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Sec1/Munc18 (SM) family proteins are essential for every vesicle
fusion pathway. The best-characterized SM protein is the synaptic
factor Munc18-1, but it remains unclear whether its functions rep-
resent conserved mechanisms of SM proteins or specialized activ-
ities in neurotransmitter release. To address this question, we
dissected Munc18c, a functionally distinct SM protein involved in
nonsynaptic exocytic pathways. We discovered that Munc18c
binds to the trans-SNARE (soluble N-ethylmaleimide-sensitive fac-
tor attachment protein receptor) complex and strongly accelerates
the fusion rate. Further analysis suggests that Munc18c recognizes
both vesicle-rooted SNARE and target membrane-associated
SNAREs, and promotes trans-SNARE zippering at the postdocking
stage of the fusion reaction. The stimulation of fusion by Munc18c
is specific to its cognate SNARE isoforms. Because Munc18-1 reg-
ulates fusion in a similar manner, we conclude that one conserved
function of SM proteins is to bind their cognate trans-SNARE com-
plexes and accelerate fusion kinetics. Munc18c also binds syntaxin-
4 monomer but does not block target membrane-associated
SNARE assembly, in agreement with our observation that six- to
eightfold increases in Munc18c expression do not inhibit insulin-
stimulated glucose uptake in adipocytes. Thus, the inhibitory
"closed” syntaxin binding mode demonstrated for Munc18-1 is
not conserved in Munc18c. Unexpectedly, we found that Munc18c
recognizes the N-terminal region of the vesicle-rooted SNARE,
whereas Munc18-1 requires the C-terminal sequences, suggesting
that the architecture of the SNARE/SM complex likely differs
across fusion pathways. Together, these comparative studies of
two distinct SM proteins reveal conserved as well as divergent
mechanisms of SM family proteins in intracellular vesicle fusion.

membrane fusion | vesicle transport | exocytosis

he fusion of intracellular vesicles with target membranes

requires two classes of conserved proteins: SNAREs and SM
(Sec1/Muncl8) proteins (1, 2). SNARESs are membrane-associ-
ated proteins that contain characteristic stretches of 60-70
amino acids known as core domains or SNARE motifs. Fusion is
initiated when the core domains of the vesicle-rooted SNARE
(v-SNARE) and the target membrane-associated SNAREs
(t-SNARES) zipper into a four-helix frans-SNARE complex be-
tween two apposed bilayers (2-5). N- to C-terminal zippering of
the trans-SNARE complex brings the two membranes into close
apposition to fuse (6-8).

First isolated in genetic screens in yeast and nematodes (9,
10), SM proteins are hydrophilic factors of 60-70 kDa that
regulate membrane fusion through binding to their cognate
SNARES (11-13). SM proteins exhibit a similar loss-of-function
phenotype as that of SNARES (i.e., abrogation of fusion) and are
essential for every pathway of intracellular vesicle fusion (14-16).
Mutations of SM proteins give rise to a number of human dis-
eases, including epilepsy and inflammatory disorders, as well as
arthrogryposis, renal dysfunction, and cholestasis (ARC) syn-
drome (17-21). Although the mechanism of SNAREs is well
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established, we are only beginning to understand how SM
proteins regulate vesicle fusion.

The best-characterized SM protein is the synaptic factor
Munc18-1 (also known as nSecl or STXBP1), which is required
for the fusion of neurotransmitter-filled synaptic vesicles with the
plasma membrane (1, 22). Synaptic neurotransmitter release
serves as the nervous system’s major form of cell-to-cell com-
munication and requires three SNARE proteins: syntaxin-1,
SNAP-25, and VAMP2/synaptobrevin (3, 23, 24). Munc18-1 has
been shown to play dual roles in synaptic vesicle fusion. First,
Muncl8-1 positively regulates the SNARE-dependent fusion
reaction by interacting with the frans-SNARE complex and ac-
celerating the fusion kinetics (12, 25-33). Second, Muncl8-1
binds to syntaxin-1 monomer and locks the latter into a “closed”
configuration that prevents SNARE complex formation (34-36).
This closed syntaxin binding mode can promote syntaxin traf-
ficking and guide the SNAREs down a specific assembly route
with the assistance of Muncl3 (27, 37-39). In view of the highly
specialized nature of neurotransmitter release, however, it remains
to be determined whether these functions constitute conserved
mechanisms of the SM family proteins or represent specialized
activities of Munc18-1 at the synapse. To address this question,
it is imperative to dissect another member of the SM protein
family and compare its functions with those of Munc18-1.

In this study, we chose to characterize Munc18c (also known
as Munc18-3), a ubiquitously expressed SM protein involved in
nonsynaptic exocytic pathways (40, 41). Muncl8c is not func-
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tionally interchangeable with the synaptic SM protein Munc18-1,
indicating that they regulate distinct vesicle fusion pathways (16).
Munc18c has been shown to regulate the exocytosis of the glu-
cose transporter GLUT4 in body glucose homeostasis. Under
basal conditions, GLUT4 is sequestered in intracellular vesicles
in adipocytes and skeletal muscles. On insulin stimulation, GLUT4-
containing vesicles fuse with the plasma membrane, delivering
GLUTH4 to the cell surface to facilitate glucose uptake. GLUT4
vesicle fusion requires syntaxin-4 and SNAP-23 as the t-SNARE:s,
VAMP?2 as the primary v-SNARE, and Muncl8c as the cognate
SM protein (40, 42). Mutations in Munc18c interfere with GLUT4
vesicle fusion and disrupt insulin-stimulated glucose transport into
the cell (41, 43, 44). Importantly, Munc13 and synaptotagmins ap-
pear to be absent in adipocytes and are not known to be involved
in the GLUT4 trafficking pathway (45, 46), highlighting major
functional differences between GLUT4 exocytosis and synaptic
release. In addition to GLUT4 exocytosis, Muncl8c regulates a
range of other exocytic pathways, including neutrophil secretion,
amylase release, platelet exocytosis, and the sustained phase of
insulin secretion (47-51).

