using Image Gauge V3.12, Science lab 98 (Fuji Photo Film).

Confocal microscopy. For morphological analysis, electroporation
was carried out using HA-GLUT4-GFP (8 pg/ml, 0.5 ml per cuvette)
together with NSF-DIEQ (0-0.5 pg/ml). For the experiment of
chronic insulin treatment, cells were cultured with or without 67 nM
insulin for 20-24 h at 37 °C, 5% CO,. For acute insulin treatment, cells
were treated with or without 67 nM insulin for 30 min at 37 °C after
culturing in the absence of insulin for 20-24 h. Cells were then fixed in
a suspension of 4% paraformaldehyde (Electron Microscopy Sciences)
in 0.15M PBS, pH 7.4, for 20 min at room temperature, rinsed with
PBS, and then mounted using Vectashield mounting medium (Vector
Laboratories). GFP fluorescence was observed with an Optiphot 2
fluorescence microscope (Nikon, Tokyo, Japan) equipped with a Bio-
Rad MRC1024 confocal laser scanning imaging system (CSLM, Bio-
Rad Laboratories). Specimens were observed using a planapochromat
60x/1.4 NA oil immersion objective. To excite GFP, the 488 nm line of
a mixed argon/krypton laser was used at 100% laser energy. All images
were taken with Kalman averaging of four frames. For each cell,
optical sections for a whole cell were recorded in 0.5-um steps along
the Z-axis and projected images were produced using Confocal
Assistant 4.02 software.

Results

Effect of a dominant-negative ATPase-deficient NSF
(NSF-DIEQ) on cell-surface translocation of
HA-GLUTH4

To determine the role of NSF in GLUT4 transloca-
tion, HA-GLUT4 and wild-type or mutant NSF were
co-transfected into rat adipose cells, and cell-surface lev-
els of HA-GLUT4 were detected by anti-HA antibody
binding. The effect of NSF expression on the total
expression of HA-GLUT4 was assessed by immunoblot-
ting for the HA-epitope. Over-expression of wild-type
NSF has no effect on cell-surface levels of HA-GLUT4
in the basal and insulin-stimulated states, nor on total
HA-GLUT4 protein expression (data not shown). In
contrast, as illustrated in Fig. 1, expression of the
NSF-DIEQ mutant decreases both basal and insulin-
stimulated cell-surface levels of HA-GLUT4 and total
HA-GLUT4 in a dose-dependent manner. However, as
compared with the total expression of HA-GLUT4,
low-level expression of NSF-DIEQ mutant (0.25 pl/
ml) reduces cell-surface HA-GLUT4 by about 50% in
both the basal and insulin-stimulated states (Fig. 1A),
with little reduction in total HA-GLUT4 expression
(Fig. 1B). The reduction in total HA-GLUT4 is ob-
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Fig. 1. A mutant NSF (NSF-D1EQ) differentially inhibits cell-surface
and total HA-GLUT4 expression in a concentration-dependent
manner. Rat adipose cells were co-transfected with 2 pg/ml HA-
GLUT4 and various concentrations of NSF-D1EQ, and cultured for
20 h. After harvesting the cells, cell-surface levels of HA-GLUT4 were
detected in the basal (open bars) and insulin-stimulated states (closed
bars) using an HA antibody-binding assay (A). The cell-surface-
associated radioactivity was normalized to the basal control. Total
expression levels of HA-GLUT4 were determined by immunoblotting
membranes with an anti-HA antibody. Cell-surface HA-GLUT4 was
then compared to total expression levels of HA-GLUT4 (B). Results
are means + SEM of the mean values obtained from at least duplicate
determinations in 3 independent experiments.

served only when higher levels of the NSF-D1EQ mu-
tant are expressed (Fig. 1B). Moreover, the fold
GLUTH4 translocation response to insulin is not changed
by expression of the NSF-DIEQ mutant (Fig. 1A).

