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Soluble N-ethylmaleimide-sensitive factor attachment protein re-
ceptors (SNAREs) catalyze membrane fusion by forming coiled-coil
bundles between membrane bilayers. The SNARE bundle zippers
progressively toward the membranes, pulling the lipid bilayers into
close proximity to fuse. In this work, we found that the +1 and
+2 layers in the C-terminal domains (CTDs) of SNAREs are dispens-
able for reconstituted SNARE-mediated fusion reactions. By con-
trast, all CTD layers are required for fusion reactions activated by
the cognate Sec1/Munc18 (SM) protein or a synthetic Vc peptide
derived from the vesicular (v-) SNARE, correlating with strong accel-
eration of fusion kinetics. These results suggest a similar mechanism
underlying the stimulatory functions of SM proteins and Vc peptide
in SNARE-dependent membrane fusion. Unexpectedly, we identi-
fied a conserved SNARE-like peptide (SLP) in SM proteins that struc-
turally and functionally resembles Vc peptide. Like Vc peptide, SLP
binds and activates target (t-) SNAREs, accelerating the fusion re-
action. Disruption of the t-SNARE-SLP interaction inhibits exocytosis
in vivo. Our findings demonstrated that a t-SNARE-SLP intermediate
must form before SNAREs can drive efficient vesicle fusion.

SNARE | membrane fusion | vesicle fusion | exocytosis | SM protein

Intracellular vesicle fusion is mediated by cognate soluble N-
ethylmaleimide-sensitive factor attachment protein receptors
(SNARE:S) that assemble into SNARE complexes between the
vesicle and target membrane, releasing free energy to merge the
membrane bilayers (1-4). Vesicle fusion is accompanied by the
conversion of the SNARE complex from the trans (anchored to
two apposed membranes) to the cis (on a single merged mem-
brane) configuration (3, 5-7). The fully assembled cis-SNARE
complex consists of a parallel four-helix coiled-coil bundle held
together by 15 hydrophobic layers of interacting side chains (num-
bered —7 to —1 and +1 to +8), and a hydrophilic 0 layer, which
consists of one arginine (R) and three glutamines (Q) (Fig. 14)
(8, 9). One helix of the bundle is contributed by the vesicle-anchored
v-SNARE (R-SNARE) whereas three helices are from the target
membrane-associated t-SNAREs (Q-SNARE:s) (4, 8, 9).

While the postfusion cis-SNARE complex is well characterized,
it remains poorly understood how the SNARE bundle zippers
between membrane bilayers during the fusion reaction (8, 9). In
this work, we demonstrated that the +1 and +2 layers in SNARE
CTDs are dispensable for SNARE-mediated membrane fusion.
However, all CTD layers are required for the fusion reactions
activated by the cognate Sec1/Munc18 (SM) protein or a synthetic
Ve peptide derived from the vesicular (v-) SNARE. These results
suggest that the stimulatory functions of SM proteins and the Vc
peptide likely involve a similar mechanism. Strikingly, we identi-
fied a conserved SNARE-like peptide (SLP) in SM proteins that
structurally and functionally resembles Vc peptide. Like the Vc
peptide, SLP binds and activates target (t-) SNARES, strongly
accelerating the fusion kinetics. Genetic analysis showed that in-
hibition of the t-SNARE-SLP interaction impairs synaptic exo-
cytosis in cultured neurons. Together, these findings established

WWww.pnas.org/cgi/doi/10.1073/pnas.1802645115

that a t-SNARE-SLP intermediate must form before SNAREs
can efficiently zipper to drive physiological levels of vesicle fusion.

Results

The +1 and +2 Layers of the v-SNARE Are Dispensable for SNARE-
Mediated Membrane Fusion. To dissect the SNARE zippering path-
way, we took advantage of in vitro membrane fusion assays recon-
stituted using defined components. SNAREs mediating synaptic
exocytosis (neurotransmitter release)—syntaxin-1, SNAP-25, and
VAMP2/synaptobrevin—were incorporated into proteoliposomes
at physiologically relevant densities (10, 11). The SNARESs drove a
basal level of liposome fusion as measured by lipid-mixing and
content-mixing assays (Fig. 1 B and C). Next, the layer residues of
the v-SNARE VAMP2 were individually deleted to disrupt
SNARE zippering at the respective stages. Here, we focused on
layers in the C-terminal domain (CTD, +1 to +8 layers) because
these layers directly output the energy required for membrane
merging, whereas the N-terminal domain (NTD) mediates up-
stream vesicle docking (12-14). We observed that most of the
CTD layer deletions (+3 to +8) abrogated SNARE-mediated li-
posome fusion (Fig. 1 B and C), consistent with the central role of
SNARE CTDs in driving membrane fusion. However, deletion of
the +1 (L60) or +2 (L63) layer of VAMP2 had no effect on the
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Fig. 1. The +1 and +2 layers of the v-SNARE are dispensable for SNARE-
mediated liposome fusion. (A, Top) Backbone view of the SNARE core bun-
dle with individual layers indicated. (A, Bottom) The sequence of VAMP2 CTD
(amino acids 60-84). Layer residues are numbered and highlighted. The model
is based on the crystal structure of the synaptic SNARE complex (PDB ID code
1SFQ) (8). (B) Initial lipid-mixing rates of the liposome fusion reactions recon-
stituted with WT synaptic exocytic t-SNAREs and WT or mutant VAMP2. In the
layer deletion mutants, the layer residues were individually removed. Each
fusion reaction contained 5 uM t-SNAREs, 1.5 pM v-SNARE, and 100 mg/mL of
the macromolecular crowding agent Ficoll 70. Data are presented as the
percentage of fluorescence change per 10 min. Error bars indicate SD. (C)
Initial content-mixing rates of the above liposome fusion reactions.

fusion kinetics (Fig. 1 B and C), suggesting that these two CTD
layers are dispensable for SNARE-mediated membrane fusion.
In a trans-SNARE assembly assay, deletion of the +1 or +2 layer
of VAMP2 did not alter the assembly of trans-SNARE com-
plexes between liposomes (SI Appendix, Fig. S1), in agreement
with the liposome fusion data.

