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Background: Synip is a SNARE-binding regulatory factor whose molecular mechanism remains unclear.
Results: Synip acts as a selective t-SNARE-binding inhibitor that arrestsmembrane fusion by preventing the initiation of ternary
SNARE complex assembly.
Conclusion: Synip function likely represents a novel regulatory mechanism of vesicle fusion.
Significance: Studies of vesicle fusion regulation provide key insights into the mechanisms of vesicle transport.

The vesicle fusion reaction in regulated exocytosis requires
the concerted action of solubleN-ethylmaleimide-sensitive fac-
tor attachment protein receptor (SNARE) core fusion engine
and a group of SNARE-binding regulatory factors. The regula-
tory mechanisms of vesicle fusion remain poorly understood in
most exocytic pathways. Here, we reconstituted the SNARE-de-
pendent vesicle fusion reaction of GLUT4 exocytosis in vitro
usingpurified components.Using this defined fusion system,we
discovered that the regulatory factor synip binds toGLUT4 exo-
cytic SNAREs and inhibits the docking, lipid mixing, and con-
tent mixing of the fusion reaction. Synip arrests fusion by bind-
ing the target membrane SNARE (t-SNARE) complex and
preventing the initiation of ternary SNARE complex assembly.
Although synip also interacts with the syntaxin-4 monomer, it
does not inhibit the pairing of syntaxin-4 with SNAP-23. Inter-
estingly, synip selectively arrests the fusion reactions reconsti-
tuted with its cognate SNAREs, suggesting that the defined sys-
tem recapitulates the biological functions of the vesicle fusion
proteins. We further showed that the inhibitory function of
synip is dominant over the stimulatory activity of Sec1/Munc18
proteins. Importantly, the inhibitory functionof synip is distinct
from how other fusion inhibitors arrest SNARE-dependent
membrane fusion and therefore likely represents a novel regu-
latory mechanism of vesicle fusion.

Regulated exocytosis is the basis of awide range of fundamental
biological processes, includingneurotransmitter release, hormone
secretion, and inside-outside distributions of surface transport-
ers and receptors (1, 2). One prominent example of regulated
exocytosis is the insulin-controlled trafficking of the glucose
transporter GLUT4, which plays a central role in maintaining
blood glucose homeostasis (3–5). GLUT4 is normally seques-

tered in intracellular vesicles in adipocytes and skeletal mus-
cles. In response to elevated levels of blood glucose, insulin
binds to cell surface receptors and activates a complex signaling
cascade, ultimately leading to the exocytosis of GLUT4-con-
taining vesicles. Once on the cell surface, GLUT4 facilitates the
uptake of excess blood glucose into the cell for disposal (6–12).
GLUT4 exocytosis is mediated by the fusion of GLUT4-con-

taining exocytic vesicles with the plasma membrane (13). The
core engine of intracellular membrane fusion is the soluble
N-ethylmaleimide-sensitive factor attachment protein receptors
(SNAREs)2 (1, 14–16). SNAREs are membrane-associated pro-
teins localized to both the vesicle (v-SNAREs, or R-SNAREs)
and the target membrane (t-SNAREs, or Q-SNAREs) (17–23).
Membrane fusion is initiated when the v-SNARE pairs with the
t-SNAREs to form a four-helix trans-SNARE complex. N- to
C-terminal zippering of the trans-SNARE complex brings the
two membranes into close proximity to fuse (24–27). In
GLUT4 exocytosis, syntaxin-4 and SNAP-23 constitute the
t-SNAREs whereas VAMP2 serves as the primary v-SNARE
(28–31).
In addition to SNAREs, regulated exocytosis also requires a

group of regulatory factors that are superimposed upon the
SNAREs to achieve the spatial and temporal regulation of ves-
icle fusion (7, 9, 13). One of the SNARE regulators in GLUT4
exocytosis is synip, a soluble factor expressed in insulin-respon-
sive tissues (32, 33). It has been suggested that synip binds to the
syntaxin-4monomer and negatively regulates GLUT4 exocyto-
sis (33). The molecular mechanism of synip in membrane
fusion, however, remains unclear due to the complexity of the
cellular environment.
Here, we reconstituted the SNARE-dependent vesicle fusion

