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Abstract

Neurotransmitter release depends critically on Munc18-1, Muncl3, the Ca2* sensor
synaptotagmin-1 and the SNARES syntaxin-1, synaptobrevin and SNAP-25. In-vitro
reconstitutions have shown that syntaxin-1-SNAP-25-liposomes fuse efficiently with
synaptobrevin-liposomes in the presence of synaptotagmin-1-Ca2*, but neurotransmitter release
also requires Munc18-1 and Munc13 in vivo. Here we found that Munc18-1 could displace
SNAP-25 from syntaxin-1 and that fusion of syntaxin-1-Munc18-1-liposomes with synaptobrevin-
liposomes required Munc13, in addition to SNAP-25 and synaptotagmin-1-Ca2*. Moreover, when
starting with syntaxin-1-SNAP-25 liposomes, NSF-a.-SNAP disassembled the syntaxin-1-
SNAP-25 heterodimers and abrogated fusion, which then required Munc18-1 and Muncl3. We
propose that fusion does not proceed through syntaxin-1-SNAP-25 heterodimers, but starts with
the syntaxin-1-Munc18-1 complex; Munc18-1 and Munc13 then orchestrate membrane fusion
together with the SNARES and synaptotagmin-1-Ca2* in an NSF- and SNAP-resistant manner.

Neurotransmitter release by Ca?*-triggered synaptic vesicle fusion is crucial for neural
function. Key components of the release machinery include (1, 2): i) the SNAP receptor
(SNARE) proteins synaptobrevin, syntaxin-1 and SNAP-25, which form atight four-helix
bundle called SNARE complex (3) that brings the vesicle and plasma membranes together
and is key for membrane fusion (4-6); ii) N-ethylmaleimide sensitive factor (NSF) and
soluble NSF adaptor proteins (SNAPs), which disassemble the SNARE complex (3) to
recycle the SNARESs for another round of fusion (7); iii) the Sec1-Muncl18 (SM) protein
Munc18-1, which bindsto a self-inhibited ‘closed’ conformation of syntaxin-1 (8, 9) and to
SNARE complexes (10, 11); iv) Muncl13, which contains alarge MUN domain that is
critical for release (12) and catalyzes opening of syntaxin-1 (13); and v) the Ca2* sensor
synaptotagmin-1 (14). Despite important advances, a coherent model that integrates the
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functions of these eight central proteins has not emerged, and it is unclear why
neurotransmitter release istotally abrogated in the absence of Munc18-1 and Muncl3 (15—
17). Munc18-1 is part of the conserved core fusion machinery (1, 2), and the Munc13 MUN
domain is aso likely to have a universal function in fusion (18, 19). However,
reconstitutions of synaptic vesicle fusion have not explained the functional importance of
Munc18-1 and Munc13. The ability of the neuronal SNARESs to induce lipid mixing
between liposomes (20) can be enhanced by Munc18-1 (11), but without requiring Munc13.
Similarly, Munc13-4 can enhance lipid mixing by the SNARES (21) in the absence of
Munc18-1. Moreover, these studies did not include synaptotagmin-1, which induces
efficient fusion of liposomes containing syntaxin-1-SNAP-25 heterodimers with
synaptobrevin-liposomesin the absence of Munc18-1 and Muncl3 (22—26), despite the
essential nature of Munc18-1 and Muncl3 for release in vivo.

To resolve this gap between the reconstitution results and the physiological data, we
performed reconstitution experiments that included the eight key components of the release
machinery and were able to reproduce the functional requirement for Munc18-1 and
Munc13.