We next determined the effects of v-SNARE layer deletions
on an unrelated vesicle fusion pathway. SNAREs involved in
insulin-stimulated GLUT4 exocytosis—syntaxin-4, SNAP-23, and
VAMP2—were reconstituted into proteoliposomes (SI Appendix,
Fig. S24). We observed that deletion of the +1 or +2 layer of
VAMP2 resulted in normal fusion kinetics whereas other CTD
layer deletions abrogated SNARE-mediated liposome fusion (S
Appendix, Fig. S2 B and C), similar to the findings of synaptic
exocytic SNARES. Thus, the +1 and +2 layers are also dispensable
for the fusion reaction driven by GLUT4 exocytic SNARE:s.

We then examined the functional roles of the +1 and +2 layers
of VAMP2 in a “flipped” SNARE-mediated fusion assay (Fig.

E8422 | www.pnas.org/cgi/doi/10.1073/pnas. 1802645115

24) (15). When ectopically expressed on cell surfaces, flipped
synaptic exocytic SNAREs drove the fusion of fluorescently la-
beled COS-7 cells as measured by flow cytometry (Fig. 2B). We
observed that the flipped SNARE-mediated cell-cell fusion
remained intact when the +1 or +2 layer of VAMP2 was deleted
(Fig. 2B), confirming the liposome fusion data (Fig. 1 B and C).
Flipped SNARESs were synthesized in the endoplasmic reticulum,
which possesses a stringent quality control mechanism preventing
the exit of unfolded or misfolded proteins (16). The flipped
VAMP2 mutants were transported to the cell surface as efficiently
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Fig. 2. The +1 and +2 layers of the v-SNARE are not required in a flipped
SNARE-mediated cell-cell fusion. (A) Diagram illustrating the cell-cell fusion
assay. (B) COS-7 cells expressing flipped t-SNAREs were labeled with GFP
while cells expressing flipped v-SNAREs were labeled with DsRed. After in-
cubation, the fused cells (displaying both GFP and DsRed) were measured by
flow cytometry. In the negative control, 20 uM VAMP2 cytosolic domain (CD,
amino acids 1-95) was added at the beginning of the fusion reactions. Data
are presented as normalized percentage of cell-cell fusion driven by WT-
flipped SNAREs. Error bars indicate SD. (C) Immunoblots showing the surface
expression levels of WT or mutant-flipped VAMP2. Since VAMP2 proteins
could not be efficiently biotinylated (15), surface levels of VAMP2 were mea-
sured indirectly through its binding to t-SNAREs. COS-7 cells expressing flipped
VAMP2 were incubated with 5 pM recombinant t-SNARE CD (syntaxin-1 CD
and SNAP-25). After washing, surface-bound syntaxin-1 CD (amino acids 1-
265) was measured by immunoblotting to reflect the surface expression levels
of flipped VAMP2. Untransfected cells were used as the control.

Yu et al.

www.manaraa.com


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802645115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802645115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802645115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802645115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802645115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1802645115

L T

/

1\

=y

Downloaded at Palestinian Territory, occupied on December 13, 2021

as flipped wild-type (WT) VAMP2 (Fig. 2C), suggesting that the
layer deletions did not compromise the overall architecture of the
VAMP?2 protein. Together, these liposome-liposome and cell-cell
fusion data demonstrated that the +1 and +2 layers are dispens-
able for SNARE-mediated membrane fusion reactions.

The +1 and +2 Layers of the v-SNARE Are Essential to Fusion Reactions
Containing the Cognate SM Protein or the Vc Peptide. While dis-
pensable for reconstituited SNARE-mediated membrane fusion,
the +1 and +2 layers of VAMP?2 are critical to exocytosis in vivo
(11). We reasoned that the discrepancy could be due to the pres-
ence of SNARE-binding regulatory factors in the cell that alter the
SNARE zippering pathway. SM proteins are prominent candi-
dates in this regard because they are essential to every SNARE-
dependent vesicle fusion pathway (2, 3). Soluble factors of 60—
70 kDa, SM proteins bind to their cognate SNAREs and promote
vesicle fusion through an incompletely understood mechanism (10,
17-20). The synaptic SM protein Muncl8-1 (also known as
nSecl or STXBP1) strongly accelerated membrane fusion kinetics
when added to the liposome fusion reaction driven by synaptic
exocytic SNARE:s (10, 21, 22). We observed that the Muncl8-1-
stimulated fusion reaction was highly sensitive to v-SNARE layer
deletions (Fig. 34). The fusion was reduced to the basal level when
any of the VAMP2 CTD layers—including the +1 and +2 layers—
were deleted (Fig. 34), in stark contrast to the basal fusion reaction
mediated by SNARESs alone (Fig. 1 B and C). Thus, while dis-
pensable for the basal SNARE-mediated fusion, the +1 and
+2 layers are essential for the SM protein-stimulated fusion re-
action. Since intracellular vesicle fusion is driven by the concerted
action of SNARESs and SM proteins rather than by SNAREs alone
(3), our findings provide a molecular explanation for the crucial
roles of the +1 and +2 layers of the v-SNARE in vivo (11).