reaction of GLUT4 exocytosis in vitro using purified compo-
nents. Using this defined fusion system, we demonstrated that
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the regulatory factor synip binds to GLUT4 exocytic SNAREs
and arrests fusion at an intermediate stage. Synip arrests fusion
by binding the t-SNARE complex and preventing the initiation
of ternary SNARE complex assembly. We showed that synip
inhibits the docking, lipid mixing, and content mixing of the
SNARE-dependent fusion reaction. Although synip also inter-
acts with the syntaxin-4 monomer, it does not inhibit the pair-
ing of syntaxin-4 with SNAP-23. Interestingly, synip selectively
arrests the fusion reactions reconstituted with its cognate
SNAREs, suggesting that the defined system recapitulates the
physiological function of synip in exocytosis. We further
showed that synip inhibit the fusion reaction in the presence of
the Sec1/Munc18 (SM) protein, a positive regulator of GLUT4
exocytosis. Hence, the inhibitory function of synip is dominant
over the stimulatory activity of the SM protein. The inhibitory
function of synip is distinct from how other fusion inhibitors
arrest SNARE-dependent membrane fusion and therefore rep-
resents a novel regulatory mechanism of vesicle fusion.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Recombinant t- and
v-SNARE proteins were expressed in Escherichia coli and puri-
fied by affinity chromatography. GLUT4 exocytic t-SNAREs,
comprising the untagged syntaxin-4 and the His6-tagged
SNAP-23, were expressed using the same procedure as
described previously for synaptic t-SNAREs (34, 35). The
v-SNARE proteins were expressed in a similar way as VAMP2
(36) and had no extra residues left after the tags were proteo-
lytically removed. Lysosomal and yeast exocytic SNAREs were
purified as described previously (34–37). SNAREs were stored
in a buffer containing 25 mM HEPES (pH 7.4), 400 mM KCl, 1%
n-octyl-�-D-glucoside, 10% glycerol and 0.5 mM Tris(2-car-
boxyethyl)phosphine (TCEP).
Genes encoding mouse synip (Open Biosystems) were sub-

cloned into a pET28a-based SUMO vector and expressed in a
similar way as Munc18-1 (34, 36). After proteolysis, no tag
remained on the recombinant protein. Recombinant untagged
Munc18c protein was produced in Sf9 insect cells using bacu-
lovirus infection (31). The insect cells were lysed in a lysis buffer
(25 mM HEPES (pH 7.4), 400 mM KCl, 10% glycerol, 20 mM

imidazole, 1% Triton X-100, and 1 mM DTT, 2 mM �-mercap-
toethanol, and EDTA-free protease inhibitormixture). The cell
extract was centrifuged at 18,500 rpm for 30 min at 4 °C.
Munc18c protein in the cell extract was purified by nickel affin-
ity chromatography. The His6 tag was removed fromMunc18c
by tobacco etch virus protease, and the protein was subse-
quently dialyzed overnight against a storage buffer (25 mM

HEPES (pH 7.4), 150mMKCl, 10% glycerol, and 0.5mMTCEP).
Mutant SNAREs and regulators were generated by site-di-
rected mutagenesis and purified similarly to wild-type (WT)
proteins.
Reconstitution of Proteoliposomes and Membrane Nanodiscs—

All lipids were obtained fromAvanti Polar Lipids. For t-SNARE
reconstitution, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoe-
thanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoserine (POPS), and cholesterol were mixed in a molar ratio
of 60:20:10:10. For v-SNARE reconstitution, POPC, POPE,

