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Insulin stimulates the delivery of glucose
transporter-4 (GLUT4)-containing

vesicles to the surface of adipocytes. Deple-
tion of the Sec1/Munc18 protein mVps45
significantly abrogates insulin-stimulated
glucose transport and GLUT4 transloca-
tion. Here we show that depletion of
mVps45 selectively reduced expression of
VAMPs 2 and 4, but not other VAMP iso-
forms. Although we did not observe direct
interaction of mVps45 with any VAMP
isoform; we found that the cognate bind-
ing partner of mVps45, Syntaxin 16 associ-
ates with VAMPs 2, 4, 7 and 8 in vitro.
Co-immunoprecipitation experiments in
3T3-L1 adipocytes revealed an interaction
between Syntaxin 16 and only VAMP4.
We suggest GLUT4 trafficking is con-
trolled by the coordinated expression of
mVps45/Syntaxin 16/VAMP4, and that
depletion of mVps45 regulates VAMP2
levels indirectly, perhaps via reduced traf-
ficking into specialized subcellular
compartments.

Introduction

Insulin stimulates glucose transport in
adipose and muscle tissue by inducing the
movement of specialized intracellular
vesicles enriched in glucose transporters
(GSVs) to the cell surface, where they
dock and fuse, resulting in increased levels
of functional GLUT4 glucose transporters
at the cell surface.1,2 Understanding GSV
formation and function is important, as
individuals with insulin resistance and/or
type-2 diabetes exhibit blunted rates of
insulin-stimulated glucose transport that
may arise as a result of defective formation
or trafficking of the GSVs. 3

Insulin-regulated GLUT4 transloca-
tion is an example of regulated membrane
traffic, and like all such events utilizes the
SNARE machinery to mediate both fusion
of the GSVs with the plasma membrane
and the sorting of GLUT4 into the GSV
compartment.3 Recent studies from our
group identified Syntaxin 16 (Sx16) as an
important t-SNARE for the sorting of
GLUT4 into GSVs.4 Sx16 is regulated by
its cognate Sec1/Munc18 protein,
mVps45; depletion of mVps45 results in
decreased GLUT4 levels and abrogated
sorting of GLUT4 into GSVs.5 Depletion
of mVps45 also resulted in a decrease in
cellular VAMP4 levels, consistent with
mVps45 regulating a SNARE complex
comprised of Sx16 and VAMP4; by con-
trast, no effect on VAMP3 levels was
observed.5

Here we show that mVps45 knockdown
reduced levels of VAMP2 and VAMP4
selectively, with no effect on VAMP3, 5, 7
or 8. Using recombinant proteins, we
observed interactions between Sx16 and
multiple VAMP isoforms, including
VAMP2 and VAMP4, in vitro; however,
Sx16 was found to selectively co-immu-
noprecipitate only VAMP4. We suggest
that mVps45, Syntaxin 16 and VAMP4 are
co-ordinately regulated, and function to
control GLUT4 sorting; perturbation of
this pathway may result in decreased levels
of VAMP2 as a consequence of altered
GLUT4 sorting.

Results and Discussion

We have shown that shRNA-mediated
depletion of mVps45 reduces Sx16
and GLUT4 protein levels and blunts
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insulin-responsive GLUT4 transloca-
tion.5 We also observed decreased levels
of VAMP4, a v-SNARE proposed to
act in concert with Sx16, suggesting
that mVps45 may act to stabilize said
complex. We examined the consequen-
ces of mVps45 knockdown in adipo-
cytes on all the VAMP isoforms
(Fig. 1). We observed no consistent
change in levels of VAMP3, 5, 7 or 8
in these experiments. Strikingly, we
found that in addition to the previously
reported decrease in VAMP4 levels
(41.3% decrease, p D 0.04; Fig. 1),5

VAMP2 levels were also significantly
decreased (73.3% reduction, p D 0.02;
see Fig. 1). These selective decreases in
VAMP2 and 4 expression may reflect
(i) binding of mVps45 directly to the
VAMP, as has been reported for
another Sec1/Munc18 protein,6,7 such
that depletion of mVps45 also de-sta-
bilizes VAMP; (ii) direct interaction of
VAMP2 or 4 with Sx16 (the levels of
which also fall upon mVps45 deple-
tion);5 or (iii) an indirect effect, per-
haps by a reduction in GSV numbers
as a result of impaired trafficking via
Sx16. Note that levels of Sx4 did not
change upon mVps45 knockdown,
making it unlikely that reduced levels
of the Qa-SNARE known to interact
with VAMP2 in adipocytes underlies
decreased VAMP2 levels.5