Although the physiological role of Muncl8c in vesicle exocytosis
is clear, its molecular mechanism remains to be established. Here,
we sought to define the mechanisms underlying Munc18c func-
tion by reconstituting it into a defined fusion reaction containing
GLUT4 exocytic SNAREs. We observed that Munc18c bound to
the ternary trans-SNARE complex and strongly accelerated the
fusion rate. Munc18c recognizes both the v- and t-SNAREs, and
it potently promotes trans-SNARE zippering at the postdocking
stage of the fusion reaction. The stimulatory activity of Munc18c
was specific to the fusion reactions reconstituted with its cognate
SNAREs. These data, in combination with previous findings
of Munc18-1, suggest a conserved mechanism of SM proteins
in intracellular vesicle fusion: to interact with their cognate trans-
SNARE complex and accelerate the fusion kinetics. Like Munc18-1,
Munc18c also binds to the syntaxin monomer. However, the
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binding of Munc18c to syntaxin did not block SNARE assembly
or the fusion reaction, in agreement with our observation that
six- to eightfold increases in Muncl8c expression do not inhibit
insulin-stimulated glucose uptake in adipocytes. These data in-
dicate that Munc18c does not adopt the inhibitory closed syntaxin
binding mode as shown for Munc18-1. Therefore, the closed syn-
taxin binding mode may not be a general feature of SM proteins.
Unexpectedly, we found that the stimulation of fusion by Munc18c
requires the N-terminal regions of the v-SNARE, whereas
Munc18-1 recognizes the C-terminal motifs. These results suggest
that although the conserved function of SM proteins involves
binding to frans-SNARE:s, the architecture of the SNARE/SM
complexes likely differs across fusion pathways. Together, these
findings establish the conserved as well as divergent functions
of SM family proteins in intracellular vesicle fusion.

Results

Munc18c Binds Stoichiometrically to GLUT4 Exocytic SNARE Complex.
Although studies in intact cells have emphasized the physiolog-
ical importance of Munc18c, the complexity of the cellular en-
vironment precludes further mechanistic insights. We addressed
this problem by functionally reconstituting SNARE-dependent
GLUT4 vesicle fusion in a defined system, in which SNAREs and
regulatory factors can be added or altered individually in the
absence of other potentially confounding factors.

We expressed and purified recombinant Muncl8c from Sf9
insect cells using baculovirus. In a liposome coflotation assay,
Munc18c bound to proteoliposomes reconstituted with GLUT4
exocytic SNARES: syntaxin-4, SNAP-23, and VAMP2 (Fig. 14).
Muncl8c did not bind to protein-free liposomes (Fig. 14), in-
dicating that the Muncl8c/SNARE interaction was specific. Next,
we quantitatively analyzed the Munc18c/SNARE interaction using
isothermal titration calorimetry (ITC). We found that Muncl8c
bound to the soluble form of the ternary SNARE complex with
a Ky of ~1 uM (Fig. 1B), similar to the association of Munc18-1
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Fig. 1. Munc18c binds stoichiometrically to the GLUT4 exocytic SNARE complex. (A) Coomassie blue-stained SDS/PAGE gel showing the binding of Munc18c
to protein-free or SNARE liposomes. Liposomes containing the ternary GLUT4 SNARE complex were prepared by incubating VAMP2 CD with WT t-SNARE
liposomes (containing syntaxin-4 and SNAP-23) overnight at 4 °C. (B) To assemble the ternary SNARE complex, the preassembled t-SNAREs, composed of
syntaxin-4 (aa 1-273) and SNAP-23, were incubated overnight with VAMP2 CD (aa 1-95). The SNARE complex was injected into the sample cell of a VP-ITC
instrument (Microcal) containing recombinant Munc18c. The Ky and stoichiometry of the interaction were calculated by fitting the data with a nonlinear least

squares routine using Microcal Origin software.
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with soluble synaptic SNARE complexes (34, 52). ITC mea-
surements showed that Munc18c bound to the SNARE complex
at a ratio close to 1:1 (Fig. 1B), in agreement with the liposome
coflotation results (Fig. 14).

Munc18c Accelerates the Kinetics of SNARE-Dependent Membrane
Fusion in a Reconstituted Fusion system. Next, we sought to de-
termine how Munc18c regulates the SNARE-dependent fusion
reaction. Membrane fusion is a highly dynamic process in which
the zippering of the trans-SNARE complex pulls two membrane
bilayers into close proximity to fuse (1). This dynamic fusion
reaction can only be recapitulated using reconstituted fusion
assays in which the v- and t-SNARESs are anchored in separate
membrane bilayers.

The fusion of v- and t-SNARE liposomes was first monitored
by a FRET-based lipid-mixing assay (26). GLUT4 exocytic
SNARES alone drove a basal level of lipid mixing (Fig. 2 4 and
B). Muncl8c strongly accelerated the lipid-mixing kinetics with
an increase in the initial rate of ~12-fold (Fig. 2 B and C). Munc18c
robustly accelerated lipid mixing without preincubation, but its
stimulatory activity was enhanced by preincubation at 4 °C (Fig. S1).
We postulate that the preincubation step may facilitate the
binding of Muncl8c to a metastable intermediate of SNARE as-
sembly. Lipid mixing was completely blocked by inclusion of the
VAMP?2 cytoplasmic domain (CD) (Fig. 2 B and C), a dominant
negative inhibitor of SNARE complex assembly (4). Maximum
stimulation of lipid mixing was reached using Munc18c at a con-
centration of 5 pM, similar to the concentration of t-SNAREs
present on liposomes (Fig. 2D).