POPS, cholesterol, (N-(7-nitro-2,1,3-benzoxadiazole-4-yl)-1,2-
dipalmitoyl phosphatidylethanolamine (NBD-DPPE) and
N-(lissamine rhodamine B sulfonyl)-1,2-dipalmitoyl phos-
phatidylethanolamine (rhodamine-DPPE) were mixed at a
molar ratio of 60:17:10:10:1.5:1.5. SNARE proteoliposomes
were prepared by detergent dilution and isolated on a Nyco-
denz density gradient flotation (36, 38). Detergents were
removed by overnight dialysis of the samples in Novagen dial-
ysis tubes against the reconstitution buffer (25 mM HEPES (pH
7.4), 100 mM KCl, 10% glycerol, and 1 mM DTT). To prepare
calcein-containing liposomes, the t-SNARE liposomes were
reconstituted in the presence of 50mM calcein. Free calceinwas
removed by overnight dialysis followed by liposome flotation
on a Nycodenz gradient.
The v-SNARE membrane nanodiscs were prepared as

described (39, 40). Briefly, lipid mixtures (of the same compo-
sition as unlabeled t-SNARE liposomes) were dried and then
resuspended in a reconstitution buffer (20 mM Tris-HCl (pH
7.4), 100 mM NaCl, and 1% n-octyl-�-D-glucoside), together
with His6-MSP and VAMP2. The molar ratio of the molecules
wasmembrane scaffold protein (MSP):VAMP2:lipid� 2:6:120.
SM-2 Bio-Beads (Bio-Rad) were subsequently added to remove
the detergent. After overnight incubation, the v-SNARE nano-
discs were purified using nickel affinity chromatography and
dialyzed overnight in a Novagen dialysis tube. Each v-SNARE
nanodisc contained 7–8 copies of VAMP2.
Liposome Lipid- and Content-mixing Assays—A standard

lipid mixing reaction contained 45 �l of unlabeled t-SNARE
liposomes and 5 �l of v-SNARE liposomes labeled with NBD
and rhodamine and was conducted in a 96-well Nunc plate at
37 °C. Prior to fusion, NBD emission from the v-SNARE lipo-
somes was quenched by neighboring rhodamine molecules
through FRET. After fusion, the NBD dyes were diluted, result-
ing in the dequenching of their fluorescence. Increase in NBD
fluorescence at 538 nm (excitation 460nm)wasmeasured every
2 min in a BioTek Synergy HTmicroplate reader. At the end of
the reaction, 10 �l of 10% CHAPSO was added to the lipo-
somes. Fusion data are presented as the percentage of maxi-
mum fluorescence change. The maximum fusion rate within
the first 10 min of the reaction was used to represent the initial
rate of a fusion reaction. Full accounting of statistical signifi-
cance is included for each figure based on at least three inde-
pendent experiments. For content mixing assays, calcein-con-
taining t-SNARE liposomes were directed to fuse with
v-SNARE membrane nanodiscs. The fusion of liposomes with
nanodiscs released the self-quenched calcein dye, leading to the
massive dilution and dequenching of calcein. The increase of
calcein fluorescence at 515 nm (excitation 495 nm) was mea-
sured every 2 min.
Liposome Co-flotation Assay Measuring SNARE-Regulator

Interactions—Association of soluble factors with liposomes
was examined using a liposome co-flotation assay (34). A solu-
ble factor was incubated with liposomes at 4 °C with gentle
agitation. After 1 h, an equal volume of 80% Nycodenz (w/v) in
reconstitution buffer was added and transferred to 5 mm by
41-mm centrifuge tubes. The liposomes were overlaid with 200
�l each of 35 and 30% Nycodenz and then with 20 �l of recon-
stitution buffer on the top. The gradients were centrifuged for
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4 h at 52,000 rpm in a Beckman SW55 rotor. Samples were
collected from the 0/30% Nycodenz interface (2 � 20 �l) and
analyzed by SDS-PAGE.
Dynamic Light Scattering—Dynamic light scattering was

performed on aWyatt/ProteinSolutions DynaPro 99-D instru-
ment using a 5-s acquisition time at 25 °C. SNARE liposomes
were diluted to 10 �M final lipid concentration and centrifuged
at 12,000 rpm for 10 min before dynamic light scattering mea-
surements. The sizes (in diameters) and size distributions of the
liposomes were calculated using the Dynamics V6 software.
Liposome Docking Assay—The t-SNARE liposomes were