Munc18-1 displaces SNAP-25 from syntaxin-1

Most attempts to reconstitute synaptic fusion have used liposomes containing syntaxin-1-
SNAP-25 heterodimers, assuming that these heterodimers constitute obligatory
intermediates and serve as acceptors for synaptobrevin. The syntaxin-1-Munc18-1 complex
is commonly assumed to form upstream. To test if syntaxin-1-SNAP-25 heterodimers can
form when starting with the syntaxin-1-Munc18-1 complex, we used 1H-13C heteronuclear
multiple quantum coherence (HMQC) NMR spectra of the syntaxin-1 cytoplasmic region
specifically TH,13C-labeled at Ile methyl groups (2H-1le-13CHz-syntaxin-1) (Fig. 1A), which
allow distinguishing different complexes of syntaxin-1 (13). The HMQC spectrum of

the 2H-11e-13CH3-syntaxin-1-Munc18-1 complex was not altered by addition of the SNARE
motifs of SNAP-25 (Fig. 1B) even in the presence of the Munc13-1 MUN domain (Fig.
S1A), which facilitates the transition from the syntaxin-1-Munc18-1 complex to the SNARE
complex (13). Conversely, incubation of the 2H-1le-13CH3-syntaxin-1-SNAP-25 complex
with Munc18-1 led to the HMQC spectrum characteristic of the 2H-11e-13CH3-syntaxin-1-
Munc18-1 complex (Fig. 1C). Thus, SNAP-25 cannot open the conformation of syntaxin-1
bound to Munc18-1 without synaptobrevin, and Munc18-1 displaces SNAP-25 from
syntaxin-1 in solution. The MUN domain accelerated this displacement (Fig. S1B), showing
that Munc13-1 catalyzes not only the opening (13) but aso the closing of syntaxin-1.

To analyze the interplay between Muncl18-1 and SNAP-25 using full-length syntaxin-1in a
membrane environment, we performed co-floatation assays with liposomes containing co-
expressed syntaxin-1-Muncl18-1 complex (27), which revealed that SNAP-25 does not
displace Munc18-1 from membrane-anchored syntaxin-1 (Fig. 1D). In assays with
liposomes containing only syntaxin-1, we observed co-floatation of SNAP-25, revealing
efficient binding to syntaxin-1 (Figs. 1E and S2). Munc18-1 addition led to co-floatation
with the proteoliposomes and only a small decrease in bound SNAP-25 (Fig. 1E), suggesting
that most Munc18-1 bound to the syntaxin-1 N-terminal region of the syntaxin-1-SNAP-25
heterodimers (10, 11) without displacing SNAP-25. However, such displacement might have
been hindered by the tendency of aggregation of syntaxin-1-SNAP-25 heterodimers, as
suggested by gel filtration in detergent (Fig. S3). Because NSF-a.-SNAP disassemble
reconstituted syntaxin-1-SNAP-25 heterodimers (28), we tested their effect in the co-
floatation assays. Addition of Munc18-1, NSF-a-SNAP and Mg?*-ATP completely released
SNAP-25 from the proteoliposomes while Munc18-1 remained bound, but such release was
not observed in the presence of ethylenediaminetetraacetic acid (EDTA) and/or absence of

Science Author manuscript; available in PMC 2013 August 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 3

Munc18-1 (Fig. 1E). Thus, disassembly of the syntaxin-1-SNAP-25 heterodimers by NSF-
a-SNAP, which requires ATP hydrolysis, allows Munc18-1 to ‘capture’ the syntaxin-1
closed conformation, thus preventing re-binding of SNAP-25 to syntaxin-1.

Reconstitution of Munc18-1- and Munc13-dependent membrane fusion

The above results suggest that the syntaxin-1-Munc18-1 complex is the true starting point
for neurotransmitter release, which would explain the critical importance of Muncl13
because it mediates syntaxin-1 opening (13). To test this notion, we reconstituted
syntaxin-1-Munc18-1 complex and synaptobrevin into separate liposome populations, and
analyzed lipid mixing between them using a 7-nitrobenz-2-oxa-1,3-diazole (NBD)
fluorescence de-quenching assay (20) (Fig. 2A). The fluorescence intensity after 1000 s was
used to quantify the results as a compromise measurement that reflects the initial slope and
the level of completion of the reaction. To test the effects of synaptotagmin-1 and Munc13,
we employed a synaptotagmin-1 fragment that contains its C, domains (C,AB fragment)
and has been widely used in reconstitution assays[e.g. (22, 24)], and aMunc13-1 fragment
that containsits C4, CoB and MUN domains (C1C2BMUN). This fragment was more stable
than the MUN domain in the presence of reconstituted proteoliposomes, and inclusion of the
C; and C,B domains enabled binding to diacylglycerol (DAG) and phosphatidylinositol—
4,5-bisphosphate (PIP2) (Fig. $4).