It was observed that under certain experimental conditions,
squid Munc18-1 (but not mammalian Munc18-1) could undergo
denaturation and increase the emission intensity of lipid-conju-
gated fluorescent dyes independent of membrane fusion (53).
The recombinant mammalian Munc18-1 and Munc18c proteins
used in this study were highly soluble and exhibited no noticeable
denaturation. Indeed, in the absence of functional SNAREs,
Muncl8c was unable to elicit fluorescence emission in the
reconstituted lipid-mixing assay (Fig. 2B). Hence, Muncl18c acts
by facilitating the SNARE-mediated fusion pathway, rather than
by causing fusion via an alternative mechanism. We further
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addressed the issue by examining the content mixing of the
liposomes. The soluble dye sulforhodamine B was encapsulated
in the VAMP?2 liposomes in which its fluorescence was inhibited
by self-quenching. Fusion of the v-SNARE liposomes with un-
labeled t-SNARE liposomes led to the dilution and dequenching
of sulforhodamine B fluorescence (Fig. S24). Using this assay,
we observed that GLUT4 exocytic SNAREs drove a basal level
of content mixing that was markedly accelerated by Muncl8c
(Fig. S2 B and C). The content mixing was blocked by inclusion
of the VAMP2 CD (Fig. S2 B and C). In dequenching controls,
the sulforhodamine B dye was included in both v- and t-SNARE
liposomes. If content leakage did not occur, no sulforhodamine
B dequenching would be observed (Fig. S24). We observed
that the sulforhodamine B emission was not increased in the
dequenching control reactions, indicating that content leakage
did not occur appreciably in the liposome fusion reactions (Fig.
S2B). Together, these results demonstrate that Muncl8c pro-
motes both lipid and content mixing of the SNARE-mediated
fusion reaction.

Munc18c Promotes trans-SNARE Zippering at the Postdocking Stage
of the Fusion Reaction. Next, we sought to dissect how Muncl8c
regulates SNARE-dependent membrane fusion. We began by
testing how Munc18c influences the docking of liposome mem-
branes. The t-SNARE liposomes were anchored to avidin beads
through biotinylated phospholipids and were used to pull down
v-SNARE liposomes (Fig. 34). Pairing of v- and t-SNAREs al-
lowed the v-SNARE liposomes to dock onto the bead-anchored
t-SNARE liposomes (Fig. 3B). This SNARE-mediated liposome
docking was mildly enhanced by Munc18c (Fig. 3B). We also
examined liposome docking using cryo-EM. We found that the
SNARE-dependent liposome docking was only slightly increased
in the presence of Muncl18c (Fig. S3), consistent with the results
using the liposome pull-down assay (Fig. 3B).

We then determined how Munc18c regulates the zippering of
trans-SNARE complex, a postdocking step of SNARE-dependent
membrane fusion. Incubation of v- and t-SNARE liposomes at
4 °C led to progressive formation of rans-SNARE complexes be-
tween apposed lipid bilayers. VAMP2 CD was subsequently added
to block unpaired t-SNARESs, whereas assembled trans-SNARE

B 8
c 25
8 20 + Munc18c
o
g 15
= 10
¢ = Munc18c
5 S e
€ o (Negative Control)
3 0 50 100 @ - Munc18c
B Time (min) @ + Munc1sc

O

t-SNARE:Munc18c
i1

v

= - N
=) o =]

Fold activation
by Munc18c
(3]

0
0123456 7
Munc18c concentration (uM)

Fig. 2. Munc18c strongly accelerates the kinetics of SNARE-dependent membrane fusion. (A) Illustrations of the liposome fusion procedures. The t-SNARE
liposomes were reconstituted with syntaxin-4 and SNAP-23, whereas the v-SNARE liposomes contained VAMP2. The v- and t-SNARE liposomes were pre-
incubated at 4 °C for 1 h before the temperature was elevated to 37 °C to start fusion. (B) Fusion of the reconstituted proteoliposomes in the absence or
presence of 5 pM Munc18c. Each fusion reaction contained 5 pM t-SNAREs and 1.5 pM v-SNARE. The fusion reactions were measured by a FRET-based lipid-
mixing assay. Twenty micromolar VAMP2 CD (aa 1-95) was added at the beginning of the preincubation as a negative control. max., maximum. (C) Initial
lipid-mixing rates of the fusion reactions shown in B. Data are presented as the percentage of fluorescence change per 10 min. Error bars indicate SD. (D) Dose
dependence of Munc18c activity in the SNARE-dependent fusion reaction. Munc18c was added to the reconstituted fusion reaction at the indicated con-
centrations. Fold increases in the initial lipid-mixing rates of the fusion reactions are shown. Error bars indicate SD.
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Fig. 3. Munc18c promotes trans-SNARE zippering at the postdocking stage of the fusion reaction. (A) Diagram of the liposome pull-down assay. (B)
Measurements of the docking of t- and v-SNARE liposomes using the liposome pull-down assay. Biotin-labeled t-SNARE liposomes were anchored to avidin
agarose beads and were used to pull down rhodamine-labeled v-SNARE liposomes. The binding reactions were performed at 4 °C for 1 h in the absence or
presence of 5 pM Munc18c. Data are presented as rhodamine fluorescence intensity. In the negative control, t-SNARE liposomes were substituted with
protein-free liposomes. Error bars indicate SD. (C) Diagram of the trans-SNARE formation assay. (D) Reconstituted t- and v-SNARE liposomes were incubated
at 4 °C for indicated periods in the presence or absence of 5 pM Munc18c before a 10-fold excess amount of inhibitory VAMP2 CD was added to block
unpaired t-SNAREs. The liposomes were subsequently solubilized, and the t-SNAREs were precipitated using nickel Sepharose beads. The presence of full-
length VAMP2 in the precipitates was probed by Western blotting, which was used as an indicator for trans-SNARE assembly between liposomes.