We first tested the ability of recombi-
nant purified GST-tagged VAMP pro-
teins to capture mVps45 expressed in
yeast (Fig. 2). Equal amounts of GST-
VAMP were loaded onto glutathione
beads and incubated with yeast lysate
over-expressing human mVps45 con-
taining an HA-epitope tag. As shown,
we were unable to detect an interaction
between mVps45 and any of the VAMP
isoforms. This may reflect either that no
direct interaction in the case of these
homologues, or that the interaction is
weaker than that previously shown for
VAMP2/Munc18c in our hands.6 By
contrast, Sx16 efficiently captured
recombinant HA-mVps45 from the
same lysate, confirming that the
mVps45 was correctly folded.

Studies from other groups have sug-
gested that there may be plasticity among
SNARE interactions.8-10 Hence, we

Figure 1. mVps45 Knock-down reduces the levels of VAMPs 2 and 4 in 3T3 L1 adipocytes. Knockdown
of mVps45 was achieved as described. Shown are immunoblots of total cell membranes from a typical
experiment following treatment with scrambled shRNA (SCR) or shRNA targeting mVps45 (mVps45)
using the antibodies indicated (Panel A); 25 mg of protein was loaded per lane. Panel (B) shows the lev-
els of the indicated protein in mVps45 knockdown cells expressed as a percentage of that in SCR-con-
trol cells (mean § SD of 3 separate experiments, * D p,0.05, ** D p < 0.01 vs scrambled control).
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reasoned that another explanation for
decreased VAMP2 levels upon mVps45
knockdown may be a consequence of inter-
action between VAMP2 and Sx16. To test
this, we used recombinant Sx16 in a series
of pull-downs from bacterial lysates over-
expressing GST-tagged VAMPs. We
observed interaction between Sx16 and
VAMP2, 4, 7 and 8 (but not VAMP3 and
VAMP5) (Fig. 3A). Whether these data
reflect interactions in vivo is unclear. To
address this, we quantitatively immunopre-
cipitated Sx16 from 3T3-L1 adipocytes
treated with or without insulin and probed
the immunoprecipitated material for
VAMP isoforms (Fig. 3B shows the data
from cells not exposed to insulin; insulin
treatment did not change the pattern of
interactions [data not shown]). Our data
revealed a consistent association between
Sx16 and VAMP4, but we were unable to
observe co-immunoprecipitation of

VAMP2, VAMP3, VAMP7 or VAMP8.
(Interaction between Sx4 and VAMP2 was
observed in the same lysates; data not
shown).

In sum, depletion of mVps45 in 3T3-L1
adipocytes results in significant reduction in
cellular levels of VAMP2 and VAMP4 (but
not VAMP3, 5, 7 or 8). This is unlikely to
be explained by a direct interaction between
mVps45 and either VAMP. mVps45 deple-
tion also depletes the corresponding Qa-
SNARE Sx16, and we report here that this
SNARE directly binds VAMPs 2, 4, 7 and
8 in vitro. These promiscuous interactions
were not, however, recapitulated in vivo, as
immunoprecipitation of Sx16 co-precipi-
tated only VAMP4. We therefore suggest
that mVps45 controls VAMP4 levels by
regulating Sx16 levels; as Sx16 levels decline
upon mVps45 knockdown, we propose
that coordinate regulation of the cognate
VAMP4 also results. Finally, we postulate

that VAMP2 levels decline in mVps45-
knockdown cells as a consequence of
reduced trafficking of GLUT4 into GSVs,
reflecting an important role in localization
in the control of intracellular SNARE levels.

Materials and Methods

Knockdown of mVps45 in 3T3-L1 adi-
pocytes was performed using lentivirus as
described; control cells infected with scram-
bled shRNA were used in all experiments.5

Antibodies against the different VAMP iso-
forms were all rabbit polyclonal species
from Synaptic Systems, Germany. GST-
VAMP2 and 3 were as described.11 GST-
VAMP4, ¡5 and ¡7 and ¡8 were from
Andrew Peden (Sheffield). Sx16-protein A
and Sx4-protein A constructs and the meth-
odology for the pull-down experiments
were as described.6,12,13 SDS-PAGE and
immunoblotting were performed as
described.14,15 Immunoblot signals were
quantified using the Licor system; changes
in expression of VAMP isoform signals
were normalized to those obtained from
anti-GAPDH immunoblots on the same
gel. Data are presented as a change relative
to levels of expression in cells infected with
scrambled shRNA virus.5