The CTDs of t-SNAREs are partially unstructured (23, 24),
which may prevent proper SNARE zippering such that the +1 and
+2 layers are dispensable. This hypothesis predicts that restruc-
turing t-SNARE CTDs would achieve the same effect on SNARE
zippering as the SM protein. To test this possibility, we examined
the regulatory activity of an engineered peptide corresponding to
the CTD of the v-SNARE (Vc peptide) (Fig. 3B), which binds
t-SNARE CTDs and converts the latter into a helical configuration
(23, 25, 26). We observed that Vc peptide markedly accelerated
SNARE-mediated liposome fusion, and the Vc peptide-stimulated
fusion reaction was highly sensitive to deletions in all CTD layers
including the +1 and +2 layers (Fig. 3C). These data suggest that
the stimulatory functions of Munc18-1 and Vc peptide involve a
similar mechanism (Fig. 3D).

SM Proteins Possess a SNARE-Like Peptide That Structurally and
Functionally Resembles Vc Peptide. How do these seemingly unrelated
molecules—SM proteins and Vc peptide—achieve a similar effect
on SNARE zippering? In an unbiased global alignment of protein
sequences, we unexpectedly identified a sequence in SM pro-
teins that strikingly resembles Ve peptide (VAMP2 CTD). Located
within domain 3a of SM proteins, this SNARE-like peptide (SLP)
contains heptad repeats of hydrophobic residues that align with the
CTD layers of VAMP?2 (Fig. 44 and SI Appendix, Fig. S3). Found
in all SM proteins we analyzed (SI Appendix, Fig. S3), SLP adopts a
helical configuration upon SNARE binding (27), a characteristic
feature of SNARE core domains (3). The stimulatory function of
Muncl18-1 in the fusion reaction was abolished by SLP deletion or
point mutations in the layer-like residues of SLP (SI Appendix,
Figs. S4 and S5). Likewise, the stimulatory activity of Muncl18c,
the cognate SM protein in GLUT4 exocytosis (21), was abrogated
when its SLP was removed (SI Appendix, Fig. S6). The circular
dichroism (CD) spectra of the SLP deletion mutants were similar
to those of WT proteins (SI Appendix, Fig. S7), suggesting that the
overall folding of SM proteins is not compromised by SLP
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Fig. 3. The +1 and +2 layers of the v-SNARE are essential to fusion reac-
tions containing the cognate SM protein or the Vc peptide. (A) Normalized
initial lipid-mixing rates of reconstituted fusion reactions containing 5 uM
WT Munc18-1, 5 pM WT synaptic exocytic t-SNAREs, and 1.5 uM WT or
mutant VAMP2. Data are presented as the percentage of initial lipid-
mixing rate of WT reactions. The reconstituted fusion reactions con-
tained 100 mg/mL of the macromolecular crowding agent Ficoll 70. In the
presence of macromolecular crowding agents, the SNARE-SM-mediated
fusion reaction was faithfully recapitulated without requiring a low-
temperature preincubation step (11). Error bars indicate SD. (B) Dia-
grams of WT VAMP2 and VAMP2-derived Vc peptide. (C) Normalized ini-
tial lipid-mixing rates of reconstituted fusion reactions containing 5 pM Vc
peptide, 5 uM WT synaptic exocytic t-SNAREs, 1.5 pM WT or mutant
VAMP2, and 100 mg/mL Ficoll 70. Data are presented as the percentage of
initial lipid-mixing rate of WT reactions. Error bars indicate SD. (D) The
basal SNARE-mediated fusion reaction involves the +3 to +8 layers in CTDs,
whereas all of the CTD layers (+1 to +8) are required for the Munc18-1- or
Vc peptide-stimulated fusion reaction.

deletion. Together, these results confirmed the importance of SLP
to SM protein function.