complexes were resistant to VAMP2 CD. After solubilization of
the membrane-bound SNARE proteins, the t-SNAREs were
precipitated. We then selectively probed full-length VAMP2 in
the precipitates, which was indicative of #rans-SNARE complex
assembly (Fig. 3C). Using this trans-SNARE formation assay, we
observed that Munc18c strongly promoted the assembly of the
trans-SNARE complex (Fig. 3D). We estimated that in the
presence of Muncl8c, the amount of VAMP2 CD-resistant trans-
SNARES increased approximately eightfold (Fig. 3D). No lipid
mixing occurred during these trans-SNARE assembly reactions
(Fig. S4). Altogether, these data suggest that Munc18c promotes
fusion primarily by facilitating trans-SNARE zippering at the
postdocking stage of the membrane fusion reaction.

Stimulatory Function of Munc18c in Membrane Fusion Is Specific to Its
Cognate SNARE Isoforms. In the cell, SM proteins only regulate the
fusion reactions mediated by their cognate SNARE isoforms (14,
16), which likely contributes to the overall precision of intracel-
lular vesicle trafficking. Next, we explored the intrinsic specificity
of Muncl8c function in the reconstituted fusion reaction. Pro-
teoliposomes were reconstituted using noncognate SNARE:s in-
volved in synaptic release (syntaxin-1, SNAP-25, and VAMP2),
lysosomal/late-endosomal fusion (syntaxin-7, syntaxin-8, Vtilb,
and VAMPS), or yeast exocytosis (Ssolp, Sec9p, and Snc2p)
(Fig. 44). We found that the lipid-mixing reactions mediated by
these noncognate SNARESs were not activated by Munc18c (Fig.
4B). This compartmental specificity of Muncl8c function is in
agreement with the pathway-specific activities of SM proteins in
vesicle fusion, and it supports that our reconstituted system has
recapitulated the physiological function of Munc18c.

Munc18c Can Activate Multiple SNARE Pairs. The reconstitution of
Muncl18c into the defined system enabled us to dissect its regu-
latory mechanism further in SNARE-dependent membrane fu-
sion. In contrast to the highly specialized SM protein Munc18-1,

E3274 | www.pnas.org/cgi/doi/10.1073/pnas.1311232110

Muncl18c is ubiquitously expressed and is thought to participate
in a range of exocytic fusion pathways (54). Because mammalian
exocytosis involves multiple SNARE pairs (5), we reasoned that
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Fig. 4. Munc18c selectively activates its cognate SNAREs. (A) lllustrations of
the liposome fusion pairs. (B) Activation of the indicated SNARE-dependent
fusion reactions by Munc18c. Each fusion reaction contained 5 pM t-SNAREs
and 1.5 pM v-SNARE. The fusion reactions were measured by a FRET-based
lipid-mixing assay. Fold increases in the initial lipid-mixing rates of the fusion
reactions are shown. Error bars indicate SD.

Yu et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311232110/-/DCSupplemental/pnas.201311232SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1311232110

L T

/

D\

Munc18c might be capable of regulating SNARE isoforms be-
yond those of GLUT4 exocytosis. To test this, we first reconstituted
proteoliposomes bearing each of the four exocytic t-SNARE
complexes found on the plasma membrane: syntaxin-1/SNAP-
25, syntaxin-2/SNAP-23, syntaxin-3/SNAP-23, and syntaxin-4/
SNAP-23 (5). Each of these t-SNARE liposomes was directed to
fuse with VAMP2 liposomes (Fig. 54). We observed that in
addition to its known cognate t-SNARESs (syntaxin-4/SNAP-23),
Munc18c strongly stimulated the lipid-mixing reaction driven by
syntaxin-2/SNAP-23 (Fig. 54). Munc18c also activated the fusion
reaction reconstituted with the t-SNARE syntaxin-3/SNAP-23,
albeit the stimulation was weaker than that of syntaxin-2/SNAP-
23 and syntaxin-4/SNAP-23 (Fig. 54). Interestingly, the synaptic
t-SNARE:S (syntaxin-1/SNAP-25) could not support the stimulatory
activity of Muncl8c (Fig. 54). Thus, three exocytic t-SNARE
complexes, syntaxin-2/SNAP-23, syntaxin-3/SNAP-23, and syntaxin-
4/SNAP-23, can potentially serve as the cognate t-SNAREs
of Muncl18c.

We then examined the selection of v-SNAREs by Muncl18c.
The t-SNARE liposomes containing syntaxin-4/SNAP-23 were
directed to fuse with liposomes bearing v-SNARESs found at the
late secretory pathway, including VAMP2, VAMP3/cellubrevin,
VAMP4, VAMPS, VAMPS/endobrevin, and the yeast exocytic
v-SNARE Snc2p. Interestingly, we found that multiple v-SNARE
isoforms, including VAMP2, VAMP3, VAMP4, and VAMPS,
were able to support the stimulatory activity of Munc18c (Fig. 5B).
By contrast, Muncl8c was unable to stimulate lipid mixing in re-
actions reconstituted with VAMPS or Snc2p (Fig. 5B). Together,
these data reveal the intrinsic cognate v- and t-SNAREs of
Muncl18c (Fig. 5C), most of which were not previously known to
be regulated by Munc18c. Combinations of these v- and t-SNAREs
form 12 possible cognate trans-SNARE pairs that can potentially
support Munc18c function in membrane fusion.