Immunoprecipitation
3T3-L1 adipocytes were treated with

1 mM NEM and then lysed in immuno-
precipitation buffer (50 mM HEPES pH
7.5, 5 mM EDTA, 10 mM sodium pyro-
phosphate, 10 mM NaF, 150 mM NaCl,
2 mM b-glycerophosphate, 1 mM DTT,
1% (v/v) Triton X100 and protease inhib-
itors) and centrifuged at 12,500 xg for
20 min at 4�C. One.5 mg of lysate was
precleared using Protein-A beads then
incubated with 5 ml anti-syntaxin 16 or
random rabbit serum for 2 h on ice. Pro-
tein A beads were added for a further 2 h
and then separated from unbound mate-
rial by brief centrifugation. Unbound
material was retained for analysis and
bound material washed 3 times and eluted
using 2 £ LSB.

Pull downs with mVps45
Yeast lysates expressing mVps45 were

grown to mid-log phase, pelleted, resus-
pended in 1/100th volume of binding

Figure 2. mVps45 does not directly interact with VAMP proteins. GST alone or GST-VAMP proteins
were immobilized on Glutathione-Sepharose beads, protein-A alone or protein-A tagged syntaxin
16 was bound to IgG beads. Beads and associated proteins were incubated with equal volumes of
yeast lysate expressing HA-tagged mVps45 overnight at 4�C. Beads were recovered by centrifuga-
tion, washed and bound protein eluted in 2 £ LSB. 75% of the eluate was subjected to SDS-PAGE
and stained with Coomassie brilliant blue to examine the amounts of each protein bound to beads
(A). 25% of the eluate was immunoblotted with anti-HA tag to determine the presence of mVps45;
due to the high levels of interaction seen between mVps45 and syntaxin 16, in this specific case
the fraction of the elute loaded was reduced a further 25% (B). Shown are data from a typical exper-
iment that was repeated 3 times using 3 separate batches of yeast lysate, molecular marker sizes
are shown in kDa. In (A) arrow indicates syntaxin 16; in (B) arrow indicates mVps45.
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buffer (40 mM HEPES pH7.4 KOH,
150 mM KCl, 1 mM DTT, 1 mM
EDTA, 0.5% (v/v)Triton X 100) then
lysed by vortexing with 425-600 m glass
beads. 200 ml lysate was incubated with
GST-VAMPs, GST alone, syntaxin16-
PrA or PrA alone bound to the appropri-
ate beads in a volume of 1 ml at 4�C with
rotation. Lysate was separated from bound
material by brief centrifugation, washed
and resuspended in 2 £ LSB.

Pull downs with Sx16 from bacterial
lysates

BL21(DE3) E. coli expressing GST
or GST-VAMP proteins were induced
by 1 mM IPTG and grown overnight
at 22�C. The following day, bacteria
were harvested, resuspended in PBS,
lysed in microfluidiser and incubated

with 1 mg/ml lysozyme for 30 min on
ice. The lysate was then cleared by cen-
trifugation at 10,000 xg at 4�C for
30 min. In the pull-down experiments,
60 ml of 1:1 IgG bead-PBS slurry con-
taining Sx16-protein A was incubated
with 1 ml of cleared VAMP lysate at
4�C for 2 h with rotation. The beads
were collected, washed then bound
material eluted in 2 £ LSB.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were
disclosed.

Funding

This work was supported by the Diabe-
tes UK Arthur and Sadie Pethybridge

Studentship (for JBAS), a Colin MacAr-
thur Studentship award (for JR) and by
grants from Diabetes UK to GWG and
NJB. NJB is a Prize Fellow of the Lister
Institute of Preventive Medicine.

References

1. Bryant NJ, GW Gould. SNARE proteins underpin
insulin-regulated GLUT4 traffic. Traffic 2011; 12:
657-64; PMID:21226814; http://dx.doi.org/10.1111/
j.1600-0854.2011.01163.x

2. Bryant NJ., R Govers, DE James. Regulated trafficking
of the glucose transporter, Glut4. Nat Rev Mol Cell
Biol 2002; 3: 267-277; PMID:11994746; http://dx.
doi.org/10.1038/nrm782

3. Kahn BB. Alterations in glucose transporter expression and
function in diabetes: mechanisms for insulin resistance. J
Cell Biochem 1992; 48: 122-128; PMID:1618926; http://
dx.doi.org/10.1002/jcb.240480203