No lipid mixing between synaptobrevin-liposomes and syntaxin-1-Munc18-1-liposomes was
observed even after adding SNAP-25, but addition of SNAP-25 and C1C2BMUN yielded
some lipid mixing that was increased by the C,AB fragment in the presence of Ca2* (Fig.
2B,D). No lipid mixing occured in the absence of SNAP-25 or CLC2BMUN, and the
synaptobrevin cytoplasmic domain inhibited the reaction, demonstrating that lipid mixing
was SNARE-dependent and strictly required the Munc13-1 C1C2BMUN fragment (Figs.
2C,D). The efficiency of lipid mixing had a high cooperativity with Ca2* (Fig. 2E,F), with a
Hill coefficient of 5.9 that resembles values observed in vivo [4 to 5, ref. (29)]. Half-
maximal efficiency occurred at 250 uM Ca2* (Fig. 2E,F). For comparison, neurotransmitter
release requires 1025 M Ca2* in the calyx of Held, but higher Ca2* requirements (75-300
M) have been reported for other systems (29), and the efficiency of lipid mixing in our
reconstitutionsis likely limited by alack of a defined docking mechanism. Lipid mixing was
decreased by removal of DAG and PIP2, agents that stimulate release viathe Muncl3 Cq
and C,B domains (30, 31), and the decrease was accentuated when both DAG and PIP2
were absent (Figs. 2G,H; see also Fig. $4D), suggesting that these lipids play a synergistic
rolein attracting C1C2BMUN to the membrane and enhancing MUN-domain activity. To
establish an additional correlation with physiological data, we tested the effects of a
mutation in Munc18-1 (E66A) that decreases neurotransmitter release in neurons by about
50% (32). Reassuringly, this mutation led to a comparable decrease in lipid mixing (Figs.
21,J; seedso Fig. AD).

To ensure that the observed lipid mixing reflected full fusion, we analyzed content mixing
adapting a method based on sulforhodamine de-quenching that allows simultaneous
monitoring of lipid mixing from de-quenching of DiD lipids (26), and optimized liposome
preparation for minimal leakiness (Fig. S5). When we mixed synaptobrevin-donor
liposomes with acceptor liposomes containing syntaxin-1-Munc18-1 complex, efficient
sulforhodamine fluorescence de-quenching required SNAP-25, C1C2BMUN and C,AB
fragment-Ca2* (Fig. 3A,B). The measured lipid mixing (Fig. 3C,D) paralleled the NBD de-
guenching data (Figs. 2B-D) and were similar to the sulforhodamine de-quenching results,
although in the absence of C,AB fragment there was a small amount of lipid mixing but not
sulforhodamine de-quenching. The time course of the sulforhodamine fluorescence de-
quenching in the presence of SNAP-25, CIC2BMUN and C,AB fragment-Ca2* closely
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followed the time course of DiD fluorescence de-quenching (Fig. S6). Thus, content mixing
accompanies lipid mixing in these experiments, which suggests that our system reconstitutes
membrane fusion with the three neuronal SNARESs, Munc18-1 and core fragments of
Munc13-1 and synaptotagmin-1. However, we cannot rule out that some degree of leakiness
may occur during fusion (27).