In a liposome coflotation assay, recombinant SLP derived from
Munc18-1 bound to t-SNARE liposomes but not to protein-free
liposomes, similar to the binding property of Vc peptide (Fig. 4B).
We next examined the ability of SLP to pair with the t-SNARE:s to
drive membrane fusion (in the absence of full-length SM proteins).
To this end, we created a VAMP2-SLP chimera in which the CTD
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Fig. 4. SM proteins possess a SNARE-like peptide that structurally and functionally resembles Vc peptide. (A, Top) Alignment of VAMP2 CTD (V¢ peptide) and
the SNARE-like peptide (SLP) from Munc18-1 (identity: 20.0%; similarity: 56.0%). The alignment was performed using the LALIGN program (https://embnet.
vital-it.ch/software/LALIGN_form.html). Alignment method, global; scoring matrix, PAM250; other parameters, default. Layer residues of Vc peptide are
numbered and highlighted. (A, Bottom) Crystal structure of Munc18-1 with SLP shown in red (PDB ID code 3PUJ) (27). (B) Coomassie blue-stained SDS/PAGE
gels showing the binding of Vc peptide, Munc18-1-derived SLP, and the bacterial TolA helix to the indicated liposomes. The t-SNARE complex was composed
of syntaxin-1 and SNAP-25. PF, protein free. Each binding reaction contained 5 pM SNAREs and 5 uM MBP-tagged peptides. (C, Top) Illustration of the Ii-
posome fusion pairs. (C, Bottom) Diagrams of WT and mutant VAMP2 proteins used in the liposome fusion assays. The sequences of the chimeras are included
in Materials and Methods. (D) Lipid mixing of the reconstituted liposome fusion reactions containing WT synaptic exocytic t-SNAREs and WT or mutant
VAMP2. Each fusion reaction contained 5 uM t-SNAREs, 1.5 uM v-SNARE, and 100 mg/mL Ficoll 70. (E) Initial rates of the lipid mixing reactions shown in D. (F)
Content mixing of the liposome fusion reactions described in D. (G) Initial rates of the lipid mixing reactions shown in F. Data in E and G are presented as

percentage of fluorescence change per 10 min. Error bars indicate SD.

of VAMP2 was replaced with the SLP from Muncl8-1 (Fig. 4C).
Strikingly, we observed that the v-SNARE-SLP chimera paired
with synaptic exocytic t-SNAREs and drove a basal liposome fusion
reaction at a level comparable to that mediated by WT SNAREs
(Fig. 4 D-G). By contrast, the bacterial TolA helix failed to drive
liposome fusion when introduced into VAMP2 (Fig. 4 D-G). Sim-
ilarly, a v-SNARE-SLP chimera containing the Munc18c-derived
SLP paired with the cognate t-SNAREs of GLUT4 exocytosis to
mediate a WT level of liposome fusion (Fig. 5 A-D).
Interestingly, Muncl8c-derived SLP failed to drive liposome
fusion when paired with the noncognate t-SNARE:s involved in
synaptic exocytosis (Fig. 5 E-G). Likewise, the speed of the fusion
reaction driven by Munc18-1-derived SLP was markedly reduced
when the cognate t-SNARE complex was replaced with the non-
cognate GLUT4 exocytic t-SNAREs (SI Appendix, Fig. S8). These
results suggest that SLP retains the compartmental specificity of
the corresponding SM protein. Next, we created a v-SNARE chi-
mera in which the NTD of VAMP2 was replaced with the SLP of
Munc18-1. This chimera, however, failed to drive liposome
fusion when paired with synaptic t-SNAREs (SI Appendix, Fig.
S9), demonstrating that SLP is unable to functionally replace
v-SNARE NTD. Together, these data strongly suggest that
SLP-mediated fusion results from the formation of specific,
energy-generating t-SNARE-SLP complexes, rather than
nonselective helical interactions, supporting the notion that t-
SNARE CIDs are a biologically relevant target of SLP in the

E8424 | www.pnas.org/cgi/doi/10.1073/pnas. 1802645115

SNARE-SM-mediated fusion reaction. Thus, despite its origin in
SM proteins, SLP is capable of pairing with the t-SNARE:s to drive
membrane fusion, establishing that SLP structurally and function-
ally resembles Vc peptide.

The SLP of SM Proteins and Vc Peptide Use a Similar Mechanism to
Activate SNARE-Dependent Membrane Fusion. Identification of the
Ve peptide-like SLP in SM proteins raises the intriguing possibility
that SM proteins and Vc peptide may use a similar mechanism to
activate SNARE-dependent membrane fusion. To test this possi-
bility, recombinant SLP derived from Munc18-1 was introduced
into the liposome fusion reaction mediated by WT synaptic exo-
cytic SNARE:s (Fig. 64). Soluble SLP, however, had little effect on
the kinetics of the SNARE-mediated liposome fusion (Fig. 6 B
and C). Since SM proteins possess other SNARE-binding motifs
(2), we reasoned that SLP may require recruitment to the vicinity
of the t-SNAREs by non-SLP interactions before it can activate
membrane fusion. Indeed, when tethered to t-SNARE liposomes
through an engineered membrane anchor, SLP markedly accelera-
ted SNARE-dependent liposome fusion, comparable to the stimu-
latory activity of Ve peptide (Fig. 6 B and C). By contrast, the
liposome-anchored TolA helix was unable to accelerate fusion ki-
netics (Fig. 6 B and C). Thus, the SM protein-derived SLP is capable
of stimulating SNARE-dependent membrane fusion, further dem-
onstrating its functional similarity to Vc peptide. Our findings also
suggest that previous reconstituted fusion reactions containing the
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synthetic Vc peptide recapitulated the SM protein-stimulated fusion
reaction, rather than the basal SNARE-mediated fusion (14, 24, 26).

Next, we sought to further delineate the molecular mechanism
of SLP. Using a trans-SNARE assembly assay, we observed that
membrane-anchored SLP strongly enhanced the assembly of
trans-SNARE complexes between liposome membranes (S Ap-
pendix, Fig. S104), consistent with its stimulatory effect on fusion
kinetics. By contrast, SLP did not significantly increase the dock-
ing of SNARE liposomes (SI Appendix, Fig. S10 B and C), in-
dicating that it is not involved in the initial pairing of SNARE:S.
These results suggest that SLP regulates a relatively late stage of
SNARE assembly.