A dominant-negative dynamin GTPase (Dyn-K44A)
reverses the inhibitory effect of NSF-DIEQ on cell-
surface HA-GLUT4

The above data suggest that low-level expression of
the NSF-D1EQ mutant may interfere with the intracel-
lular trafficking of GLUT4. To further study the partic-
ular GLUT4 trafficking steps in which NSF might be
involved, we used Dyn-K44A to examine whether
NSF-DIEQ affects cell-surface accumulation of
HA-GLUT4 when the endocytosis of GLUT4 is
blocked. NSF-DIEQ, Dyn-K44A, and HA-GLUT4
were co-transfected into adipose cells, and cell-surface
HA-GLUT#4 was detected by anti-HA antibody-binding
assay. Fig. 2 shows that Dyn-K44A-induced basal cell-
surface HA-GLUT4 is not different between adipose
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Fig. 2. A dominant-negative dynamin GTPase (Dyn-K44A) reverses
the NSF-DIEQ inhibitory effect on cell-surface HA-GLUT4. Rat
adipose cells were co-transfected with the indicated combinations of
HA-GLUT4, 2 pg/ml; NSF-DI1EQ, 0.4 ug/ml; and Dyn-K44A, 18 g/
ml. Cells were then cultured for 20 h. After harvesting the cells, cell-
surface levels of HA-GLUT4 were detected in the basal (open bars)
and insulin-stimulated states (closed bars) using an HA antibody-
binding assay. The cell-surface-associated radioactivity was normal-
ized to the basal control. Results are means = SEM of the mean values
obtained from at least duplicate determinations in three independent
experiments.

cells with and without low-level expression of NSF-
DI1EQ. These data indicate that GLUT4 is able to traffic
to and fuse with the plasma membrane in the presence of
low-level expression of NSF-D1EQ. Like control cells,
cells transfected with NSF-D1EQ do not show a further
increase in cell-surface HA-GLUT4 in response to insu-
lin in the presence of Dyn-K44A.

Effect of low-level expression of NSF-DIEQ on the
subcellular localization of HA-GLUT4-GFP

In order to further examine the effect of the NSF-
DIEQ mutant on the subcellular localization of
GLUT4, adipose cells were co-transfected with
NSF-DIEQ and HA-GLUT4-GFP, and cultured in
the presence or absence of insulin for 20 h. The subcel-
lular localization of HA-GLUT4-GFP was then exam-
ined by confocal microscopy. Fig. 3 shows that after
20 h of culture in the absence of insulin, HA-GLUT4-
GFP displays a concentrated localization in the perinu-
clear region of control cells (A). In cells co-transfected
with HA-GLUT4-GFP and NSF-D1EQ, the accumula-
tion of HA-GLUT4-GFP in the perinuclear region is
significantly decreased, and the HA-GLUT4-GFP is
more dispersed throughout the cytosol Fig. 3B. The
presence of insulin during the entire period of 20-h cul-
ture also almost completely prevents the aggregation of
HA-GLUT4-GFP in the perinuclear region, such that
the subcellular distribution of HA-GLUT4-GFP is not
different without and with co-transfected NSF-DIEQ
Figs. 3C and D. These data indicate that the reduction
of cell-surface GLUT4 by low-level expression of a
dominant-negative NSF may be associated with a reduc-
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Fig. 3. Localization analysis of HA-GLUT4-GFP in rat adipose cells
transfected with or without a dominant-negative NSF-DIEQ in the
presence or absence of insulin. HA-GLUT4-GFP was co-transfected
without (A) or with (B) NSF-DI1EQ, 0.4 ug/ml, and the cells were
cultured in the absence of insulin for 20 h. Co-transfected cells without
(C) or with NSF-DI1EQ (D) were treated with insulin during 20 h
culture.

tion in the recycling of internalized GLUT4 back to the
insulin-responsive intracellular compartment.