Munc18c Does Not Possess the Inhibitory Closed Syntaxin Binding
Mode. In addition to its stimulatory activity, the synaptic SM
protein Munc18-1 negatively regulates fusion by binding to the
syntaxin-1 monomer (31, 55, 56). In vitro evidence suggests that
Munc18-1 binding locks syntaxin-1 into a closed configuration
incompatible with SNARE complex assembly (34, 35, 56). Pre-
vious solution binding assays reached contradictory conclusions
regarding whether the closed syntaxin binding mode is conserved
in other SM proteins, such as Muncl18c (41, 57). It has been
proposed that the Muncl8c/syntaxin-4 dimer precludes the
assembly of the t-SNARE complex (41). However, solution
structural data suggest that Muncl8c-bound syntaxin-4 does not
adopt a closed conformation (58). Here, we sought to determine
whether Munc18c negatively regulates SNARE-mediated fusion
using full-length proteins in a membrane environment.

In our standard reconstituted fusion reactions, the t-SNAREs
were preassembled to reveal the downstream trans-SNARE
binding function of Munc18c (Fig. 24). To assess the role of
Muncl8c in the upstream step of t-SNARE assembly, we recon-
stituted syntaxin-4 monomer into proteoliposomes, whereas other
SNARE subunits were subsequently added as soluble proteins
(Fig. 64). In the liposome coflotation assay, we observed that
membrane-anchored syntaxin-4 efficiently assembled with
SNAP-23 and VAMP2 CD into the ternary SNARE complex
(Fig. 6B), suggesting that syntaxin-4 does not normally adopt an
autoinhibitory closed configuration. Next, Munc18c was added
to syntaxin-4 liposomes to form the syntaxin-4/Munc18c dimer
(Fig. 6B). SNAP-23 and VAMP2 CD were then introduced to
examine the assembly of the ternary SNARE complex (Fig. 6A4).
We found that Munc18c binding did not prevent the pairing of
syntaxin-4 with SNAP-23 to form the binary t-SNARE complex
(Fig. S5) or with SNAP-23 and VAMP2 CD to form the ternary
SNARE complex (Fig. 6B and Fig. S6). Therefore, the Munc18c/
syntaxin-4 dimer does not inhibit SNARE complex assembly.
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Fig. 5. Munc18c regulates multiple v- and t-SNAREs. (A) Activation of the
indicated SNARE-dependent fusion reactions by Munc18c. The v-SNARE lipo-
somes of the fusion reactions contained VAMP2, whereas the t-SNARE
liposomes were reconstituted with the indicated t-SNAREs. Each fusion re-
action contained 5 pM t-SNAREs and 1.5 pM v-SNARE. The fusion reactions
were measured by a FRET-based lipid-mixing assay. Fold increases in the
initial lipid-mixing rates of the fusion reactions are shown. Error bars in-
dicate SD. (B) Activation of the indicated SNARE-dependent fusion reactions
by Munc18c. The t-SNARE liposomes of the fusion reactions contained syn-
taxin-4 and SNAP-23, whereas the v-SNARE liposomes were reconstituted
with the indicated v-SNAREs. Fold increases in the initial lipid-mixing rates of
the fusion reactions are shown. Error bars indicate SD. (C) Model showing
the potential cognate v- and t-SNAREs of Munc18c in vesicle fusion. Munc18c
(SM protein) is colored yellow, t-SNAREs are colored green, and v-SNAREs are
colored pink.

Next, we examined the functional role of the Munc18c/syn-
taxin-4 interaction in the dynamic membrane fusion reaction. In
agreement with the liposome binding results, the interaction of
Muncl8c with syntaxin-4 did not inhibit the reconstituted
SNARE-mediated lipid-mixing reaction (Fig. 6 C and D). In-
stead, Munc18c strongly accelerated the lipid-mixing rate (Fig.
6D and Fig. S7). The stimulation of lipid mixing by Munc18c was
abolished when VAMP2 was substituted with VAMPS, a non-
cognate v-SNARE (Fig. 6D). We also tested a different fusion
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Fig. 6. Munc18c does not harbor an inhibitory closed syntaxin binding mode. (A) Diagram illustrating the experimental procedures for liposome coflotation
assays. (B) Munc18c did not inhibit SNARE assembly in the liposome coflotation assay. Syntaxin-4 liposomes were incubated with or without Munc18c at 4 °C
for 1 h. Subsequently, SNAP-23 and VAMP2 CD were added. After 2 h of incubation at 4 °C, the samples were floated up on a Nycodenz gradient. To visualize
VAMP2 CD better by Coomassie blue staining, a GST tag was included at its N terminus. (C) Diagram illustrating the experimental procedures for the
reconstituted fusion reactions. (D, Left) Munc18c binding to syntaxin-4 did not inhibit the SNARE-dependent fusion reaction. Syntaxin-4 liposomes were
incubated with or without 5 M Munc18c at 4 °C for 1 h before 5 M SNAP-23 was added. After 2 h at 4 °C, VAMP2 liposomes were introduced. After another
hour of incubation at 4 °C, the temperature was raised to 37 °C to initiate fusion. In the negative control experiments, t-SNARE liposomes were substituted
with protein-free (PF) liposomes. Each fusion reaction contained 5 pM t-SNAREs and 1.5 pM v-SNARE. The fusion reactions were measured by a FRET-based
lipid-mixing assay. (Right) Fold increases in the initial lipid-mixing rates of the reconstituted fusion reactions (Left) are shown. Error bars indicate SD.

condition in which v-SNARE liposomes were not preincubated
with Muncl8c or t-SNARE liposomes before fusion. Again,
Munc18c did not inhibit the lipid-mixing reaction (Fig. S8).
Hence, the binding of Munc18c to the syntaxin-4 monomer does
not inhibit SNARE assembly or fusion kinetics, suggesting that
Munc18c-bound syntaxin-4 adopts an “open” conformation fully
competent for SNARE complex assembly.