While the stimulatory activities of Vc peptide and SLP in the
fusion reactions are robust, they are still less potent than that of
full-length Munc18-1 (Fig. 6 B and C), in agreement with the
roles of non-SLP SM protein domains and the additional regu-
latory activities of SM proteins in SNARE-mediated fusion (17,
28). Notably, fusion reactions containing Vc peptide or SLP were
not further stimulated by Munc18-1 (Fig. 6 D and E). Thus, in-
stead of acting synergistically with Munc18-1, Vc peptide and
SLP are competitive inhibitors of Munc18-1, confirming that the
stimulatory function of SM proteins requires the binding of their
SLPs to t-SNARE CTDs, the same|region recognized by Vc

Yu et al.

peptide. These results demonstrated that SM proteins use their
SLPs to activate fusion in a similar way as Vc peptide, and
established t-SNARE-SLP interaction as an essential step in the
fusion reaction.

Inhibition of the t-SNARE-SLP Interaction Impairs Synaptic Exocytosis
in Cultured Neurons. The outcomes of our reconstitution experi-
ments correlate well with previous genetic observations. For ex-
ample, mutations of residues within SLP abrogated SM protein
functions in vesicle fusion (29-32). To further explore the physi-
ological relevance of our findings, we examined how synaptic
exocytosis is influenced by the expression of Vc peptide. Our
reconstitution studies showed that the Vc peptide interferes with
Muncl8-1 function by inhibiting the t-SNARE-SLP-binding
mode in the fusion reaction (Fig. 6 D and E). Thus, expression of
the Vc peptide is expected to decrease synaptic exocytosis rather
than enhance it as previous models suggested. To test this pre-
diction, Vc peptide was expressed in primary cortical neurons
isolated from newborn mice. Vc peptide expression did not alter
neuronal morphology or levels of vesicle fusion proteins (Fig. 74
and SI Appendix, Fig. S114). Electrophysiological recordings showed
that expression of the Vc peptide significantly lowered the fre-
quency of miniature excitatory postsynaptic currents (mEPSCs)
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(Fig. 7 B and C), reflecting reduced spontaneous vesicle fusion
events. The amplitude of mEPSCs remained unaffected (Fig. 7 B
and C), suggesting that the biogenesis of synaptic vesicles was
intact. Stimulus-evoked EPSCs were also inhibited in Vc peptide-
expressing neurons, albeit to a lesser degree (SI Appendix, Fig. S11
B and C). The reduced synaptic exocytosis observed in V¢ peptide-
expressing neurons is in agreement with the ability of Vc peptide
to impair Munc18-1 function in reconstituted fusion reactions,
further supporting the physiological relevance of our results.

Discussion

Based on our in vitro and in vivo observations, we propose that the
current model of SNARE zippering needs to be revised to include
the t-SNARE-SLP complex as a crucial intermediate. Mimicking
the four-helix SNARE bundle (Fig. 7D), the SNARE-SLP complex
restructures t-SNARE CTDs into a helical conformation compe-
tent for optimal v-SNARE zippering. SLP may also prevent the
dead-end 2:1 configuration of the t-SNARE complex as previously
demonstrated for the Vc peptide (14, 33). When the SLP is sub-
sequently displaced by the vesicle-anchored v-SNARE, SNARE
CTDs can fully and optimally zipper to drive membrane fusion,
requiring all CTD layers. Without the assistance of SLP, however,
SNARE CTDs adopt a partial zippering route, skipping the
+1 and +2 layers. Partial SNARE zippering reduces free energy
change and disrupts zippering cooperativity, demanding greater
numbers of SNARE complexes to accumulate at the fusion site to
overcome the energy barrier of membrane merging. As a result,
the probability of membrane fusion events is reduced to a basal
level that cannot meet physiological demands. We note that, while
this hypothetical model is supported by our biochemical and ge-
netic data, additional studies (e.g., optical tweezer measurements)

E8426 | www.pnas.org/cgi/doi/10.1073/pnas. 1802645115

will be needed to further test this model by directly examining
SNARE zippering.