Comparison of the NSF-DIEQ effects on cell-surface
HA-GLUTH4, TfR, and HA-GLUT]I in short-term culture

To further test the hypothesis that the recycling pro-
cess of internalized-GLUT4 to the intracellular GSC is
more dependent on NSF activity, we compared the
NSF-DIEQ effect on HA-GLUT4 with those on TfR
and HA-GLUT1, membrane proteins that constitutively
recycle. Transfected cells were harvested after 4 h of cul-
ture and incubated for 30 min in the absence and pres-
ence of insulin. The levels of cell-surface HA-GLUT4,
TfR, and HA-GLUT1 were then determined in intact
cells by antibody-binding assays against the HA-epitope
tag and the extracellular domain of the TfR. As illus-
trated in Fig. 4, similar to 20 h of culture, low-level
expression of NSF-DIEQ for 4 h inhibits cell-surface
expression of HA-GLUT4 in both basal and insulin-
stimulated cells. As observed previously, similar cell-sur-
face levels of TfR and HA-GLUT1 are seen in the basal
and insulin-stimulated states. Furthermore, low-level
expression of NSF-D1EQ does not affect the cell-surface
expression of TfR and HA-GLUT], again in either the
presence or absence of insulin. Finally, we cultured
HA-GLUT4-transfected cells in the presence of insulin
for 4 h to provoke constitutive recycling. We found that
chronic insulin itself reduces cell-surface expression
of HA-GLUT4, but that low-level co-expression of
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Fig. 4. A mutant NSF (NSF-D1EQ) differentially affects cell-surface
expression of HA-GLUT4, TfR, and HA-GLUT]I. Rat adipose cells
were co-transfected with the indicated combinations of HA-GLUT4,
2.0 ug/ml; TfR, 2.0 pg/ml; HA-GLUTI, 2.0 pg/ml; NSF-DIEQ,
0.4 ug/ml. Cells were then cultured for 4 h. After harvesting the cells,
cell-surface levels of HA-GLUT4, TfR, and HA-GLUT]1 were detected
in the basal (open bars) and insulin-stimulated states (closed bars)
using antibody-binding assays. The cell-surface-associated radioactiv-
ity was normalized to the basal control. Results are means + SEM of
the mean values obtained from at least duplicate determinations in two
independent experiments.

NSF-DI1EQ does not have any additional inhibitory ef-
fect (data not shown).

Discussion

NSF-mediated SNARE disassembly has been impli-
cated in many cellular fusion reactions, of both consti-
tutive and regulated pathways. The precise role of
NSF in the docking/fusion/recycling steps of mem-
brane fusion has been studied in a number of eukary-
otic cells [19]. In this study, we investigated the relative
participation of NSF in vivo in a complex multistep
vesicle trafficking system, the translocation response
of GLUT4 to insulin in rat adipose cells. Using NSF
and dynamin mutants, we have shown that the ATP-
ase activity of NSF is required for both cell-surface
localization of GLUT4 and the biosynthesis of
GLUT4, but that the latter is less sensitive to a loss
of NSF activity than is GLUT4 trafficking. Further-
more, a comparison of NSF’s effects on the trafficking
of TfR, GLUTI1, and GLUT4 demonstrates that NSF
activity is not critical for exocytosis and the initial
steps of endocytic recycling of GLUT4. Rather, the
NSF-D1EQ-induced decrease in cell-surface GLUT4
appears to impair endocytic recycling of GLUT4 from
ERC to GSC.

The formation of an hexamer of NSF is crucial for
the activation of NSF and introduction of a single inac-
tive subunit of NSF can poison an hexamer [20]. The
mutant NSF-DI1EQ shows concentration-dependent
effects on both the biosynthesis and trafficking of
GLUTH4. The loss of total HA-GLUT4 as the concentra-
tion of co-transfected NSF-D1EQ is increased (Fig. 2B)

appears to be indicative of a defect in the biosynthetic
processing of GLUT4 to and through the Golgi that
leads to accumulation in the ER and subsequent degra-
dation. However, since mutant NSF presumably also
blocks lysosome delivery, the degradation of GLUT4
would have to occur through another pathway. For in-
stance, it has been recently reported that GLUT4 can be
degraded through the proteasome pathway and that this
process is regulated by sentrin-conjugating enzyme
mUbc9 [21].