It was previously reported that overexpression of Muncl8c in
adipocytes inhibited insulin-stimulated glucose transport (59,
60), which implies that Munc18c has a negative regulatory role in
vesicle transport. However, those Muncl8c overexpression
studies did not directly quantify Munc18c levels in control and
Muncl18c-overexpressing cells. We therefore sought to determine
quantitatively the effects of Munc18c overexpression on glucose
uptake in 3T3-L1 adipocytes. Importantly, a 100% transduction
efficiency was achieved in adipocytes using a lentiviral expression
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system, allowing us to assess the functional consequences of
Munc18c overexpression directly. Immunoblotting using anti-
Muncl8c antibodies indicates that Muncl8c expression was
increased by six- to eightfold over endogenous levels in Munc18c-
overexpressing cells (Fig. S94). Munc18c was found to colocalize
with syntaxin-4 at the plasma membrane in these cells (Fig. S9B).
Insulin strongly promoted the uptake of glucose by control cells,
and this insulin-stimulated glucose transport was unaffected in
cells overexpressing Munc18c (Fig. S9C). Based on these findings,
we found no evidence for an inhibitory role of Muncl8c in adi-
pocytes, in agreement with the results of our reconstitution studies
(Fig. 6). Collectively, these data demonstrate that the inhibitory
closed syntaxin binding mode is not conserved in Muncl18c.

Munc18c and Munc18-1 Recognize Different Motifs of the v-SNARE.
Although Munc18c and Munc18-1 recognize different t-SNARE
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isoforms, both use VAMP2 as the cognate v-SNARE. We pre-
viously showed that stimulation of fusion by Munc18-1 requires
two C-terminal regions in the core domain of VAMP2 (12).
Further analysis showed that mutation of either E62 or Q76 of
VAMP2 abolished the stimulatory activity of Munc18-1 in fusion
(Fig. 7A4 and B). Unexpectedly, mutations of these same residues
had little effect on the stimulatory function of Munc18c (Fig.
7B), indicating that Munc18c does not rely on these C-terminal
motifs to promote SNARE assembly.

To determine how Muncl8c recognizes the v-SNARE, we
tested two N-terminal motifs of VAMP2, D40/E41 and Q36/
Q38, based on multiple criteria. These VAMP2 motifs should be
(i) distributed between the helical bundle-forming layer residues
such that they are exposed on the surface of SNARES to interact
with regulatory proteins (Fig. 7B) and (ii) conserved in VAMP2,
VAMP3, VAMP4, and VAMPS5, which are v-SNARESs that can
be activated by Muncl8c (Fig. 5). We found that mutations of
D40/E41 abolished the stimulatory activity of Munc18c (Fig. 7B).
By contrast, the promotion of fusion by Muncl8c was not re-
duced by mutating Q36/Q38 in VAMP2 (Fig. 7B). Intriguingly,
mutations within these N-terminal motifs (Q36/Q38 or D40/E41)
did not affect the stimulatory function of the synaptic SM protein
Munc18-1 (Fig. 7B). None of the VAMP2 mutations affected the
basal SNARE-mediated lipid-mixing reactions (Fig. S10). Al-
though it remains possible that these VAMP2 mutations in-
terfere with certain aspects of SNARE function, our data suggest
that they do not significantly reduce the capacity of VAMP2 to
assemble with the t-SNAREs.

Together, these data suggest that Muncl8c and Muncl8-1
recognize different motifs on the same v-SNARE protein when
activating their respective fusion reactions. Munc18-1 preferen-

tially recognizes the C-terminal regions of the VAMP2 core
domain, whereas Munc18c requires the N-terminal motifs. Thus,
the architecture of SNARE/SM complexes likely differs across
vesicle fusion pathways.

Discussion

Molecular Mechanism of Munc18c in Vesicle Fusion. It has long been
known that the exocytic SM protein Munc18c positively regulates
vesicle fusion, but its exact molecular mechanism has been un-
clear. In this study, we characterized Munc18c in a defined fusion
system reconstituted with GLUT4 exocytic SNAREs. We dis-
covered that Muncl8c binds to the #rans-SNARE complex and
strongly accelerates the fusion kinetics. We identified the cog-
nate SNARE targets of Munc18c in membrane fusion. In addi-
tion to the known GLUT4 exocytic SNAREs, Munc18c activates
multiple v- and t-SNARESs not previously known to be its mo-
lecular targets. Although SNARE pairing is also influenced by
other cellular factors, such as Rabs (2), our findings suggest that
the trans-SNARE complexes formed by these v- and t-SNAREs
can potentially serve as the cognate targets of Munc18c in vesicle
fusion. Together, these findings provide a molecular explanation
for the positive role of Muncl8c observed in vesicle fusion path-
ways, such as insulin-controlled GLUT4 exocytosis (41, 43, 61).