prepared in a similar way as in the liposome fusion assay except
that 2% biotin-conjugated DOPE lipid was included. The bio-
tin-labeled t-SNARE liposomes were incubated with avidin-
conjugated agarose beads at room temperature for 1 h. The
bead-bound t-SNARE liposomes were then used to pull down
rhodamine-labeled v-SNARE liposomes. The rhodamine-la-
beled v-SNARE liposomes were identical to the v-SNARE lipo-
somes used in lipidmixing assays. The pulldown reactionswere
performed in the liposome reconstitution buffer at 4 °C in the
presence or absence of 5 �M synip. After washing three times
with the reconstitution buffer, CHAPSOwas added to the final
concentration of 1% to solubilize the bead-bound liposomes.
The avidin beads were removed by centrifugation at 4,000 rpm
for 2 min. Rhodamine fluorescence in the supernatant was
measured in a BioTek microplate reader. In the negative con-
trol reaction, 20 �M VAMP2 cytoplasmic domain (CD) was
added to prevent the assembly of the ternary SNARE complex.

RESULTS

Synip Inhibits the Assembly of the Ternary SNARE Complex,
but Not the Formation of the t-SNARE Complex—The forma-
tion of the binary t-SNARE complex is a key regulatory step in
exocytic vesicle fusion (15, 16). In solution, synip binds to syn-
taxin-4 monomer and appears to inhibit the SNARE assembly
(32, 33). However, it is unclear how synip regulates SNARE
assembly andmembrane fusion in themembrane environment.
In a liposome co-flotation assay, we observed that synip bound
to proteoliposomes reconstituted with syntaxin-4 monomer
(Fig. 1, A and B). Synip did not bind to protein-free liposomes
(Fig. 1B), indicating that the synip-syntaxin-4 interaction was
specific. When added as a soluble protein, SNAP-23 readily
assembled with syntaxin-4 to form the binary t-SNARE com-
plex on the membrane (Fig. 1B). We found that synip binding
did not prevent the pairing of syntaxin-4with SNAP-23 to form
the binary t-SNARE complex (Fig. 1B). These data demonstrate
that the synip-associated syntaxin-4 monomer is fully compe-
tent for t-SNARE complex assembly (33).
After t-SNARE complex formation, the v-SNARE zippers

with the t-SNAREs to form the ternary SNARE complex that
pulls twomembranes into close proximity to fuse (41). Next we
examined whether synip regulates the assembly of the ternary
SNARE complex.We prepared proteoliposomes using the pre-
formed t-SNARE complex of syntaxin-4 and SNAP-23 (Fig.
1A). Addition of VAMP2 CD to the t-SNARE liposomes
resulted in the formation of the ternary SNARE complex on the
membrane (Fig. 1C). Interestingly, synip bound to the

FIGURE 1. Synip inhibits the assembly of the ternary SNARE complex, but not the formation of the t-SNARE complex. A, Coomassie Blue-stained
SDS-polyacrylamide gels showing the input materials of liposomes and proteins. The liposomes were prepared using the neutral lipid phosphatidylcholine.
B, Coomassie Blue-stained SDS-polyacrylamide gel showing the binding of synip and SNAP-23 to protein-free or syntaxin-4 liposomes. Syntaxin-4 liposomes
were incubated with or without synip at 4 °C for 1 h, before SNAP-23 was added. After another hour of incubation at 4 °C, the samples were floated up on a
Nycodenz gradient. C, Coomassie Blue-stained SDS-polyacrylamide gel showing the binding of synip and VAMP2 CD to protein-free or t-SNARE liposomes. To
better visualize VAMP2 CD, a GST tag was included at its N terminus. The GST-tagged VAMP2 CD was fully competent for SNARE complex assembly. The
t-SNARE liposomes containing the heterodimer of syntaxin-4 and SNAP-23 were incubated with or without synip at 4 °C for 1 h, before GST-VAMP2 CD was
added. After another hour of incubation at 4 °C, the samples were floated up on a Nycodenz gradient.
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t-SNAREs and strongly inhibited its pairing with VAMP2 CD
(Fig. 1C). Together, these results indicate that synip binds to the
t-SNAREs and inhibits the assembly of the ternary SNARE
complex on the membrane bilayer.
Synip Arrests the SNARE-mediated Membrane Fusion