SLP and its adjacent sequences in domain 3a are ideally suited
to interact with SNARE helices in a regulatory manner. Besides
t-SNARE CTDs, this region also recognizes v-SNARE, syntaxin
(Qa-SNARE), and cis-SNARE complexes (17, 20, 27, 34, 35). In
particular, the association of SLP and adjacent regions with v-
SNARE and syntaxin guides the initial pairing of SNARE NTDs
to form a partially zippered trans-SNARE complex (17). Sub-
sequently, with the SM protein remaining associated with the
trans-SNARE complex, SLP shifts its binding partner to t-SNARE
CTDs, enabling SNARE CTDs to fully zipper to drive efficient
membrane fusion. Thus, the t-SNARE-regulating function of SLP
lies downstream of initial vesicle docking but upstream of vesicle
fusion execution. Besides these direct SNARE-regulating func-
tions, SM proteins also indirectly promote SNARE assembly by
shielding SNARESs from the negative activities of NSF and «aSNAP
(19). It would be interesting to determine whether this shielding
function also requires SLP. Together, these findings provide mo-
lecular explanations for the observations that SM proteins control
both the early and late steps of the SNARE-zippering pathway
(10, 17, 20, 21, 28), correlating well with the roles of SM proteins
at both the docking and postdocking stages of intracellular vesicle
fusion (36-38). The binding of SLP to multiple SNARE targets
requires SLP to shift binding partners as SNARE zippering pro-
gresses. We suggest that sequential binding of SLP and adja-
cent sequences to multiple SNARE targets provides the driving
force for SM proteins to guide the entire SNARE-zippering
pathway. In particular, free energy derived from SLP binding
to t-SNARE CTDs facilitates the release of SLP and adjacent
sequences from SNARE NTDs, a binding mode that initiates
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Fig. 7. Expression of Vc peptide impairs the synaptic exocytosis in cultured neurons. (A) Representative immunofluorescence images showing cultured
mouse cortical neurons expressing GFP (control) or GFP and Vc peptide. The cells were permeabilized and stained with anti-MAP2 antibodies. (Scale
bars: 20 um.) (B) Representative traces of miniature excitatory postsynaptic currents (mEPSCs) recorded in the control or Vc peptide-expressing cortical
neurons. (C, Top) Summary graph of mEPSC frequency. (C, Bottom) Summary graph of mEPSC amplitudes. Numbers of neurons and independent
cultures are listed in S/ Appendix, Table S1. **P < 0.01. (D) Model illustrating the functional role of SLP in vesicle fusion reaction. SLP recognizes and
restructures t-SNARE CTDs in the context of the half-zippered trans-SNARE complex. Green, Qa SNARE; blue, Qb and Qc SNAREs; magenta, v-SNARE (R-
SNARE); yellow, SLP of the SM protein. For clarity, the rest of the SM protein is not shown. The model is based on the crystal structure of the synaptic

exocytic SNARE complex (PDB ID code 1SFC).

SNARE assembly but must be released before SNARE zip-
pering can proceed further.

In constitutive vesicle fusion pathways, SNARE CTDs directly
proceed to drive membrane fusion following SLP displacement.
In a regulated vesicle fusion pathway, however, the conserved
SNARE-SM machinery is superimposed by specialized regulatory
factors to achieve an integrated response. For example, in Ca®*
-triggered synaptic exocytosis, synaptotagmin-1, and complexin
bind and clamp the half-zippered trans-SNARE complex, allowing
SNARE CTD zippering to be coupled to Ca®* stimulation (39). It
is possible that synaptotagmin-1, complexin, and the SLP of
Munc18-1 bind simultaneously to the half-zippered trans-SNARE
complex to form a prefusion supracomplex. Alternatively, SLP may
restructure t-SNARESs and then dissociate before synaptotagmin-
1 and complexin can recognize and clamp the half-zippered trans-
SNARE complex. Interestingly, the exocytic regulator Munc13 also
modulates the conformational states of SNARE subunits (40, 41),
likely at a different stage as SM proteins, to further accelerate the
fusion speed as demanded by synaptic transmission. A key future
research direction is to investigate how these specialized factors
cooperate with the conserved SNARE-SM machinery to control
SNARE zippering in a stimulus-dependent manner.

Materials and Methods

Recombinant Protein Expression and Purification. Recombinant v- and t-
SNAREs were _expressed_in_Escherichia_coli_ and_purified by nickel affinity
chromatography. The synaptic exocytic t-SNARE complex was composed of
untagged rat syntaxin-1 and mouse SNAP-25 with an N-terminal Hisg tag.

Yu et al.

The GLUT4 exocytic t-SNARE complex was composed of untagged rat
syntaxin-4 and mouse Hisg-tagged SNAP-23. Recombinant v-SNARE proteins
had no extra residues left after the tags were removed (42). Recombinant
untagged Munc18-1 and Munc18c proteins were produced in E. coli and
Sf9 insect cells, respectively, using procedures we established (10, 11, 21, 43).
MBP (maltose-binding protein)-tagged Vc peptide (amino acids 57-92 of
VAMP2), SLP (amino acids 327-351 of Munc18-1), and TolA were expressed
and purified in the same way as Munc18-1. SNARE and Munc18-1 mutants
were generated by site-directed mutagenesis (Stratagene/Agilent Technol-
ogies) and purified in similar ways as the corresponding WT proteins.
Sequences of chimeric proteins used in this work are listed below:

i) VAMP2NTD-SLP (Munc18-1) (SLP is derived from amino acids 327-351 of
rat Munc18-1, highlighted in bold):
MSATAATVPPAAPAGEGGPPAPPPNLTSNRRLQQTQAQVDEVVDIMRVNVDK-
VLERDQKLSQMLKKMPQYQKELSKYSTHLHLAKRKYWWKNLKMMIILGVICA-
IILINIVYFST

ii) VAMP2NTD-SLP (Munc18c) (SLP is derived from amino acids 327-351 of
mouse Munc18c, highlighted in bold):
MSATAATVPPAAPAGEGGPPAPPPNLTSNRRLQQTQAQVDEVVDIMRVNVDK-
VLERDQKLTQLMKKMPHFRKQISKQVVHLNLAKRKYWWKNLKMMIILGVICA-
IILINIVYFST

iif) SLP-VAMP2CTD (SLP is derived from amino acids 327-351 of rat
Munc18-1, highlighted in bold):

MSATAATVPPAAPAGEGGPPAPPPNLTSNRRLSQMLKKMPQYQKELSKYSTHL-
HLADQKLSELDDRADALQAGASQFETSAAKLKRKYWWKNLKMMIILGVICAII-
LINVYFST

iv) VAMP2NTD-TolA (the CTD of VAMP2 was replaced with a bacterial
TolA sequence, which is shown in bold):