By definition, all reconstituted systems are artificial such that
the physiological relevance of reconstitution studies needs to be
verified. A strong connection of this study to physiology, how-
ever, is established by the stringent compartmental specificity
Munc18c exhibited in the reconstituted fusion assays. Munc18c
selectively activated the fusion reactions reconstituted with its
cognate SNARE isoforms, in agreement with the pathway-spe-
cific activities of SM proteins observed in vivo (16).
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Fig. 7. Munc18-1 and Munc18c recognize different motifs on the v-SNARE. (A) lllustrations of the reconstituted fusion reactions. (B, Upper) Sequence
alignment of the core domains of mouse VAMP2, rat VAMP3, mouse VAMP4, and mouse VAMP5. Residues tested here are indicated with asterisks. Residues
required for Munc18c or Munc18-1 activation are marked by colored bars. (Lower) Activation of the indicated SNARE-dependent fusion reactions by Munc18c
or Munc18-1. Each fusion reaction contained 5 pM t-SNAREs and 1.5 uM v-SNARE. The fusion reactions were measured by a FRET-based lipid-mixing assay. Fold
increases in the initial lipid-mixing rates of the fusion reactions are shown. Error bars indicate SD.
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Insights into the Conserved Functions of SM Proteins in Intracellular
Vesicle Fusion. SM family proteins are known to regulate vesicle
fusion by interacting with SNAREs (14, 16). The SM/SNARE
binding modes, however, exhibit significant degrees of hetero-
geneity across pathways or species (62-67), which may argue
against a universal mechanism for SM protein function in vesicle
fusion. On the other hand, each vesicle transport step in eu-
karyotes requires the activity of an SM protein, and different SM
proteins display similar structures and loss-of-function pheno-
types (1). Thus, despite the seeming heterogeneity of SM/SNARE
binding modes, the core mechanism of SM proteins is likely
conserved. Based on our comparative studies of two functionally
distinct SM proteins, Munc18c and Munc18-1, we propose that
one conserved target of SM proteins in vesicle fusion is the trans-
SNARE complex. By interacting with their cognate trans-SNARE
complexes, SM proteins accelerate the kinetics of the mem-
brane fusion reaction. This model is supported by multiple lines
of evidence.

First, previous studies demonstrated that the synaptic SM
protein Munc18-1 stimulates SNARE-dependent vesicle fusion
by binding to the frans-SNARE complex (12, 26, 27, 30, 31).
However, it was unclear whether this stimulatory function rep-
resents a conserved mechanism of SM proteins. Now, with the
characterization of a second and nonredundant SM protein
(Munc18c), this appears to be the case.

Second, the specificity of SM proteins is defined by their
combinatorial partnering with both the v- and t-SNAREs. Sub-
stitutions of either the v- or t-SNARESs with noncognate isoforms
result in loss of the stimulatory activities of Munc18c and Munc18-1,
further supporting the notion that they act on the SNARE
complex.

Third, the stimulatory functions of SM proteins are abolished
by mutations on either the v- or t-SNAREs. The v-SNARE
mutations are most informative in this regard because they do
not affect the interaction of SM proteins with syntaxin monomer,
a widely studied binding partner of SM proteins (22).

Finally, binding to the SNARE complex has also been dem-
onstrated for other SM proteins, including the yeast exocytic SM
protein Seclp, the endocytic SM protein Vps45, the lysosomal/
vacuolar SM protein Vps33, and the endoplasmic reticulum/
Golgi apparatus SM protein Slyl (62-66, 68, 69). Although the
detailed mechanisms of these SM proteins remain to be defined,
they all appear to associate with the SNARE complex formed by
v- and t-SNAREs. Thus, the SNARE complex is likely the con-
served target of SM family proteins.

How do SM proteins promote fusion kinetics? Because SM
proteins recognize both the v- and t-SNARESs, it is conceivable
that they can facilitate the zippering of the trans-SNARE com-
plex. Indeed, our data demonstrate that Muncl8c promotes
trans-SNARE zippering at the postdocking stage of the fusion
reaction. SM proteins may also orchestrate multiple trans-SNARE
complexes into a ring-like structure at the fusion site to drive fusion
cooperatively (22). It should be noted that the trans-SNARE
complex is a highly dynamic structure markedly distinct from the
static, postfusion cis-SNARE configuration (70). As previously
proposed (71), the fully zippered cis-SNARE complex is unlikely
the biological target of SM proteins in driving membrane fusion.
Commonly used solution binding assays (e.g., ITC measure-
ments) only examine the binding of SM proteins to the cis-
SNARE complex, and thus cannot reflect the dynamic SM/
SNARE interactions en route to fusion. The binding of SM pro-
teins to the frans-SNARE involves multiple motifs on each of the
distinct subunits in the context of the SNARE complex (12, 25, 26,
30). Therefore, measurements of SM binding to a single SNARE
subunit in isolation may not be representative of the interaction in
the content of the trans-SNARE complex, which likely underlies
the observed heterogeneity in the SM/SNARE binding modes.
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In addition to its trans-SNARE binding stimulatory function
described in this study, SM proteins may possess other conserved
functions in membrane fusion. SM proteins may interact with
other SNARE assemblies to regulate fusion kinetics in a positive
manner. It is also possible that they act in concert with additional
regulators (e.g., tethering factors) to mediate and regulate
vesicle fusion.