Reaction—Next we examined how synip regulates the dynamic
SNARE-mediated membrane fusion reaction. GLUT4 exocytic
SNAREs were reconstituted into a defined fusion system, in
which the v- and t-SNAREs were anchored in separate popula-
tions of lipid bilayers (Fig. 2A and supplemental Fig. S1). In this
defined fusion system, SNAREs and regulators can be added or
altered individually in the absence of other potentially con-
founding factors.
The fusion of v- and t-SNARE liposomes was first monitored

using a FRET-based lipid mixing assay (42). GLUT4 exocytic
SNAREs alone drove an efficient level of lipid mixing (Fig. 2, B
and C). In the presence of synip, the SNARE-mediated mem-
brane fusion was reduced to a background level similar to the
negative control reaction in which the dominant negative
inhibitor VAMP2 CD was added (Fig. 2, B and C). We also
examined the content mixing of the fusion reaction using a
nanodisc-liposome fusion assay. VAMP2 was reconstituted
into nanodiscs, small synthetic lipoprotein complexes that har-
bor a small piece of circular membrane bilayer wrapped by two
molecules of MSP (40). The soluble dye calcein (50 mM) was

encapsulated in the t-SNARE liposomes. At that concentration,
the fluorescent emission of calcein was inhibited by self-
quenching. The fusion of VAMP2-bearing nanodiscs with cal-
cein-containing t-SNARE liposomes led to the release andmas-
sive dequenching of the calcein dye (Fig. 3A). Using this
liposome-nanodisc fusion assay, we observed that GLUT4 exo-
cytic SNAREs drove an efficient level of content mixing (Fig.
3B). This SNARE-mediated contentmixing was strongly inhib-
ited by synip (Fig. 3B). Therefore, synip can arrest both the lipid
and content mixing of SNARE-mediated membrane fusion.
Because the lipid- and content-mixing experiments yielded
similar results, lipid-mixing assays were used in the rest of this
study.
Next we sought to further dissect how synip arrests SNARE-

dependent membrane fusion. We used a liposome docking
assay to examine how synip regulates the docking of v- and
t-SNARE liposomes. The t-SNARE liposomes were immobi-
lized on avidin-agarose beads and were used to pull down rho-
damine-labeled v-SNARE liposomes (supplemental Fig. S2A).
We found thatGLUT4 exocytic v- and t-SNAREs promoted the
docking of the liposomes (supplemental Fig. S2B). The SNARE-
dependent liposomedockingwas strongly inhibitedwhen synip
was added (supplemental Fig. S2B). The ability of synip to block
liposome docking suggests that the v- and t-SNAREs remained
unpaired in the presence of synip, in agreement with liposome
co-flotation findings (Fig. 1). Thus, synip arrests membrane
fusion by blocking the initiation of ternary SNARE complex
assembly. Together, these results demonstrate that synip func-
tions as a t-SNARE-binding inhibitor that arrests SNARE-me-
diated membrane fusion at an intermediate state.
The N-terminal Regulatory Domain of Syntaxin-4 Is Dispen-

sable for the Inhibitory Function of Synip—The zippering of the
ternary trans-SNARE complex is mediated by the SNARE
motifs (core domains) of the v- and t-SNAREs (18, 43). In addi-

FIGURE 2. Synip inhibits the SNARE-mediated membrane fusion reaction
in a FRET-based lipid mixing assay. A, reconstituted liposome fusion pro-
cedures. The t-SNARE liposomes were reconstituted with syntaxin-4 and
SNAP-23, whereas the v-SNARE liposomes were prepared using VAMP2.
B, fusion of the reconstituted proteoliposomes in the absence or presence of
5 �M synip. Negative controls: 20 �M VAMP2 CD was added at the beginning
of the fusion reaction. Each fusion reaction contained 5 �M t-SNAREs and 1.5
�M v-SNARE. The fusion reactions were measured using a FRET-based lipid
mixing assay. C, initial rates of the fusion reactions shown in B. Data are pre-
sented as percentage of fluorescence change per 10 min. Error bars indicate
S.D.