Munc18-1 and Munc13-1 activate membrane fusion inhibited by NSF-a-

SNAP

Multiple studies have shown efficient liposome fusion with SNARESs and syntaptotagmin-1
in the absence of Munc18-1 and Muncl13-1 (22—26). However, these studies used liposomes
containing syntaxin-1-SNAP-25 heterodimers and did not incorporate NSF-SNAPs, which
inhibit lipid mixing induced by the SNARESs alone because they disassemble the syntaxin-1-
SNAP-25 heterodimers (28). Because NSF-a-SNAP facilitate displacement of SNAP-25
from syntaxin-1 by Munc18-1 (Fig. 1E), we hypothesized that Munc18-1 ‘ captures the
syntaxin-1 released from the syntaxin-1-SNAP-25 heterodimers and, together with
Munc13-1, leads to membrane fusion through an NSF-a.-SNAP-resistant pathway .

We tested this hypothesis using lipid-mixing assays with liposomes containing syntaxin-1-
SNAP-25 heterodimers (separately expressed proteins). As expected, highly efficient lipid
mixing between these liposomes and synaptobrevin-liposomes was observed in the presence
of CLAB fragment-Ca?* (Fig. 4A,B). Similar amounts of lipid mixing were observed upon
addition of Munc18-1, CLIC2BMUN, or NSF-a.-SNAP in the absence of ATP, but lipid
mixing was amost completely abolished by NSF-a.-SNAP in the presence of ATP (Fig.
4A,B). Some lipid mixing was observed when Muncl18-1 and C1C2BMUN were added
together with NSF-a-SNAP and ATP (Fig. 4A,B). We reasoned that an excess of SNAP-25
might assist in lipid mixing-activation by Munc18-1 and C1C2BMUN, because free
SNAP-25 should favor SNARE complex formation without affecting the rate of syntaxin-1-
SNAP-25 dissociation by NSF-a-SNAP. Indeed, lipid mixing was enhanced by increasing
SNAP-25 concentrations, saturating at 2 M (Fig. S7). The 2 M excess SNAP-25 did not
affect the overall lipid mixing observed upon addition of only C,AB fragment-Ca2* (Figs.
4A,C, black symbols), and NSF-a-SNAP still inhibited lipid mixing strongly in the presence
of excess SNAP-25 and the absence of Munc18-1 and C1C2BMUN (Figs. 4C,D).
Importantly, with 2 uM SNAP-25 excess, Munc18-1 and C1C2BMUN stimulated lipid
mixing to levels comparable to those observed without NSF-a-SNAP (Fig. 4C,D);
Munc18-1 alone (but not C12C2BMUN alone) appeared to provide a small amount of
activation (Fig. 4C,D). Activation of lipid mixing by Munc18-1 and CLC2BMUN in NSF-a.-
SNAP-resistant manner was a so observed in the absence of the Co,AB fragment (Fig. S8) or
using liposomes containing co-expressed syntaxin-1-SNAP-25 heterodimers (Fig. S9). Thus,
inclusion of NSF-a-SNAP is key to unmask the crucial importance of Munc18-1 and
Munc13-1 for membrane fusion in these reconstituted systems.

Discussion

Our results lead us to propose amodel of neurotransmitter release (Figs. 5 and S10) that
explains the essential roles of Munc18-1 and Munc13 in vivo, and postul ates that: (i)
Syntaxin-1-SNAP-25 heterodimers constitute ‘ off-pathway’ complexes that are disrupted by
Munc18-1 and by NSF-SNAPs. (ii) The productive pathway for synaptic vesicle fusion
starts with the syntaxin-1-Munc18-1 complex, which may form directly or by displacement
of SNAP-25 from syntaxin-1 by Munc18-1, and can be aided by NSF-SNAPs and perhaps
by Munc13. (iii) Munc13 opens syntaxin-1 and, together with Munc18-1, forms a template
to bring the three SNARES together, initiating trans-SNARE complex assembly in an NSF-
SNAP-resistant manner. (iv) The resulting Munc18-1-Munc13-SNARE assembly underlies

Science Author manuscript; available in PMC 2013 August 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Maet al.

Page 5

the primed state that enables fast membrane fusion through the action of synaptotagmin-1
and Ca?*.