Nevertheless, low-level expression of NSF-D1EQ sig-
nificantly diminishes the cell-surface levels of
HA-GLUT4 without affecting either total HA-GLUT4
protein expression or insulin-stimulated translocation
of HA-GLUT4 to the plasma membrane. These obser-
vations suggest that the former is more sensitive to
NSF ATPase activity than the latter. This would be con-
sistent with the morphological data seen in Fig. 3 dem-
onstrating that NSF-D1EQ prevents the aggregation of
HA-GLUT4-GFP in the perinuclear region of the cell,
maintaining the normal diffuse appearance, with over-
night culture. Such differential sensitivity in the different
trafficking steps could possibly depend upon the rate
and the total number of NSF-required membrane fusion
reactions. For instance, the sorting of biosynthesized
GLUT4 from ER to Golgi and the basal rate of exocy-
tosis of GLUT4 from GSC to the plasma membrane
may be less sensitive to NSF-D1EQ inhibition due to
a slow rate of trafficking, i.e., a low rate of membrane
fusion, whereas post-Golgi trafficking of GLUT4,
including endocytosis and intracellular sorting, is more
sensitive to the inhibitory activity of NSF-DIEQ
because a rapid recycling is required.

In general, endocytic recycling pathways consist of
several steps including clathrin-coated vesicle formation
at the plasma membrane, formation of sorting endo-
somes, and transport of molecules to their correct desti-
nations [22]. In adipose cells, the endocytic itinerary of
GLUT4 after ERC has been proposed to be transport
to GSC [22]. McGraw’s group has demonstrated that
the intracellular cycling of GLUT4 between the GSC
and the endosomes takes much less time than that to
fuse with the plasma membrane in 3T3-L1 adipocytes
[23], indicating that intracellular cycling of GLUT4 is
relatively rapid. In addition, studies on the subcellular
localization of NSF and quantification of SNARE pro-
teins in the intracellular compartments suggest that the
total number of intracellular fusion reactions is larger
than the total number of plasma membrane fusion reac-
tions. For example, one study has shown that the NSF
and SNAPs are highly enriched in GLUT4 vesicles
and low-density microsomes (LDM) under steady state
conditions, and that this association is not changed by
insulin stimulation [11]. Another study has demon-
strated that the endosomal v-SNARE cellubrevin is ex-
pressed at 10-fold higher levels than syntaxin 4 or
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VAMP-2, the latter believed to be involved in plasma
membrane fusion events [24]. In these two cases, it is
reasonable to consider that rapid or extensive intracellu-
lar fusion reactions of GLUT4 require more NSF.

Dynamin is an important GTPase required for the
pinching off of the clathrin-coated vesicle and therefore
involves the initial step of the endocytic recycling [25]. In
previous studies, we have observed in adipose cells that
dynamin regulates the rate of GLUT4 endocytosis [15].
In the present study, Dyn-K44A was used to test
whether NSF activity is necessary for the fusion of
GLUT4 to the plasma membrane and the first step of
endocytic recycling. Our data show that Dyn-K44A
leads to an increase in basal cell-surface GLUT4 such
that insulin stimulation produces little increase. This re-
sult argues that the bulk of the GLUT4 is “trapped” on
the cell-surface, suggesting that GLUT4 is trafficked to
the plasma membrane even when the NSF-D1EQ is ex-
pressed, but perhaps at a slower rate. Thus, when Dyn-
K44A blocks the return of GLUT4 from the plasma
membrane, plasma membrane accumulation is seen even
with the lower level of trafficking in the presence of
NSF-DIEQ expression. The effect of Dyn-K44A over-
comes the effect of the mutant NSF. This observation
supports the conclusion stated above regarding relative
trafficking rates and fits with the work of Ganetzky’s
group looking at NSF and dynamin in Drosophila syn-
aptosomes [19]. In the Ganetzky report, use of a dyn-
amin mutant to slow endocytosis caused a reversal of
the accumulation of SNARE complexes seen with the
NSF mutants.