FIGURE 3. Synip blocks the content mixing of SNARE-mediated mem-
brane fusion. A, diagram of the nanodisc-liposome content mixing assay.
The fusion of membrane nanodiscs with calcein-containing proteoliposomes
released the self-quenched calcein, leading to the massive dilution and
dequenching of calcein dye. B, content mixing of the reconstituted fusion
reaction. The t-SNARE liposomes were directed to fuse with VAMP2-bearing
lipid bilayer nanodiscs in the absence or presence of 3.3 �M synip. Data are
presented as fluorescence change (�F) over initial fluorescence (F0). Each
fusion reaction contained 3.3 �M t-SNAREs and 0.75 �M v-SNARE. Negative
control: 20 �M VAMP2 CD was added to the fusion reaction.
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tion to the universal SNARE motif, the syntaxin subunit also
possesses an N-terminal regulatory domain comprising an
N-peptide motif and a Habc domain (Fig. 4, A and B). The
N-terminal regulatory domain of syntaxin plays critical roles in
multiple SNARE-regulator interactions (44, 45). To determine
its role in the inhibitory function of synip, the N-terminal reg-
ulatory domain was removed from syntaxin-4 (Fig. 4B). When
reconstituted into proteoliposomes, the syntaxin-4 �Nmutant
behaved similarly to WT syntaxin-4 in driving membrane
fusion (Fig. 4C). The syntaxin-4 �N-containing fusion reaction
was still strongly inhibited by synip, with the inhibitory efficien-
cies comparable with those in WT fusion reactions (Fig. 4C).
Thus, the N-terminal regulatory domain of syntaxin is dispen-
sable for the inhibitory function of synip.
Synip Selectively Inhibits Its Cognate SNAREs—Next we

examined the intrinsic specificity of synip in regulating the
SNARE-mediated fusion. The GLUT4 exocytic SNAREs in the
reconstituted fusion system were substituted with SNARE iso-
forms involved in other fusion pathways including mammalian
lysosomal fusion (syntaxin-7, syntaxin-8, Vti1b, and VAMP8),
and yeast exocytosis (Sso1p, Sec9p, and Snc2p) (Fig. 5A).
Although the v- and t-SNAREs of these fusion pathways can
cross-pair to drive membrane fusion, they exhibit little
sequence similarities (34, 41, 46, 47). Strikingly, synip failed to
inhibit the fusion reactions driven by lysosomal SNAREs
(labeled lysosomal fusion t � v), or yeast exocytic SNAREs

(labeled yeast exocytosis t� v) (Fig. 5,A andB). Thus, the inhib-
itory function of synip is specific to GLUT4 exocytic SNAREs.
Nextwe fused the liposomes containingVAMP2, theGLUT4

exocytic v-SNARE, with the liposomes bearing the lysosomal
t-SNAREs (syntaxin-7, syntaxin-8, andVti1b), or yeast exocytic
t-SNAREs (Sso1p and Sec9p). Again, neither of these fusion
reactions (labeled lysosomal fusion t or yeast exocytosis t) was
blocked by synip (Fig. 5, A and B). We also fused GLUT4
t-SNARE liposomes with v-SNARE liposomes reconstituted
with either the lysosomal v-SNARE VAMP8 or the yeast exo-
cytic v-SNARE Snc2p (Fig. 5A). Interestingly, these fusion reac-
tions (labeled lysosomal fusion v and yeast exocytosis v) were
strongly inhibited by synip (Fig. 5B). Therefore, the specificity
of synip is determined by the t-SNAREs, but not the v-SNARE,
in agreement with the interaction of synip with the t-SNARE
complex in the liposome co-flotation assays (Fig. 1C). In the
cell, the interactions between SNAREs and regulatory factors
are exclusively specific to ensure the accuracy of vesicle trans-
port (41). The stringent specificity of synip observed in this
study supports that our reconstituted system has recapitulated
the biological function of synip in exocytosis.
The Inhibitory Function of Synip Is Dominant Over the Stim-

ulatory Activity of Munc18c—In addition to SNAREs, intracel-
lular membrane fusion also requires the conserved SM family

FIGURE 4. The N-terminal regulatory domain of syntaxin is dispensable
for the inhibitory function of synip. A, diagram of the GLUT4 exocytic
t-SNARE complex. The N-terminal regulatory domain of syntaxin-4 contains
the N-peptide motif and the Habc domain. The Habc domain was modeled
using the atomic structure of syntaxin-1 Habc domain (66). B, diagrams of WT
syntaxin-4 and the syntaxin-4 �N mutant in which the N-terminal regulatory
domain was removed. TMD, transmembrane domain. C, initial fusion rates of
the indicated SNARE-dependent fusion reactions in the absence or presence
of 5 �M synip. Each fusion reaction contained 5 �M t-SNAREs and 1.5 �M

v-SNARE. The fusion reactions were measured using a FRET-based lipid mix-
ing assay. Data are presented as percentage of fluorescence change per 10
min. Error bars indicate S.D.