PNAS | vol. 115 | no.36 | E8427
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MSATAATVPPAAPAGEGGPPAPPPNLTSNRRLQQTQAQVDEVVDIMRVNVDK-
VLERDQKGGSSIDAVMVDSGAVVEQYKRMQSQKRKYWWKNLKMMIILGVIC-
AIILINIVYFST

v) Munc18-1-Vc (Vc is derived from amino acids 60-84 of mouse VAMP2,
highlighted in bold):

MAPIGLKAVVGEKIMHDVIKKVKKKGEWKVLVVDQLSMRMLSSCCKMTDIM-
TEGITIVEDINKRREPLPSLEAVYLITPSEKSVHSLISDFKDPPTAKYRAAHVFFTDS-
CPDALFNELVKSRAAKVIKTLTEINIAFLPYESQVYSLDSADSFQSFYSPHKAQM-
KNPILERLAEQIATLCATLKEYPAVRYRGEYKDNALLAQLIQDKLDAYKADDPT-
MGEGPDKARSQLLILDRGFDPSSPVLHELTFQAMSYDLLPIENDVYKYETSGIGE-
ARVKEVLLDEDDDLWIALRHKHIAEVSQEVTRSLKDFSSSKRMNTGEKTTMLQ-
DQKLSELDDRADALQAGASQFETSAAKLGTCMKHYQGTVDKLCRVEQDLA-
MGTDAEGEKIKDPMRAIVPILLDANVSTYDKIRIILLYIFLKNGITEENLNKLIQHA-
QIPPEDSEIITNMAHLGVPIVTDSTLRRRSKPERKERISEQTYQLSRWTPIIKDIME-
DTIEDKLDTKHYPYISTRSSASFSTTAVSARYGHWHKNKAPGEYRSGPRLIIFILG-
GVSLNEMRCAYEVTQANGKWEVLIGSTHILTPQKLLDTLKKLNKTDEEISS

vi) SLP-TMD (the SLP sequence of rat Munc18-1 is shown in bold):
LSQMLKKMPQYQKELSKYSTHLHLAKRKYWWKNLKMMIILGVICAIILIIVYFST

vii) TolA-TMD (the bacterial TolA sequence is shown in bold):
GGSSIDAVMVDSGAVVEQYKRMQSQKRKYWWKNLKMMIILGVICAIILINIVYFST

Proteoliposome Preparation. Lipids used in this work were acquired from
Avanti Polar Lipids. For t-SNARE reconstitution, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(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 reconstitu-
tion, POPC, POPE, POPS, cholesterol, N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-1,2-
dipalmitoyl phosphatidylethanolamine (NBD-DPPE), and N-(Lissamine rhodamine
B sulfonyl)-1,2-dipalmitoyl phosphatidylethanolamine (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 density gradient
flotation (42). Complete detergent removal was achieved by overnight di-
alysis of the samples in Novagen dialysis tubes against the reconstitution
buffer (25 mM Hepes [pH 7.4], 100 mM KCl, 10% glycerol, and 1 mM DTT). To
prepare sulfornodamine-loaded liposomes, t-SNARE or v-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 1:500 for t-SNARE liposomes.

Liposome Fusion Assay. A standard liposome fusion reaction contained 5 pM t-
SNAREs, 1.5 pM v-SNARE, and 100 mg/mL of the macromolecular crowding
agent Ficoll 70. In lipid-mixing assays, v-SNARE liposomes were labeled with
NBD and rhodamine and were directed to fuse with unlabeled t-SNARE lipo-
somes. The fusion reactions were conducted in a 96-well microplate at 37 °C.
The NBD fluorescence (excitation: 460 nm; emission: 538 nm) was measured
every 2 min in a BioTek Synergy HT microplate reader. For content mixing
assays, unlabeled t-SNARE liposomes were directed to fuse with sulforhod-
amine B-loaded v-SNARE liposomes. The sulforhodamine B fluorescence (ex-
citation: 565; emission: 585 nm) was measured every 2 min. At the end of the
reaction, 10 pL of 10% CHAPSO was added to each sample. The v-SNARE and t-
SNARE liposomes were mixed with the regulators and immediately loaded
into a preheated microplate (37 °C) to initiate fusion. The fusion reactions
were performed as we described (11). Fusion data were presented as the
percentage of maximum fluorescence change. The maximum fusion rate
within the first 10 min of liposome fusion reaction was used to represent
the initial rate of a fusion reaction. Full accounting of statistical signifi-
cance was included for each figure based on at least three independent
experiments.

Liposome Coflotation Assay. MBP-tagged Vc peptide, SLP, or TolA peptide was
individually incubated with protein-free (PF) liposomes or t-SNARE liposomes
at 4 °C with gentle agitation. After 1 h, an equal volume of 80% Nycodenz
(wt/vol) in the reconstitution buffer was added and transferred to 5 mm by
41 mm centrifuge tubes. The liposomes were overlaid with 200 pL each of
35% and 30% Nycodenz, and then with 20 pL of reconstitution buffer on the
top. The gradients were centrifuged for 4 h at 52,000 rpm in a Beckman
SWS55 rotor. Samples were collected from the 0/30% Nycodenz interface (2 x
20 pL) and analyzed by SDS/PAGE.