To further address the possibility that the require-
ment for NSF is specific for different membrane traffick-
ing and recycling processes, we compared the effects
of NSF-DI1EQ on GLUT4 to those on GLUTI1 and
TfR. GLUT4, GLUT]1, and TfR share the same initial
endocytic pathways from the plasma membrane to the
ERC. From the endosome system, they traffic to distinct
compartments, for instance, GLUT1 and TfR return
back to cell surface while GLUT4 go to GSC [22,26].
Co-expression of NSF-DIEQ does not affect TfR or
GLUTTI cell-surface expression. These data suggest that
the trafficking of GLUT4 is more sensitive to overall cel-
lular trafficking rates, perhaps requiring rapid or exten-
sive transit that is not required for GLUT1 and TfR.
This explanation fits with the observation reported by
Yang et al. [27] that TfR recycling is not dependent on
VAMP-3, suggesting that fewer SNARE proteins and
a lower NSF requirement are involved in this process.
It could mean that the requirements for GLUT4 transit
are limiting and must be recycled by active NSF. In this
case, the secretory machinery needed to move GLUT4
at any one of the transit steps is not recycled because
NSF is not active. This model could also explain the
inhibitory effect of mutant NSF on basal cell-surface
GLUT4 expression since GLUT4 has been proposed

to constitutively cycle between endosomes and the
GSC in the basal state in 3T3-L1 adipocytes [28].

It has been reported that insulin minimally affects the
rate of TfR endocytic recycling [29], while insulin signif-
icantly inhibits the movement of GLUT4 through the
endocytic recycling system [30,31]. To further confirm
that NSF activity is important for the rapid and exten-
sive endocytic recycling from ERC to GSC, insulin
was used during 20 h of culture. Interestingly, the pres-
ence of insulin diminishes the appearance of GLUT4 in
the perinuclear region in normal adipose cells (Fig. 3),
indicating that recycling from endosome to GSC is
inhibited. In this condition, however, the effect of
NSF-DIEQ on cell-surface GLUT4 levels is not ob-
served by morphological examination (Fig. 3) and an
anti-HA antibody-binding assay (data not shown). This
suggests that the NSF mutant loses its inhibitory effect
on cell-surface GLUT4 expression when GLUT4 traf-
ficking skips the rapid and extensive reactions which re-
quires more NSF activity. These data further support
that NSF ATPase activity is required for endocytic recy-
cling of GLUT4 from ERC to GSC.

Taken together, the data presented here have led to a
model for how NSF participates in the intracellular
trafficking of GLUT4 vesicles in adipose cells. The dis-
tinct steps of GLUT4 vesicle trafficking display differ-
ential requirements for NSF activity possibly based
on their different rates and the number of membrane
fusion reactions. Trafficking of GLUT4 to the plasma
membrane is less sensitive to loss of NSF activity, per-
haps due to a slower rate and fewer number of mem-
brane fusion reactions. Trafficking from endosomal
system to GSC is more dependent on NSF activity,
indicating that this movement is rapid and extensive,
and requires more turnover of the SNARE proteins
responsible for the membrane fusion steps. Despite
the conceptual advance suggested by our data, it is
clear that further studies are needed to directly assess
the movement of GLUT4 vesicles between endosomes
and GSC, and to determine whether the requirement
for NSF depends upon the rate of vesicle movement
or membrane fusion.

Acknowledgments

We thank Mary Jane Zarnowski and Steven
R. Richards for expert technical assistance.

References

[1]J.S. Bonifacino, B.S. Glick, The mechanisms of vesicle budding
and fusion, Cell 116 (2004) 153-166.

[2] S.W. Whiteheart, T. Schraw, E.A. Matveeva, N-Ethylmaleimide
sensitive factor (NSF) structure and function, Int. Rev. Cytol. 207
(2001) 71-112.



34 X. Chen et al. | Biochemical and Biophysical Research Communications 333 (2005) 28-34

[3]1S. Rea, D.E. James, Moving GLUT4: the biogenesis and
trafficking of GLUT4 storage vesicles, Diabetes 46 (1997) 1667—
1677.

[4] G.D. Holman, S.W. Cushman, Subcellular localization and
trafficking of the GLUT4 glucose transporter isoform in insulin-
responsive cells, Bioessays 16 (1994) 753-759.

[S]J.F. St-Denis, J.P. Cabaniols, S.W. Cushman, P.A. Roche,
SNAP-23 participates in SNARE complex assembly in rat adipose
cells, Biochem. J. 338 (1999) 709-715.

[6] K.I. Timmers, A.E. Clark, M. Omatsu-Kanbe, S.W. Whiteheart,
M.K. Bennett, G.D. Holman, S.W. Cushman, Identification of
SNAP receptors in rat adipose cell membrane fractions and in
SNARE complexes co-immunoprecipitated with epitope-tagged
N-ethylmaleimide-sensitive fusion protein, Biochem. J. 320 (1996)
429-436.