The functional interplay between NSF-SNAPs and Munc18-1-Munc13 uncovered here
suggests that, in addition to their role in disassembling cis-SNARE complexes, NSF-SNAPs
have an important function in guiding the system to the productive pathway by
disassembling syntaxin-1-SNAP-25 heterodimers. This feature may arise because
syntaxin-1-SNAP-25 heterodimers are heterogeneous and may constitute poor starting
points for an exquisitely regulated process such as neurotransmitter release. In contrast, the
syntaxin-1-Munc18-1 complex provides a well-defined starting point amenable to tight
regulation by several factors, including Munc13 and other active zone proteins (1). This
productive pathway may also be favored by specific interactions at active zones. While
some of these features are unique to synaptic vesicle fusion, it is noteworthy that multiple
factors besides SNARES are also required for physiological reconstitution of endosomal (33)
and vacuolar (34) fusion. Moreover, the interplay between Munc18-1-Muncl13 and NSF-a.-
SNAP is reminiscent of results obtained in reconstitutions of yeast vacuolar fusion, which
showed that the HOPS tethering complex orchestrates trans-SNARE complex assembly in
an NSF-SNAP-resistant manner (35, 36). It is remarkable that the same task can be
performed by Munc18-1 and Muncl3, considering that HOPS includes an SM protein
(Vps33p) and five large subunits without homology to Munc13. Thus, orchestration of
SNARE complex assembly without interference from NSF-SNAPs may constitute a general
function of SM proteins and associated factors. This notion does not preclude other
functions proposed for SM proteins and their co-factors, including the possibility that they
cooperate with the SNAREs in exerting force on the membranes to induce fusion (10, 37).
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Figure 1.

Munc18-1 displaces SNAP-25 from syntaxin-1. (A-C) 1H-13C HMQC spectra of 2H-
lle-13CH3-syntaxin-1 bound to Munc18-1 (black) or to SNAP-25 (red) (A); initially bound
to Munc18-1 and then incubated with the SNAP-25 SNARE motifs (SNN and SNC) for 11
hr (B); and initially bound to SNAP-25 and then incubated with Munc18-1 for 11 hr. In
panel A, the available cross-peak assignments for the syntaxin-1-Munc18-1 complex are
indicated in black and those for the syntaxin-1-SNAP-25 complex in red [for assignments,
see ref. (13); H3 identifies the SNARE motif; * indicates tentative assignments]. Because of
the 2:1 stoichiometry of the syntaxin-1-SNAP-25 complex, the cross-peak of 1203 is double.
(D) Proteoliposomes containing co-expressed syntaxin-1-Munc18-1 complex were
incubated with SNAP-25 or buffer, co-floatation assays were performed, and the top fraction
was analyzed by SDS-PAGE and Coomassie Blue staining (Ieft two lanes). (E)
Proteoliposomes containing syntaxin-1 were incubated with Munc18-1, SNAP-25, NSF, a-
SNAP, ATP, Mg?* and/or EDTA asindicated. Co-floatation assays were then performed
and the results analyzed by SDS-PAGE and Coomassie Blue staining. The five lanes on the
right of panel D show loading controls with soluble proteins.
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Figure2.

Requirement of Munc13 for lipid mixing of syntaxin-1-Munc18-1-liposomes with
synaptobrevin-liposomes. (A) Diagram summarizing the lipid mixing experiments, which
were performed with acceptor liposomes containing syntaxin-1-Munc18-1 and donor
liposomes containing synaptobrevin and NBD-lipids quenched by rhodamine-lipids. (B,C)
Traces showing the lipid mixing observed in the presence of SNAP-25, Munc13-1
C1C2BMUN (M 13), synaptotagmin-1 C,AB fragment (CoAB), synaptobrevin cytoplasmic
domain (Sybcd) and/or 0.5 mM Ca2* in various combinations. They axis represents NBD
fluorescence normalized to the maximum fluorescence observed upon detergent addition.
(D) Quantification of the results obtained in the experiments of (B,C). (E) Lipid mixing
observed in the presence of SNAP-25, CLC2BMUN and C,AB fragment as a function of
Ca?* concentration. (F) Plot of the normalized NBD fluorescence intensity at 1000 sasa
function of Ca2* observed in (E). (G,H) Dependence of lipid mixing on the presence of
DAG and/or PIP2 in the acceptor syntaxin-1-Muncl18-1 liposomes (G), and quantification of
the results (H). (1,J) Lipid mixing obtained with acceptor liposomes that contained
syntaxin-1 bound to WT or E66A mutant Munc18-1 (1) and quantification of the results (J).
In (D, H and J), bars represent averages of the normalized NBD fluorescence observed after
1000 sin repeated experiments performed under the same conditions. Error bars represent
standard deviations.
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Figure 3.