4. Proctor KM, SC Miller, NJ Bryant, GW Gould. Syn-
taxin 16 controls the intracellular sequestration of
GLUT4 in 3T3-L1 adipocytes. Biochem Biophys Res
Commun 2006; 347: 433-8; PMID:16828707; http://
dx.doi.org/10.1016/j.bbrc.2006.06.135

5. Roccisana J, JB Sadler, NJ Bryant, and GW Gould.
Sorting of GLUT4 into its insulin-sensitive store
requires the Sec1/Munc18 protein mVps45. Mol Biol
Cell; 2013.24: 2389-97; PMID:23741049; http://dx.
doi.org/10.1091/mbc.E13-01-0011

6. Brandie FM, V Aran, A Verma, JA McNew, NJ Bryant,
and GW Gould. Negative regulation of syntaxin4/
SNAP-23/VAMP2-mediated membrane fusion by
Munc18c in vitro. PLoS One 2008; 3: e4074;
PMID:19116655; http://dx.doi.org/10.1371/journal.
pone.0004074

7. Carpp LN, LF Ciufo, SG Shanks, A Boyd, NJ Bryant,
The Sec1p/Munc18 protein Vps45p binds its cognate
SNARE proteins via two distinct modes. J Cell Biol
2006; 173: 927-36; PMID:16769821; http://dx.doi.
org/10.1083/jcb.200512024

8. Yang B, L Gonzalez Jr, R Prekeris, M Steegmaier, RJ
Advani, RH Scheller. SNARE interactions are not selec-
tive. Implications for membrane fusion specificity. J
Biol Chem 1999; 274: 5649-53; PMID:10026182;
http://dx.doi.org/10.1074/jbc.274.9.5649

9. Wendler F., S Tooze. Syntaxin 6: the promiscuous
behaviour of a SNARE protein. Traffic. 2001; 2: 606-
11; PMID:11555414; http://dx.doi.org/10.1034/
j.1600-0854.2001.20903.x

10. Zhao P, L Yang, JA Lopez, J Fan, JG Burchfield, L Bai, W
Hong, T Xu, and DE James. Variations in the requirement
for v-SNAREs in GLUT4 trafficking in adipocytes. J Cell
Sci 2009; 122: 3472-3480; PMID:19759285; http://dx.
doi.org/10.1242/jcs.047449

11. Millar CA, A Shewan, GR Hickson, DE James, GW
Gould, Differential regulation of secretory compart-
ments containing the insulin-responsive glucose trans-
porter 4 in 3T3-L1 adipocytes. Mol Biol Cell 1999; 10:
3675-88; PMID:10564264; http://dx.doi.org/10.1091/
mbc.10.11.3675

12. Aran V, FM Brandie, AR Boyd, T Kantidakis, EJ Rideout,
SMKelly, GW Gould, and NJBryant. Characterization of
two distinct binding modes between syntaxin 4 and
Munc18c. Biochem J 2009; 419: 655-60;
PMID:19193195; http://dx.doi.org/10.1042/BJ20082293

13. Aran V, NJ Bryant, GW Gould Tyrosine phosphoryla-
tion of Munc18c on residue 521 abrogates binding to
Syntaxin 4. BMC Biochem 2011; 12: 19;
PMID:21548926; http://dx.doi.org/10.1186/1471-
2091-12-19

Figure 3. Interactions between Syntaxin 16 and VAMPs in vitro and in vivo. Panel A: GST-VAMP pro-
teins were expressed in bacteria and lysates prepared. Shown in the upper panel are Coomassie
Blue stained gels of these lysates, with * identifying the recombinant GST-VAMP species. Protein-A
tagged syntaxin 16 was bound to IgG beads and used to capture VAMPs from such lysates. After 2h
incubation at 4�C, the beads were recovered, washed and resuspended in 2£LSB. Equal volumes
were analyzed on SDS-PAGE ((A) lower panel). The bands at~50 and 25 kDa are the heavy and light
chains from the IgG beads; * indicates the captured recombinant GST-VAMP. Data from a typical
experiment is shown. Panel B: Sx16 was immunoprecipitated from a lysate prepared from 3T3-L1
adipocytes incubated with 1 mM NEM and §1 mM insulin for 30 min. Proteins were immunopreci-
pitated from 1.5 mg lysate with 5ml anti syntaxin 16 (Sx16) or random rabbit IgG (IgG). Immunopre-
cipitated proteins were recovered by centrifugation, washed and eluted in 2£LSB. Samples
(material bound to beads – B, unbound material – U) were subjected to SDS-PAGE and immuno-
blotting with the indicated antibodies. Shown are data from a typical experiment, molecular marker
sizes are shown in kDa.
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