FIGURE 5. The specificity of synip in regulating the SNARE-mediated
fusion reaction. A, liposome fusion pairs. The proteoliposomes were recon-
stituted with SNAREs isoforms involved mammalian GLUT4 exocytosis, mam-
malian lysosomal fusion, or yeast exocytosis. B, initial fusion rates of the indi-
cated SNARE-dependent fusion reactions in the absence or presence of 5 �M

synip. Each fusion reaction contained 5 �M t-SNAREs and 1.5 �M v-SNARE. The
fusion reactions were measured using a FRET-based lipid mixing assay.
The fusion reaction labeled No regulator represents the control SNARE-medi-
ated fusion reaction in the absence of regulatory factors. Data are presented
as percentage of fluorescence change per 10 min. Error bars indicate S.D.
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proteins, which promote membrane fusion through binding to
their cognate SNAREs (34, 48–50). SM proteins exhibit similar
loss-of-function phenotypes as SNAREs (i.e. abrogation of
fusion) and are involved in every intracellular vesicle fusion
pathway (51–53). In GLUT4 exocytosis, the cognate SM pro-
tein is Munc18c (also known as Munc18-3) (54–56). We
expressed and purified recombinantMunc18c protein from Sf9
insect cells using baculovirus.When added to the reconstituted
SNARE-mediated fusion reaction (Fig. 6A), Munc18c strongly
accelerated the fusion kinetics (Fig. 6B). The stimulation of
fusion byMunc18c was abrogated when synip was added to the
SNAREs (Fig. 6B), indicating that synip can arrest the fusion
reaction in the presence of Munc18c. Therefore, the inhibitory
function of synip is dominant over the stimulatory activity of
Munc18c in vesicle fusion.

DISCUSSION

In regulated exocytosis, the SNARE-dependent membrane
fusion reaction is controlled by a group of SNARE-binding reg-
ulatory factors. Whereas the regulatory mechanisms of synap-
tic neurotransmitter release have been extensively studied, our
knowledge about other exocytic pathways such as GLUT4 exo-
cytosis remains primitive. Although conceptually similar to
synaptic neurotransmitter release, the GLUT4 pathway is dis-
tinct in fundamental ways: (i) the kinetics of the fusion reaction
ismarkedly slower (minutes versus submillisecond); (ii) special-
ized fusion regulators are involved; and (iii) the fusion reaction
of GLUT4 exocytosis is coupled to insulin signaling (13, 57).
Thus, the regulatorymechanisms of GLUT4 vesicle fusion can-
not be derived directly from the available knowledge of synaptic
release.
Although the physiological and medical importance of the

GLUT4 exocytic pathway is well established, the underlying
molecular mechanisms remain largely unknown. It is challeng-

ing to delineate complex membrane trafficking systems that
involve the dynamic assembly of multiple layers of functional
units atmembrane-cytosol interfaces.We sought to address the
question by reconstituting GLUT4 vesicle fusion in a defined
system using purified components. Regulatory factors can be
individually added or perturbed without the complications of
other molecules naturally present in the cell, allowing their
kinetic effects on fusion to be causally established.
Using the defined system, we demonstrated that the fusion

regulator synip arrests the SNARE-dependent fusion reaction
at an intermediate stage. Synip arrests membrane fusion by
binding to the t-SNAREs and preventing the initiation of ter-
nary SNARE complex assembly.We showed that synip inhibits
the docking, lipid mixing, and content mixing of the SNARE-
dependent fusion reaction. Notably, although originally iso-
lated as a syntaxin-binding protein (33), synip does not affect
the formation of syntaxin-4 with SNAP-23 into the t-SNARE
complex on the membrane bilayer.
SM proteins are universal fusion regulators that promote