Divergent Functions of SM Family Proteins. The structures of SNARE
complexes are conserved across vesicle fusion pathways (72-74).
Similarly, all SM proteins adopt a compact, arch-like configu-
ration (34, 35, 58, 75, 76). However, the architecture of the SNARE/
SM complex appears to differ significantly across vesicle fusion
pathways. We observed that Munc18c and Munc18-1 recognize
distinct motifs of VAMP2 in the context of the trans-SNARE
complex. Munc18c preferentially binds to the N-terminal region
of the VAMP?2 core domain, whereas Munc18-1 requires the
C-terminal sequences. We suggest that this divergent binding
allows the SM/SNARE complex to adapt to the specific re-
quirements of a fusion pathway. For instance, the synaptic fu-
sion regulator complexin binds to the N terminus of VAMP2 (77,
78), a region not associated with Munc18-1. This raises the in-
triguing possibility that Munc18-1 and complexin may form a
supracomplex in regulating synaptic release.

In addition to the conserved stimulatory function, the synaptic
SM protein Muncl8-1 (as well as its counterparts in lower
organisms) interacts with the syntaxin monomer to lock the latter
into a closed state incompatible with SNARE complex formation
(34, 35, 56, 79). This inhibitory binding mode plays critical roles
in regulating synaptic neurotransmitter release (27, 37-39, 56).
Our data demonstrate that unlike Munc18-1, Munc18c binding
to syntaxin does not block SNARE complex assembly or the
fusion kinetics. When bound to Munc18c, syntaxin-4 adopts an
open conformation fully competent for assembly with other
SNARE subunits, in agreement with Munc18c structural and
binding studies performed in solution (57, 58). Therefore, the
closed syntaxin binding mode is not conserved even among
exocytic SM proteins. This conclusion is further supported by
previous studies of the yeast exocytic SM protein Seclp, which
does not bind appreciably to its cognate syntaxin Ssolp (14).

It has been shown that Muncl8c inhibited insulin-regulated
glucose uptake when overexpressed in adipocytes (59, 60).
However, our quantitative analysis indicates that Munc18c does
not play an inhibitory role in adipocytes when its expression level
is increased six- to eightfold. Although the reason for this dis-
crepancy is unclear, our Munc18c overexpression findings are in
agreement with the lack of inhibitory activity of Muncl8c in
reconstituted fusion assays. Nevertheless, it remains possible that
Muncl18c acts in concert with other cellular factors to arrest the
fusion reaction reversibly, allowing vesicle exocytosis to be cou-
pled to intracellular signaling (41).

Our findings regarding Munc18c/syntaxin-4 association are in
line with a mechanistic model proposed for synaptic neuro-
transmitter release (37, 38). The closed syntaxin binding mode of
Munc18-1 in synaptic release can direct the SNARESs along a
specific assembly pathway, beginning with the binary syntaxin/
Munc18 complex. The Muncl3 protein then relieves the in-
hibitory Munc18/syntaxin binding, allowing SNARE complex
assembly to proceed efficiently (37, 38). In GLUT4 vesicle fu-
sion, the Munc18c/syntaxin heterodimer may still serve as the
initiation point for SNARE complex assembly. However, be-
cause Munc18c binding does not inhibit the pairing of syntaxin-4
with other SNARE subunits, Munc13 would not be needed to
modulate the Muncl8c/syntaxin-4 interaction in SNARE com-
plex assembly. Indeed, Munc13 proteins appear to be absent in
adipocytes (45), and they are not known to be involved in GLUT4
exocytosis (78-80). Hence, a requirement for Muncl3 likely corre-
lates with the ability of the SM protein to adopt the inhibitory
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closed syntaxin binding mode in a specific fusion pathway. Simi-
larly, synaptotagmins are not implicated in GLUT4 trafficking
(45), in contrast to their well-established roles in synaptic neuro-
transmitter release (80). These observations demonstrate major
functional differences across exocytic vesicle fusion pathways.

SNARESs and SM proteins represent two conserved families of
molecules required for every vesicle fusion pathway in the cell,
from yeast to humans. In regulated exocytosis, SNAREs and SM
proteins are superimposed by pathway-specific regulators (e.g.,
synaptotagmins in synaptic release and insulin secretion) or
coupled to intracellular signaling cascades (e.g., insulin signaling
in GLUT4 exocytosis). The defined systems reconstituted with
SNARESs and SM proteins described in this study will serve as
a foundation upon which regulatory or signaling molecules can
be added, individually and in combination, to establish how they
act in concert to achieve an integrated response.

Materials and Methods

Reconstitution of Proteoliposomes. All lipids were obtained from Avanti Polar
Lipids, Inc. For t-SNARE reconstitution, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-
amine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS), and
cholesterol were mixed in a molar ratio of 60:20:10:10. For v-SNARE re-
constitution, 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)-DPPE (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 Nycodenz (Axis-Shield) density gradient (81,
82). Detergent was removed by overnight dialysis using Novagen dialysis
tubes against the reconstitution buffer [25 mM Hepes (pH 7.4), 100 mM KCl,
10% (volivol) glycerol, and 1 mM DTT]. To prepare sulforhodamine-
loaded liposomes, SNARE liposomes were reconstituted in the presence of
50 mM sulforhodamine B (Sigma). Free sulforhodamine B was removed by
overnight dialysis, followed by liposome flotation on a Nycodenz gradient.
The protein/lipid ratio was at 1:200 for v-SNAREs and at 1:500 for t-SNARE
liposomes. To ensure the consistency in SNARE liposome preparations, we
routinely monitored the sizes and morphologies of reconstituted liposomes
using dynamic light scattering and EM.

FRET-Based Lipid- and Content-Mixing Assays. A standard lipid-mixing reac-
tion contained 45 puL of unlabeled t-SNARE liposomes and 5 pL of v-SNARE
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