[7] A.L. Olson, J.B. Knight, J.E. Pessin, Syntaxin 4, VAMP2, and/or
VAMP3/cellubrevin are functional target membrane and vesicle
SNAP receptors for insulin stimulated GLUT4 translocation in
adipocytes, Mol. Cell. Biol. 17 (1997) 2425-2435.

[8] J.F. St-Denis, S.W. Cushman, Role of SNARE’s in the GLUT4
translocation response to insulin in adipose cells and muscle, J.
Basic Clin. Physiol. Pharmacol. 9 (1998) 153-165.

[9] B. Cheatham, A. Volchuk, C.R. Kahn, L. Wang, C.J. Rhodes,
A. Klip, Insulin-stimulated translocation of GLUT4 glucose
transporters requires SNARE-complex proteins, Proc. Natl.
Acad. Sci. USA 93 (1996) 15169-15173.

[10] M. Kawanishi, Y. Tamori, H. Okazawa, S. Araki, H. Shinoda,
M. Kasuga, Role of SNAP23 in insulin-induced translocation of
GLUT4 in 3T3-L1 adipocytes: mediation of complex formation
between syntaxind and VAMP?2, J. Biol. Chem. 275 (2000) 8240
8247.

[11] C.C. Mastick, A.L. Falick, Association of N-ethylmaleimide
sensitive fusion (NSF) protein and soluble NSF attachment
proteins-alpha and -gamma with glucose transporter-4-containing
vesicles in primary rat adipocytes, Endocrinology 138 (1997)
2391-2397.

[12] E.E. Nagiec, A. Bernstein, S.W. Whiteheart, Each domain of the
N-ethylmaleimide-sensitive fusion protein contributes to its trans-
port activity, J. Biol. Chem. 270 (1995) 29182-29188.

[13] M.J. Quon, M. Guerre-Millo, M.J. Zarnowski, A.J. Butte, M.
Em, S.W. Cushman, S.I. Taylor, Tyrosine kinase-deficient
mutant human insulin receptors (Metl153 > Ile) overexpressed
in transfected rat adipose cells fail to mediate translocation of
epitope tagged GLUT4, Proc. Natl. Acad. Sci. USA 91 (1994)
587-591.

[14] K. Dawson, A. Aviles-Hernandez, S.W. Cushman, D. Malide,
Insulin-regulated trafficking of dual-labeled glucose transporter 4
in primary rat adipose cells, Biochem. Biophys. Res. Commun.
287 (2001) 445-454.

[15] H. Al-Hasani, C.S. Hinck, S.W. Cushman, Endocytosis of the
glucose transporter GLUT4 is mediated by the GTPase dynamin,
J. Biol. Chem. 273 (1998) 17504-17510.

[16] H. Al-Hasani, D.R. Yver, S.W. Cushman, Overexpression of the
glucose transporter GLUT4 in adipose cells interferes with insulin-
stimulated translocation, FEBS Lett. 460 (1999) 338-342.

[17] T.M. Weber, H.G. Joost, I.A. Simpson, S.W. Cushman, Methods
for assessment of glucose transport activity and the number of

glucose transporters in isolated rat adipose cells and membrane
fractions, in: C.R. Kahn, L.C. Harrison (Eds.), Receptor Bio-
chemistry and Methodology, vol. 12B, Allan R. Liss, New York,
1998, pp. 171-187.

[18] H. Chen, S.J. Wertheimer, C.H. Lin, S.L. Katz, K.E. Amrein,
P. Burn, M.J. Quon, Protein-tyrosine phosphatases PTP1B and
syp are modulators of insulin-stimulated translocation of
GLUT4 in transfected rat adipose cells, J. Biol. Chem. 272
(1997) 8026-8031.

[19] J.T. Littleton, E.R. Chapman, R. Kreber, M.B. Garment, S.D.
Carlson, B. Ganetzky, Temperature-sensitive paralytic mutations
demonstrate that synaptic exocytosis requires SNARE complex
assembly and disassembly, Neuron 21 (1998) 401-413.