Cell-Cell Fusion Assay. Flipped SNARE-mediated fusion of COS-7 cells were

carried out using a previously described procedure with modifications (15).
COS-7 cells were transiently transfected with plasmids expressing flipped
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syntaxin-1, flipped SNAP-25, and sfGFP-C1 using FUGENE HD transfection
reagents (Active Motif). Flipped VAMP2 (WT or mutants) and DsRed-NES
were transiently expressed in a separate population of COS-7 cells. After
24 h of expression, the two populations of cells were detached by an EDTA-
based dislodging solution and mixed at a 1:1 ratio. After incubated at 37 °C
for 9 h, the cells were dislodged and the numbers of fused cells (expressing
both GFP and DsRed) were measured by flow cytometry. The percentage of
cell-cell fusion was calculated by the following formula: 100 x 2F/(V+T+2F).
V represents the number of cells showing a DsRed signal, T represents the
number of cells showing a GFP signal, and F represents the number of cells
showing both GFP and DsRed signals. Data are presented as normalized
percentage of cell-cell fusion mediated by WT-flipped SNAREs. To quantify
surface levels of flipped VAMP2, cells expressing flipped VAMP2 were rap-
idly chilled on an ice bath and incubated with 5 pM soluble recombinant t-
SNARE CD for 1 h. After washing with PBS, the cells were lysed in a SDS
sample buffer and the proteins were resolved on SDS/PAGE. Syntaxin-1 CD
was quantified by immunoblotting using monoclonal anti-syntaxin-1 anti-
bodies (HPC-1; Synaptic Systems).

Primary Neuron Culture and Lentiviral Infection. Cortical neurons were iso-
lated from newborn C57BL/6 mice as described (11, 43). The cells were dis-
sociated by papain (Worthington) digestion and plated on glass coverslips
coated with Poly-p-lysine (Sigma). The neurons were maintained in the
Neurobasal medium (Life Technologies) supplemented with B-27 (Life
Technologies), glutaMAX (Life Technologies), and Ara-C (Sigma) according
to Life Technologies’ instructions.

The pLKO.1-based SHC001 plasmid was obtained from University of Col-
orado Functional Genomics Facility. The plasmid was digested with BamH]I
and Kpnl to remove the puromycin resistance gene (puroR). A DNA fragment
encoding GFP, P2A sequence, and the Vc peptide was subcloned into the
BamHI and Kpnl sites such that their expression was driven by the hPGK
promoter. In a control construct, GFP and P2A were subcloned in the same
way except that the Vc peptide sequence was omitted. To produce lentiviral
particles, lentiviral expression plasmids were transfected into HEK 293T cells
along with helper plasmids—pCMV-VSVG, psPAX2, and pAdVAntage. Forty-
eight hours after transfection, cell culture supernatants containing lentiviral
particles were collected and filtered through 0.45-pym syringe filters (Corn-
ing). The supernatants were concentrated by centrifugation at 25,000 rpm
for 1 h in a Beckman SW28 rotor. Neurons were infected with the lentivi-
ruses at days in vitro (DIV) 4 and analyzed by electrophysiological mea-
surements at DIV 16-20. Syntaxin-1 expression was measured using the
antibodies described above. VAMP2 and Munc18-1 expression levels were
detected using anti-VAMP2 antibodies (clone Cl69.1; Synaptic Systems) and
anti-Munc18-1 antibodies (clone 31/Munc-18; BD Biosciences), respectively.
Anti-a-tubulin antibodies (clone TU-01) were acquired from BiolLegend.
Neuronal morphology was examined by immunostaining using anti-
MAP2 antibodies (M9942; Sigma) as described (43). All animal experiments
were approved by the Institutional Animal Care and Use Committee at the
University of Colorado Boulder.

Electrophysiological Recordings. The mEPSCs of the neurons were sampled at
10 kHz in the presence of 1 uM tetrodotoxin (TTX; Sigma). The resistance of
pipettes was 3-5 megaohms. The series resistance was adjusted to 8-10 mega-
ohms once the whole-cell configuration was established. About 70% of cul-
tured neurons expressed GFP. Recordings were carried out on neurons
expressing GFP and surrounded by GFP* cells. Evoked synaptic transmission was
triggered by 1-ms current injections using a concentric bipolar microelectrode
(FHC, Model: CBAEC75) placed about 100-150 pm from the cell bodies of
patched neurons. The extracellular stimuli were manipulated using an Isolated
Pulse Stimulator (World Precision Instruments). The evoked responses were
measured by whole-cell recordings using a Multiclamp 700B amplifier (Molec-
ular Devices). The whole-cell pipette solution contained 135 mM CsCl, 10 mM
Hepes-CsOH (pH 7.25), 0.5 mM EGTA, 2 mM MgCl,, 0.4 mM NaCl-GTP, and
4 mM NaCl-ATP. The bath solution contained 140 mM NaCl, 5 mM KCl, 2 mM
CaCl,, 0.8 MgCl,, 10 mM Hepes-NaOH (pH 7.4), and 10 mM Glucose. EPSCs were
distinguished by addition of 50 pM picrotoxin (all from Sigma) in the bath so-
lution. The electrophysiological data were analyzed using the pClamp 10 soft-
ware (Molecular Devices). For statistical calculations, all data are shown as
means + SEMs. The P values were calculated using Student'’s t test.
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