intracellular vesicle fusion by binding to their cognate SNAREs
(34, 48–50). To arrest exocytosis, a fusion inhibitor is expected
to block SNARE-mediated fusion in the presence of the SM
protein. Indeed, we observed that the inhibitory function of
synip is dominant over the stimulatory activity ofMunc18c, the
cognate SM protein of GLUT4 exocytosis.
In the highly synchronized synaptic release, fusion-compe-

tent vesicles are immobilized on the plasmamembrane through
the docking and priming processes (57). GLUT4-containing
vesicles, however, are mobile and cycle continuously beneath
the cell surface. Upon insulin stimulation, GLUT4 vesicles
begin to dock and fuse with the plasma membrane (58–60).
These observations are consistent with our biochemical find-
ings that synip arrests the fusion at the t-SNARE stage.With the

FIGURE 6. The inhibitory function of synip is dominant over the stimulatory activity of Munc18c in fusion. A, diagram illustrating the experimental
procedures for the reconstituted fusion reactions. B, initial fusion rates of the indicated SNARE-mediated fusion reactions showing the inhibitory activity of
synip in the presence or absence of Munc18c. Each fusion reaction contained 5 �M t-SNAREs and 1.5 �M v-SNARE. The final concentration of each SNARE
regulator was 5 �M. The fusion reactions were measured using a FRET-based lipid mixing assay. Data are presented as percentage of fluorescence change per
10 min. Error bars indicate S.D.
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t-SNARE complex blocked by synip, the vesicle-rooted
v-SNARE cannot pair with the t-SNAREs to form the trans-
SNARE complex, allowing the vesicles to be fully mobile.
It remains to be determinedwhether synip serves as a revers-

ible fusion inhibitor. It has been proposed that synip is dissoci-
ated fromSNAREswhen its serine 99 residue is phosphorylated
byAkt2, but thephysiological role of this phosphorylation is being
debated (32, 61). Nevertheless, it is conceivable that an insulin-
induced phosphorylation may destabilize the t-SNARE-synip
interaction to permit the entry of the v-SNARE. Alternatively,
synip may form an irreversible inhibitor on GLUT4 exocytic
t-SNAREs to help demarcate vesicle fusion sites on the plasma
membrane, thereby allowing for spatial regulation of GLUT4
vesicle fusion.
Importantly, the inhibitory function of synip is distinct from

how other fusion inhibitors arrestmembrane fusion. For exam-
ple, the synaptic factor Munc18–1 binds to syntaxin monomer
and locks the latter in a “closed” configuration incompatible
with t-SNARE complex assembly (44, 45). The small soluble
protein complexin, on the other hand, negatively regulates syn-
aptic vesicle fusion by arresting SNAREs at a partially zippered
trans-SNARE configuration (62, 63). In the presence of com-
plexin, the v- and t-SNAREs can initiate pairing but the trans-
SNARE complex cannot complete zippering (Fig. 7) (62, 64).
Therefore, SNARE-dependent membrane fusion can be
arrested at each stage of the fusion pathway (Fig. 7). This ver-
satility of fusion regulation likely allows the SNARE-mediated
fusion reaction to adjust according to specific demands of a
physiological response.
In summary, our studies revealed the molecular mechanism

bywhich synip regulates the SNARE-dependentGLUT4 vesicle
fusion. The inhibitory function of synip likely represents a novel
regulatory mechanism of vesicle fusion. Genetic studies of
GLUT4 fusion regulators such as synip often reached inconsis-
tent and sometimes even contradictory conclusions (32, 33, 61,
65), reminiscent of the studies of synaptic fusion regulation (15,

16). In regulated exocytic pathways, multiple fusion regulators
usually operate at similar or overlapping steps of the fusion
reaction such that deletion of one factor might lead to unpre-
dictable outcomes. In addition, loss of one fusion regulator
might be compensated by another protein present in the cell,
further complicating the analysis (57). Now, with the intrinsic
regulatory mechanism of synip established, more precisely tar-
geted in vivo experiments can be designed to delineate how it
acts in concert with SNAREs and other fusion regulators to
mediate GLUT4 exocytosis.
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