[20] S.W. Whiteheart, K. Rossnagel, S.A. Buhrow, M. Brunner, R.
Jaenicke, J.E. Rothman, N-Ethylmaleimide-sensitive fusion pro-
tein: a trimeric ATPase whose hydrolysis of ATP is required for
membrane fusion, J. Cell Biol. 126 (1994) 945-954.

[21] F. Giorgino, O. de Robertis, L. Laviola, C. Montrone, S. Perrini,
K.C. McCowen, R.J. Smith, The sentrin-conjugating enzyme
mUbc9 interacts with GLUT4 and GLUT] glucose transporters
and regulates transporter levels in skeletal muscle cells, Proc. Natl.
Acad. Sci. USA 1 (2000) 1125-1130.

[22] F.R. Maxfield, T.E. McGraw, Endocytic recycling, Nat. Rev.
Mol. Cell Biol. 5 (2004) 121-132.

[23] O. Karylowski, A. Zeigerer, A. Cohen, T.E. McGraw, GLUT4 is
retained by an intracellular cycle of vesicle formation and fusion
with endosomes, Mol. Biol. Cell 15 (2004) 870-882.

[24] G.R. Hickson, L.H. Chamberlain, V.H. Maier, G.W. Gould,
Quantification of SNARE protein levels in 3T3-L1 adipocytes:
implications for insulin-stimulated glucose transport, Biochem.
Biophys. Res. Commun. 21 (2000) 841-845.

[25] J.E. Hinshaw, Dynamin and its role in membrane fission, Annu.
Rev. Cell Dev. Biol. 16 (2000) 483-519.

[26] A.M. Shewan, E.M. van Dam, S. Martin, T.B. Luen, W. Hong,
N.J. Bryant, D.E. James, GLUT4 recycles via a trans-Golgi
network (TGN) subdomain enriched in Syntaxins 6 and 16 but
not TGN38: involvement of an acidic targeting motif, Mol. Biol.
Cell 14 (2003) 973-986.

[27] C. Yang, S. Mora, J.W. Ryder, K.J. Coker, P. Hansen, L. Allen,
J.E. Pessin, VAMP3 null mice display normal constitutive,
insulin- and exercise-regulated vesicle trafficking, Mol. Cell. Biol.
21 (2001) 1573-1580.

[28] N.J. Bryant, R. Govers, D.E. James, Regulated transport of the
glucose transporter GLUT4, Nat. Rev. Mol. Cell Biol. 3 (2002)
267-2717.

[29] L.J. Foster, D. Li, V.K. Randhawa, A. Klip, Insulin accelerates
inter endosomal GLUT4 traffic via phosphatidylinositol 3-
kinase and protein kinase B, J. Biol. Chem. 276 (2001)
44212-44221.

[30] A. Zeigerer, M.A. Lampson, O. Karylowski, D.D. Sabatini, M.
Adesnik, M. Ren, T.E. McGraw, GLUT4 retention in adipocytes
requires two intracellular insulin regulated transport steps, Mol.
Biol. Cell 13 (2002) 2421-2435.

[31] M.A. Lampson, J. Schmoranzer, A. Zeigerer, S.M. Simon, T.E.
McGraw, Insulin regulated release from the endosomal recycling
compartment is regulated by budding of specialized vesicles, Mol.
Biol. Cell 12 (2001) 3489-3501.



	Demonstration of differential quantitative requirements for NSF  among multiple vesicle fusion pathways of GLUT4 using a dominant-negative ATPase-deficient NSF
	Materials and methods
	Results
	Effect of a dominant-negative ATPase-deficient NSF (NSF-D1EQ) on cell-surface translocation of�HA-GLUT4
	A dominant-negative dynamin GTPase (Dyn-K44A) reverses the inhibitory effect of NSF-D1EQ on cell-surface HA-GLUT4
	Effect of low-level expression of NSF-D1EQ on the subcellular localization of HA-GLUT4-GFP
	Comparison of the NSF-D1EQ effects on cell-surface HA-GLUT4, TfR, and HA-GLUT1 in short-term culture

	Discussion
	Acknowledgments
	References