Content mixing assays with syntaxin-1-Munc18-1-liposomes and synaptobrevin-liposomes.
(A) Traces showing the content mixing between syntaxin-1-Munc18-1 acceptor liposomes
and synaptobrevin donor liposomes in the presence of SNAP-25, Munc13-1 C1IC2BMUN
(M13) and/or synaptotagmin-1 C,AB fragment (C,AB) (al in 0.5 mM Ca2*). The donor
liposomes contained encapsul ated self-quenched sulforhodamine and self-quenched DiD
lipids. They axis represents sulforhodamine fluorescence normalized to the maximum
fluorescence observed upon detergent addition. (B) Quantification of the results obtained in
the experiments of (B). (C,D) Traces showing the lipid mixing observed from DiD
fluorescence de-quenching in the same experiments (C) and quantification of the results (D).
Error bars represent standard deviations.
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Figure4.

NSF-a-SNAP inhibit lipid mixing between syntaxin-1-SNAP-25-liposomes and
synaptobrevin-liposomes, and Munc18-1-Muncl13-1 activate lipid mixing. (A) Traces
showing the lipid mixing observed between syntaxin-1-SNAP-25 acceptor liposomes and
synaptobrevin donor liposomes containing NBD-lipids quenched by rhodamine-lipidsin the
presence of Muncl18-1 (M18), Munc13-1 C1C2BMUN (M13), synaptotagmin-1 Co,AB
fragment (CoAB), NSF, a-SNAP and/or Mg2*-ATP in various combinations (al in 0.5 mM
Ca?2"). They axis represents NBD fluorescence normalized to the maximum fluorescence
observed upon detergent addition. (B) Quantification of the results obtained in the
experiments of (A). (C) Lipid mixing experiments performed asin (A) with various
additions, al in the presence of 2 uM SNAP-25 excess. (D) Quantification of the results of
panel (C). Error bars represent standard deviations.
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Figureb5.

Model of synaptic vesicle fusion integrating the function of eight major components of the
release machinery. In the upper right panel, syntaxin-1 (yellow) is shown in a closed
conformation bound to Munc18-1 and in an open conformation bound to SNAP-25. To
illustrate the likely heterogeneity of syntaxin-1-SNAP-25 heterodimers, two complexes with
2:1 or 4:2 stoichiometries are shown, but larger complexes bridged by SNAP-25 (not
shown) are also likely to exist. The model postulates that the syntaxin-1-SNAP-25
heterodimers are converted to syntaxin-1-Munc18-1 complexes (upper left), and that
Munc13 helps to open syntaxin-1 and to orchestrate trans-SNARE complex assembly
together with Munc18-1, leading to a partially assembled SNARE complex that remains
bound to Munc18-1 and Munc13 (lower left). This state, which may correspond to that of
primed synaptic vesicles and cannot be disassembled by NSF-SNAPS, serves as the substrate
for synaptotagmin-1-Ca2* to trigger fast synaptic vesicle fusion (lower right). The
arrangement of Munc18-1, Muncl3 and synaptotagmin-1 with respect to the SNARE
complex is unknown, but is drawn to suggest the possibility that the three proteins may bind
simultaneously to the SNARE complex and may also help to bridge the two membranes to
help inducing fusion. The interaction of synaptotagmin-1 with the SNARE complex may
occur before Ca2* influx (not shown in the lower left panel for simplicity).
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